
Technical

Rubber & Plastics News  ● March 10, 2014 15www.rubbernews.com
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Table II
In this design of experiment, there

was good correlation or relatively high
R2 between predicted and actual values
for a number of performance criteria for
the bladder application. 

The poorest correlation between the
predictive model and actual response
values was for tear properties; therefore
they are not included for discussion.

A probability, p-
value in the Anova
table less than 0.05
was used to deter-
mine the signifi-
cance of the vari-
able for inclusion in
the regression mod-
el. Significant vari-
ables with this p-
value level are
highlighted.

The relative mag-
nitude of the influence of an independ-
ent variable compared to the response in
the model is indicated by (+) as a posi-
tive/increase to the equation or as (-)
negative/decrease to the equation.

Variables with a p-value between 0.05
and p-value of 0.10 or less are still con-
sidered as variables of potential inter-
est, important for consideration and are
highlighted.

The analysis of performance charac-

teristics offered in-
sight to optimizing
curing bladder. A look
at hardness shows
that the castor oil level has the largest in-
fluence on compound hardness. Surpris-
ingly a reduction of one phr castor oil in-
creases compound hardness by about one
unit.

Fig. 3
One could consider this as an advan-

tageous adjustment ingredient consider-
ing the relatively smaller effect on hard-
ness from the resin level from the lowest
to highest level evaluated. In this case
resin plays a very small role over the 5.0
phr range evaluated.

A snapshot of 300 percent modulus
shows similar trends with the castor oil
levels having the largest influence on
modulus, therefore it can be concluded
that varying the castor oil level can be
used as a method of fine tuning the com-
pound modulus.

Upon hot air aging for 48 hours, the
modulus at 100 percent elongation re-
sponse was examined since an evalua-
tion of 300 percent modulus could not be
made, as there were some test combina-
tions that could not attain 300 percent
modulus after aging.

The results showed similar trends as
in the unaged comparison. Once again
the castor oil (-) and resin (+) are the
main ingredients that impact modulus.
As indicated earlier, the resin itself is a

ture of curing bladder, the data suggests
that at 180°C the castor oil still can be
be depleted through volatilization over
the service life of the bladder.

In a practical in-service perspective,
castor oil should be tuned downward in
the formulation if possible in order to
stabilize the increase of the aged modu-
lus. Once again the interaction effect of
low unsaturation and (high) curing
resin content show a decreasing favor-
able response to change in modulus of
approximate 40 to 50 percent within the
ingredient ranges used.

Fig. 5
The ultimate tensile strength also is

strongly affected by the castor oil load-
ing. Fig. 6 shows the dependence of ulti-
mate tensile strength on resin level and
castor oil at a fixed polymer unsatura-
tion level.

Unsaturation level does not have a sig-
nificant effect on mechanical tensile
strength, but changing the castor oil level
from a high level to a low level results in
an increase in ultimate tensile strength
of about 50 percent. 

Adjusting resin level between its low
and high levels has a minor influence on
tensile strength.

Fig. 6
The ultimate tensile strength proper-

ties after aging in hot air for two days at
180°C also were evaluated.

major contributor in
the increase in com-
pound modulus dur-
ing aging.

The other finding of importance is
that the interaction variable of low un-
saturation polymer and resin also has a
positive impact on aged modulus. In
particular the higher amounts of resin
tend to show a decreasing slope towards
the high level of lower unsaturation
polymer (i.e. lower amount of total un-
saturation).

This is an advantage for bladder com-
pounds since this trend implies a re-
duced impact of the resin with respect to
further crosslinking due to the lower
amount of total unsaturation in the for-
mulation.

This supports the earlier remarks
concerning the service hardening of the
bladder with resin and residual unsatu-
ration being the main players and one of
the two routes for in-service hardening
of bladders.

Fig. 4
Examination of the variables influenc-

ing the percentage increase or change in
modulus from initial value to the after
heat aging value shows that castor oil
detrimentally increases modulus upon
aging, as more of the ingredient is added
in the formulation.

Even though castor oil has a high boil-
ing point and is the most suitable oil to
withstand the harsh operating tempera-
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Fig. 3. Compound physicals—hardness (Shore A). Fig. 4. Compound physicals—modulus at 100 percent (MPa) hot air aged.

Fig. 5. Compound physicals—change percentage of 100 percent modulus. Fig. 6. Compound physicals—ultimate tensile strength (MPa).

See Bladders, page 16
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Continued from page 15
Fig. 7

The left schematic shows aged tensile
strength for the case of low castor oil lev-
el, and the right depicts the case for high
level of castor oil. It can be seen that
there is a slight interaction between the
resin level and the unsaturation level
since the curves are not parallel, but
nevertheless the aged tensile strength
follows the same trends observed in the
original, unaged results. Castor oil level
can be adjusted in compounding in order
to retain the required tensile strength.

The ultimate elongation values give a
relative representation for the elastic
range of the compound, a property that
is critical to maintain for curing bladder
application in service. As would be ex-
pected, castor oil when added plays a sig-
nificant role in increasing elongation and
conversely increasing the resin results in
a decrease in ultimate elongation values.

Fig. 8
Review of the data for the aged physi-

cals indicates that the predictive model
for aged elongation is not highly correlat-
ed, and the analysis must be understood
to be a trend indicator only. From the
values represented on the contour plot, in
all instances the elongation values after
two days of hot air aging are greatly re-
duced relative to the unaged values.

Fig. 9
The addition of resin plays the largest

role in loss of elastic range from the ini-
tial elongation results. Castor oil has no

impact in aged elongation as it helped in-
crease elongation in the unaged results.

The contour plot in Fig. 9 shows a good
visual picture with regard to the impacts
of the compounding ingredients. Of inter-
est is the funnel shape that opens up
when going to the higher RB 100 axis. In
particular, if one were to draw across
from left to the right side of the graph,
decreasing total unsaturation level in the
compound mitigates the effect of higher
cure resin on aged elongation.

Another manner of looking at it obser-
vationally is that an increased cure state
can be achieved without adverse effect
on aged elongation. The contour plot
opens up towards the right hand side of
the graph where the total unsaturation
is lower and shows more stable elonga-
tion within the resin ranges tested.

Ultimately there is a need for a function-
al level of resin, because resin is needed for
mechanical property development but up
to this point in the analysis, the addition of
resin shows no incremental step changes
for building mechanical properties.

Therefore, lowering the amount of resin
compounded into the recipe should aid in
stabilizing modulus increase and retain-
ing elastic range (elongation) in service.

Resin content should be kept as low as
possible in order to achieve the highest
aged elongation result without compro-
mising on other compounding attributes.

Crack growth was analyzed using the
DeMattia flex fatigue to failure test with
pre-cut specimens. The testing of hot air
aged DeMattia flex specimens gives a
good snapshot of dynamic flex require-
ment in bladder application.

Fig. 10
In the response analysis, the model

equation is based on the natural loga-
rithm determined to be the best fit. Op-
timum fatigue life occurs when resin
content is low, oil content is high, and
total unsaturation level is low. Increas-
ing the castor oil provides compound lu-
bricity and is reflected in favorable flex
fatigue property development.

Conversely an increase in resin content
effectively can reduce the cut growth re-
sistance values to only a few thousand cy-
cles. Significant care is needed in deter-
mining the optimum resin level for this
application.

The last performance characteristic
analyzed in this work was tension set
property. This physical elastic property
gives a relative correlation in regard to
initial bladder dimensional stability and
relative bladder growth in service.

Fig. 11
In the analysis of initial tension set, it

is worth noting that all the independent
variables and interaction variables show
an effect on this dependent variable. As
expected, an increase in castor oil con-
tent will increase the tension set, while
increasing the resin decreases set.

Addition of a low unsaturation poly-
mer has only a small effect in increasing
the set property. For the aged tension
set parameter Fig. 12, the linear regres-
sion correlation is low (R2 = 0.69) never-
theless only one variable, the resin level
is significant in understanding the set
property after hot air aging. 

Whereas, a directional adjustment
could be made with any of the com-
pounding ingredients that have been
identified for initial tension set require-

ment the aged analysis shows that resin
level would be the ingredient that needs
important manipulation to maintain
overall tension set upon aging.

Increasing the resin level results in
decreased aged tension set, which is de-
sirable for minimizing dimensional
growth in service. From a practical un-
derstanding, the building of an overall
level of crosslinking network is essential
to maintain set properties.

Optimization—Confirmation
compounding

A mechanical blend of 25 phr of lower
unsaturation polymer to 75 of higher
unsaturation (1.85 mol percent) butyl
polymer is still the best starting point.
The design work also predicted that a
3.0 to 3.5 phr level of castor oil and a 7.5
phr level of resin were desirable for a
good balance of properties to promote
curing bladder service.

The confirmation study consisted of a
comparison of the recipe with the original
standard starting formulation versus an
initial low 25 phr level of low unsatura-
tion polymer recommendation with stan-
dard formulation ingredient loadings.

The third compound in this series was
the “prediction” compound for best re-
sults at 3.0 phr castor oil level with 7.5
phr resin and the “prediction +” formula-
tion with a 3.5 phr level of castor oil with
7.5 phr resin was the fourth compound. 

The last compound in this compound-
ing series included a 50 phr low unsatura-
tion polymer addition rate “comparative”
in order to obtain a broad understanding
of trends and limits of low unsaturation
polymer addition.

Fig. 7. Compound physicals—ultimate tensile strength (MPa) hot air aged.

Fig. 8. Compound physicals—ultimate elongation (percentage).

Fig. 9. Compound physicals—elongation (percentage) hot air aged.

Fig. 10. Compound physicals—DeMattia (pre-cut) to 600 percent crack growth hot
air aged. 
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Table III

The Mooney scorch in the “predicted”
and “predicted +” data suggests that the
viscosity is higher than the standard
control formulation with the reduction
in oil and possibly the lower resin might
be contributing to the increase.

The scorch safety is improved by more
than 10 percent, and this should aid the
molding process. The rheology cure
characteristics indicate that improved
processing safety is not achieved at the
expense of cure rate.

The overall t90 values for all com-
pounds appear to be in the same range
as the standard control compound and
the “predicted +” recipe is the closest to
the standard formulation.

Table VI
The analysis of 100 percent and 300

percent modulus results in Table VII
again confirms the beneficial impact of
adding the low unsaturation polymer
(see initial vs. standard). As predicted
by the prior designed studies, there is
also an additional reduction of the per-
centage change in modulus when the
castor oil and resin are decreased.

Relative to the addition of low unsatu-
ration polymer alone “initial” there is an
additional step change improvements in
the later subsequent “predicted,”  “pre-
dicted +” and “comparative” iterations.
It is seen in Table VII that the “predict-
ed+” compound shows the least change
in modulus upon hot air aging.

Table VII
Table VIII shows the results on ulti-

mate tensile and elongation. 
From this compounding work, it can

be observed that the compounds develop
tensile strength equivalent to or better
than the standard compound, and thus
the compounds with an overall lower
level of unsaturation are all within the
target level for ultimate tensile
strength.

The “predicted” and “predicted+” com-
pounds show a small increase in tensile
strength with the lower oil addition. Ad-
vantageously, the tensile strength is re-
tained after hot air aging.

The “predicted +” recipe represents
the longest elongation result after aging.

Table VIII
Even though the DOE gave a poor

predictive correlation for Die C Tear
testing, it was included in the analysis
of the optimization compounds as it is a
design parameter of significant interest
for bladder compound development.

Table IX shows that the original Die
C Tear tested at room temperature con-
ditions shows that the addition of lower
unsaturation polymer results in a reduc-
tion in tear strength, but this might be
an acceptable small tradeoff in balanc-
ing performance in bladder. 

Although the initial tear is somewhat
reduced, it should be noted after 48
hours of hot air aging, the standard as
well as all other compounds with lower
total unsaturation show equivalent tear
properties.

Table IX
Hot Die C tear at 100°C was exam-

ined and was demonstrated to have a
different outcome compared to the room
temperature testing. In this case the
original standard compound experi-
enced the lowest initial hot tear.

The addition of the lower unsatura-
tion polymer and reduction in castor oil
and resin resulted in an initial hot tear
improvement. 

The “predicted +” iteration has the
highest observed result.

The “comparative” recipe appears to
have good hot tear, but the actual tear
strength value was not determined since
the specimen exceeded the stroke limit
of environmental chamber before rup-
ture. 

Hot Die C tear strength for specimens
aged after 48 hours aging in hot air, il-
lustrates that all of the compounds in
this series have equivalent or better tear
strength values as that of the original
standard formulation.

Elevated temperature testing might
be a better indicator of bladder in serv-
ice conditions.

The DeMattia flex fatigue results
shown in Table X are as predicted.

Table X
All of the confirmation compounds

containing a mechanical blend of low
unsaturation butyl and the higher 1.85
mol percent butyl show improvements
in crack growth propagation compared
to the standard formulation. With re-
gard to the aged DeMattia flex test re-
sults, there is evidence of a two-step im-
provement. The first improvement
stems from the use of the mechanical
polymer blend, and the second stems
from the optimization of the cure resin
and the castor oil plasticizer dosage.

The results in Table X show that the
“comparative” formulation, containing
the highest dosage of low unsaturation
gives an enormous improvement in
crack growth, but as previously stated
and as expected, there is a definite
detrimental increase in tension set. (see
also Table XI)

For the compounds containing the op-
timized cure and plasticizer dosage, as
well as the polymer blend, (“predictive”
and “predictive+”) a significant increase
in the number of cycles to reach 600 per-

Fig. 11. Compound physicals—initial tension set percentage (300 percent strain).

Fig. 12. Compound physicals—tension set percentage (100 percent extension) hot
air aged.

Table V. Physical properties initial and aged in hot air of butyl blends.

See Bladders, page 18
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Bladders
Continued from page 17
cent crack growth can be seen. In the
case of the 48-hour aging, the improve-
ment relative to the standard compound
exceeds 500 percent.

The tension set results are presented
in Table XI. While the use of a high
dosage of low unsaturation butyl poly-
mer without other optimization “com-
parative,” show unacceptable tension
set values, the optimized compounds
“predicted” and “predictive+” give only
slightly higher tension set values com-
pared to the standard formula, but these
are believed to be within an acceptable
range and are expected to have compar-
ative results for bladder dimensional
stability in service.

Table XI: Conclusions
In conclusion, the addition of low un-

saturation in a mechanical blend with
traditional polymer provides an oppor-
tunity to impart an improved balance of
properties through the stabilization of
modulus increase attributable to resin
reactivity during aging, through im-
proved elongation retention and through
better flex fatigue properties over the
service timeline of bladder. 

In addition, use of the low unsaturation
polymer reduces the opportunity for blad-
der reactivity with migrant tire curing in-
gredients, especially sulfur in the tire
bead area. Tension set values slightly in-

creased but are considered acceptable
when comparable to the standard recipe
1.85 percent unsaturation polymer.

Castor oil is needed in the formulation for
compound lubricity and cannot be eliminated
entirely. These studies show positive im-
provements to flex properties upon addition of
oil. From the design of experiment, it was de-
termined that the most desirable combina-
tion would be a reduction in the castor oil
since excess amounts of castor oil promotes
increases in modulus.

The downward adjustment to tune the
modulus can be made without compro-
mising flex properties. The downward ad-
justment in castor oil also facilitates in
optimizing tensile strength, aged tensile
strength, and initial tension set decrease.
This work suggested that a 3.5 phr level
of castor oil is desirable for a good bal-
ance of tire curing bladder properties.

Resin is important to develop overall
properties, but care is needed in under-
standing the level required for optimiz-
ing elongation and flex properties, the
final level is critically determined by re-
quirement of set properties. A level of
7.5 resin was determined the best to
achieve overall bladder optimization.
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Table VI. Optimization—process characteristics - rheology data.

Table VII. Optimization—modulus at 100 percent and 300 percent.

Table VIII. Optimization—tensile elongation properties.

Table IX. Optimization - tear properties.

Table X. Optimization—DeMattia crack growth (unaged and hot air aged).

Table XI. Optimization— tension set—unaged, hot air aged and hot tension set.
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