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In any batch process there is 
inherent variability between 
batches that can lead to quality 
problems. The cure stage is one 
of the most sensitive steps to mi-
nor compound variations.

A good way to detect and then 
analyze these potential issues is 
the study of cure kinetics. Every 
component added to a compound 
will have either a major or minor 
impact on curing properties; for-
tunately these impacts are high-
ly dependent on concentration.

In this study, the focus will be 
on accelerators. In general, an 
elastomer cure system consists of 
zinc oxide, stearic acid, sulfur, 
and one or more accelerators. 
Cure systems are varied to alter 
the physical and mechanical 
properties of rubber compounds, 
and to change the processing at-
tributes of a compound prior to 
being cured.

The ideal cure system would 
allow for a long scorch safety 
time to ensure processability, com-

bined with a fast cure rate to 
maximize production and short-
en turnaround time.1 This study 
will look at several cure kinetic 
attributes such as activation en-
ergy, reaction rate and order of 
reaction. In addition, several 
physical properties will be com-
pared, such as crosslink density, 
which is known to have a pro-
found effect on physical and me-
chanical properties of elastomer-
ic materials.2

In general, there is a “sweet 
spot” of crosslink density for any 
given elastomer; over-crosslink-
ing can embrittle the material 
and hinder flex and fatigue life, 
while too little crosslinking can 
leave the material too soft and 
lacking self-reinforcement.1 For 

sulfur-based elastomer cure sys-
tems, crosslink type can have 
quite an impact on compound 
properties at elevated tempera-
tures—heat aging, compression 
set, etc.

In general, resistance to deg-
radation from heat aging and 
compression set at elevated tem-
perature decreases with increas-
ing sulfur per crosslink (Table 
1).3 Crosslink type largely is de-
termined by the sulfur-to-accel-
erator ratio, but can also be in-
fluenced by the accelerator type 
as well as various attributes 
pertaining to accelerators em-
ployed in the cure system.

Knowing this information can 
allow a compounder to optimize a 
formulation to either meet an 
existing process’ conditions or 
reduce costs, either through ma-
terials or energy savings. In ad-
dition, knowing exactly how an 
additive will influence the reac-
tion can allow fine-tuning of a 
formula to get longer or shorter 
crosslinking in higher or lower 
energy conformations, which can 
affect physical properties. This 
can be done using the Arrhenius 

model to find a strong correlation 
between a component and the to-
tal reaction kinetic properties 
and then back-calculating the 
desired concentration of the com-
ponent to meet a cure condition.

Following is some of the no-
menclature used in this study:

G  Shear Modulus [N/mm2]
V  Crosslink Density [mol/mm3]
R  Universal Gas Constant [J/

(mol*K)]
T  Temperature [K]
t  time [min]
X  Percent Conversion [exp. 0.5 

= T50%]
Dx/dt  Reaction Rate
Kn  Order Conversion Rate
n  Reaction Order 
Ea  Activation Energy [J/mol]
M  Log(e)=0.4343
C  Concentration 
Co  Initial Concentration 
A  Pre-exponential factor 
K  Reaction Rate Constant 

Theory
Cure kinetics

The Reaction Kinetics Package 
can be accessed through the En-
terprise software. It enables the 
calculation of parameters such 
as reaction order, reaction rate 
constant and activation energy. 
The user interface for the Kinet-
ics Module can be seen in Fig. 1. 
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Executive summary

Fig. 1: User interface of reaction kinetics module.

Table 1: Bond energy according to crosslink type.3
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Fig. 2: Conversion variable curves for four tests run at different 
temperatures on the same compound.

See SBR, page 14
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ture. The Arrhenius equation 
can be linearized to the form: 

1n k = 1n A– Ea      (11)                                    RT

If a plot of ln(k) versus 1/T is 
made, the slope of the linear re-
gression line will be –Ea/R and 
the intercept will be ln(A). In 
Fig. 4, an example Arrhenius 
plot can be viewed that uses the 
same data as Figs. 2 and 3. 

Once the activation energy, 
pre-exponential factor and reac-
tion order are known, cure points 
can be calculated for any given 
temperature, and theoretical con-
version and conversion variable 
curves can be plotted. The accu-
racy of the calculations and 
curves depends on various factors, 
including the compound formula-
tion, the reaction chemistry, and 
the chosen testing conditions.4

Apparatus description
The instrument is a commercially 

available Rubber Process Analyzer 
called the Premier RPA (Fig. 5). 

The system has two biconical 
dies (Fig. 6). The die surface is 
grooved to help hold high modu-
lus samples and prevent slippage.  

The outer edge of the sample 
cavity contains two seal plates 
and two seals, which completely 
seal the sample cavity when the 
dies are closed. The sample is 
placed onto the lower die and then 
the upper die is brought down.

Experimental
The model compound formula 

with experimental design of ac-
celerators, loading levels is 
shown in Tables 2, 3 and 4.

The base compound was mixed 
in a 1.6-liter BR Banbury mixer 
as a one-pass mix and sheeted 
out on a two-roll mill.

This compound was chosen 
due to its simplicity as well as 
being used in various applica-
tions, including but not limited 
to conveyor belts, footwear, tire 
sidewalls, etc.  SBR 1502 is a 
cold-polymerized emulsion SBR 
with 23.5 percent bound styrene 
and excellent tensile strength, 
abrasion resistance and flexibili-
ty. The combination of properties 
make SBR 1502 an excellent 
choice for use in mechanical 
goods and various other items 
that require good physical prop-
erties combined with minimal 
discoloration and staining.5  

Accelerators featured in this study 
are shown Table 5 and Fig. 7.

Cure tests on each material 
were performed at six different 
temperatures: 150°, 160°, 170°, 
180°, 190° and 200°C. The method 
described in the theory section 
above was applied to calculate the 
values of activation energy, reac-
tion rate and order of the reaction.   

Results and discussion
Vulcanization quantities mea-

sured by the Premier Rubber 
Process Analyzer, including Ea, 
k, n, cure rate, etc., are shown in 
Table 6.

Fig. 8 shows the results for 
activation energy of the eight 
compounds. It is interesting to 
note that increasing levels of 
TBBS increase the activation 
energy required for the reaction 
to move forward, while compounds 
D-H show how several different 
accelerators (CBS, MBTS, MBT, 
MBS, OBTS and DCBS) impact 

In the Reaction Kinetics Mod-
ule, there are other tabs that en-
able the user to view the curves 
and results of the tests. Under 
the conversion variable tab, the 
torque curve is normalized by 
subtracting the minimum from 
each point and then dividing by 
(maximum-minimum). This al-
lows the curve to be plotted in a 
range of 0.0 to 1.0, where each 

value corresponds to a cure point. 
For example, a value of 0.9 would 
represent the cure point tc90. 
Example conversion variable 
curves can be seen in Fig. 2.

The conversion curve will dis-
play the cure points on a log scale 
when the reaction order is one 
using the function log(1-X). How-
ever, the reaction rate constant 
will be calculated using the 
ln(1-X).

If the reaction order is not one, 
a normal scale will be used fol-
lowing the function ((1-X)^(1-N))/
(1-N) where N is the reaction or-

der and X is the cure point or 
conversion. A linear regression is 
performed for each curve based 
on the cure points selected in the 
setup tab. The slope of the re-
gression line is the reaction rate 
constant.

Following is a derivation of the 
reaction rate solutions,

r = dC = – kCn     (1)         dt

 
where r is the reaction rate, C 

is the concentration, t is time, k 
is the reaction rate constant, and 
n is the reaction order. If n = 1, 
the solution is:

In C = lnCo – kt     (2)

where Co is the initial concen-
tration. The conversion can be 
defined as:

X = Co-C = – 1– C      (3)            Co                       Co

 
Combining Equations 2 and 

3 yields:
In(1 – X) = – kt     (4)
 
If n ≠ 1, the solution is:
C1–n = C 1–n – kt(1 – n)     (5)                      o

 
Utilizing Equations 3 and 5, 

the following solution is formed: 
(1 – X)1–n = 1 – (1 – n)kCn–1t     (6)                                                             o

Therefore,

(1-X) 1-n =  1  kCn–1t     (7)     1-n          1-n        o

Since k and Co are constants, 
they can be combined to form a 
new constant K as follows: 
    K = kCn–1     (8)                   o

Substituting this equation into 
Equation 7 gives:

(1-X) 1-n =  1  Kt     (9)   1-n            1-n        

As can be seen, these equations 
match the functions used for the 

scaling on the conversion curves. 
In Fig. 3, an example conversion 
curves plot is shown, representing 
four tests run at different tem-
peratures on the same compound.

The Activation Energy, Ea, is 
the final calculation. It is solved 
for using the Arrhenius equation

k = Ae - Ea       (10)                    RT

where A is the pre-exponential 
factor, R is the universal gas 
constant, and T is the tempera-

Table 2: Base compound formula.

Table 3: Mill-mixed formula variations.

Table 4: Mixing procedure.

Fig. 5: The Premier-brand RPA.

Fig. 4: Plot of ln(k) vs. 1,000/T. According to the Arrhenius equation, the 
slope will be equal to -1,000Ea/R.

Fig. 3: Conversion curves for four tests run at different temperatures on 
the same compound.

Table 5: Accelerator parameters.
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Fig. 6: Close-up of instrument dies.
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ture. The Arrhenius equation 
can be linearized to the form: 

1n k = 1n A– Ea      (11)                                    RT

If a plot of ln(k) versus 1/T is 
made, the slope of the linear re-
gression line will be –Ea/R and 
the intercept will be ln(A). In 
Fig. 4, an example Arrhenius 
plot can be viewed that uses the 
same data as Figs. 2 and 3. 

Once the activation energy, 
pre-exponential factor and reac-
tion order are known, cure points 
can be calculated for any given 
temperature, and theoretical con-
version and conversion variable 
curves can be plotted. The accu-
racy of the calculations and 
curves depends on various factors, 
including the compound formula-
tion, the reaction chemistry, and 
the chosen testing conditions.4

Apparatus description
The instrument is a commercially 

available Rubber Process Analyzer 
called the Premier RPA (Fig. 5). 

The system has two biconical 
dies (Fig. 6). The die surface is 
grooved to help hold high modu-
lus samples and prevent slippage.  

The outer edge of the sample 
cavity contains two seal plates 
and two seals, which completely 
seal the sample cavity when the 
dies are closed. The sample is 
placed onto the lower die and then 
the upper die is brought down.

Experimental
The model compound formula 

with experimental design of ac-
celerators, loading levels is 
shown in Tables 2, 3 and 4.

The base compound was mixed 
in a 1.6-liter BR Banbury mixer 
as a one-pass mix and sheeted 
out on a two-roll mill.

This compound was chosen 
due to its simplicity as well as 
being used in various applica-
tions, including but not limited 
to conveyor belts, footwear, tire 
sidewalls, etc.  SBR 1502 is a 
cold-polymerized emulsion SBR 
with 23.5 percent bound styrene 
and excellent tensile strength, 
abrasion resistance and flexibili-
ty. The combination of properties 
make SBR 1502 an excellent 
choice for use in mechanical 
goods and various other items 
that require good physical prop-
erties combined with minimal 
discoloration and staining.5  

Accelerators featured in this study 
are shown Table 5 and Fig. 7.

Cure tests on each material 
were performed at six different 
temperatures: 150°, 160°, 170°, 
180°, 190° and 200°C. The method 
described in the theory section 
above was applied to calculate the 
values of activation energy, reac-
tion rate and order of the reaction.   

Results and discussion
Vulcanization quantities mea-

sured by the Premier Rubber 
Process Analyzer, including Ea, 
k, n, cure rate, etc., are shown in 
Table 6.

Fig. 8 shows the results for 
activation energy of the eight 
compounds. It is interesting to 
note that increasing levels of 
TBBS increase the activation 
energy required for the reaction 
to move forward, while compounds 
D-H show how several different 
accelerators (CBS, MBTS, MBT, 
MBS, OBTS and DCBS) impact 

the activation energy. The com-
pound with DCBS had the lowest 
activation energy while the 
MBT-featuring compound showed 
the largest activation energy of 
the compounds.

Fig. 9 shows how quickly the 
various compounds are reacting 
at the given temperatures.  The 
higher the value, the more 
quickly the reaction is moving 
forward. It is important to note 
that at lower temperatures, 150-
170°C, most of the reactions are 
moving slowly, and it is not until 
180°C that the reactions begin 
moving forward.

A general rule of thumb used 
in the rubber industry is that for 
every 10 degrees Celsius the 
temperature is increased, the 
reaction speed should double. 
However, this statement is only 
true for simple first-order reac-
tions.

For TBBS and CBS, as the 
temperature increases from 
190° to 200°C, the speed of re-
action greatly increases. For 
the remaining compounds, the 
increase is much more gradual, 
indicating a more complex reac-
tion. This is confirmed from the 
calculations in Fig. 10.

Comparison of cured compound 
properties using RPA

Fig. 11 shows the impact of 
accelerator loading level, specifi-
cally TBBS, on final product 
properties. G’ at 1.79 percent 
strain and 60°C is a popular test 
condition that correlates with 
many physical properties. Typi-
cally, higher values correlate 
with improved properties (de-
pending on the application), and 
it is seen here that compound C 
with the highest loading of TBBS 
displays the highest modulus 
values.

This is intuitive since there is 
more accelerator present, there 
will be more opportunity for 
bonds to form resulting in a 
higher crosslink density. Looking 
back to Figs. 8 and 9, we see 
however that compound C takes 
the most energy for the reaction 
to begin, and has the slowest re-
action rate of the three.

This is where optimization of a 
formula comes into play; depend-
ing on the end application, it be-
comes a balance of decreased cure 
times to increase production, or 
higher material cost for an im-
proved final product. In addition, 
it is possible to observe the opti-

mum cure temperature and again 
find the proper balance of produc-
tivity and performance.

Physical measurements from 
cured compounds

To prepare specimens for phys-
ical property testing, 2 mm-thick 
slabs were prepared by curing at 
160°C at cure times of t90 +2 for 
each compound.

Crosslink density by swell 
Crosslink density as deter-

mined by swelling toluene is 
shown in Table 7 and Fig. 12.

Among accelerator parame-
ters, molecular weight was found 
to have the greatest correlation 
with crosslink density by swell. 
Precluding MBT, linear correla-
tion was determined to be nearly 
90 percent, suggesting that ac-
celerators with heavy molecules 
lead to lower crosslink density in 
this SBR compound.

This may be explained as 
heavier molecules may find it 
more difficult to travel through-
out the elastomer to find allylic 
hydrogen atoms to accelerate 

scaling on the conversion curves. 
In Fig. 3, an example conversion 
curves plot is shown, representing 
four tests run at different tem-
peratures on the same compound.

The Activation Energy, Ea, is 
the final calculation. It is solved 
for using the Arrhenius equation

k = Ae - Ea       (10)                    RT

where A is the pre-exponential 
factor, R is the universal gas 
constant, and T is the tempera-

Fig. 7: Images of accelerators with various physical properties and  
characteristics.

Fig. 8: Activation energy for compounds A-H.

Fig. 9: Reaction rate constant for compounds A-H.

Table 2: Base compound formula.

Table 3: Mill-mixed formula variations.

Table 4: Mixing procedure.

Table 6: Vulcanization reaction values associated with each compound.

Fig. 10: Reaction order for compounds A-H.

Fig. 11: Effect of TBBS loading level on shear storage modulus, which 
correlates to final product properties such as durometer, stiffness and 
rolling resistance.

Table 5: Accelerator parameters.

Technical
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vulcanization. Accelerator solu-
bility, impacted by molecular 
weight, is likely to have an effect, 
but this was neither supported 
nor refuted in this study.

Cure rate as measured by the 
RPA correlated well with crosslink 
density, suggesting that an in-
creased ability to rapidly generate 
crosslinks is verified by traditional 
swelling experiments (Fig. 13).

Unaged physical properties 
(tensile, durometer, etc.) are il-
lustrated in Table 8, as well as 
Figs. 14-17.

Heat-aging, compression set 
data is shown in Table 9 and 
Figs. 18-21.

Effect of TBBS loading level on 
compound physical properties

Crosslink density increased with 

increasing TBBS loading level. 
Both ideal and model cure rate in-
creased with increasing TBBS 
loading level, suggesting that 
crosslink density is determined 
more by cure rate than by activa-
tion energy. As expected, compres-
sion set decreased with increasing 
TBBS loading, as the cure system 
went from semi-efficient to more 
and more efficient, and poly and 
disulfidic crosslinks were traded 
for di- and monosulfidic crosslinks.

However, heat aging results 
were somewhat surprising, as 
the compound showed less resis-
tance to heat aging as measured 
by changes in tensile strength 
and change in tensile elongation 
with increasing TBBS loading. 
Comparing compounds A, B and 
C, as TBBS loading increases, 
both unaged tensile strength 
and elongation decrease; this 
may be an indication that B and 
C are overly crosslinked.  B and 
C, due to over crosslinking, are 

impacted more greatly from heat 
aging than compound A.

This is common with accelera-
tors such as TBBS, which have a 
high reaction rate or vertical cure 
curve. As can be seen in Fig. 22, 
both crosslink density and activa-
tion energy increased with in-
creasing TBBS loading level.

Conclusions
1. The Reaction Kinetics Pack-

age on the Enterprise Software 
is very effective at measuring 
activation energy (Ea), reaction 
rate constant (K) and order of 
reaction (N).

2. Repeatability of kinetic 
variables, such as Ea and N was 
high, with a coefficient of varia-
tion (Cv) of 1.3 percent for Ea and 
1.2 percent for N.

3. It is possible to compare acti-
vation energy of different accel-
erator groups as well as loading 
levels of the same accelerator. 
For example, activation energy of 

Table 10: Compression set after one week at 70oC, 25% compression, ASTM D 395 Method B.

Fig. 20: Tensile elongation changes due to heat aging.

Fig. 18: Shore A durometer change due to heat aging.

Fig. 19: Tensile strength change due to heat aging.

Fig. 12: Effect of accelerator molecular weight on crosslink density among compounds with 1.5 phr main accel-
erator a) including MBT and b) precluding MBT.

Fig. 14: Unaged Shore A durometer comparison.

Fig. 16: Unaged tensile elongation comparison.

Fig. 15: Unaged tensile strength comparison.

Table 8: Unaged original physical properties tested according to ASTM D412 and D2240.

Table 7: Crosslink density as determined by swelling in toluene for 24 hours at room temperature and using the 
Flory-Rehner equation.1

Fig. 17: Unaged tensile moduli.

Fig. 13: Correlation between crosslink density by swell and a) ideal cure rate and b) model cure rate where N=1.

Table 9: Heat-aged physical property changes, aged in an air oven one week at 70oC, ASTM D573.
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the model compound increased 
with loading of TBBS.

4. More complex cures (reac-
tion order N>1) typically see a 
lower dependency on heat with 
respect to reaction rate. 

5. Accelerators with heavier 
molecules tended to lead to lower 
crosslink density.

6. Cure rate as measured by 
the RPA correlated well with 
crosslink density, suggesting 
that an increased ability to rap-
idly generate crosslinks was ver-
ified by traditional swelling ex-
periments.

7. Crosslink density increased 
with increasing TBBS loading level.

8. Compression set decreased 
with increasing TBBS loading, 
as the cure system went from 
semi-efficient to more efficient.

9. The model compound showed 
less resistance to heat aging with 
increasing TBBS loading.
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Table 10: Compression set after one week at 70oC, 25% compression, ASTM D 395 Method B.

Fig. 20: Tensile elongation changes due to heat aging.

Fig. 21: Compression set compound comparison.

Fig. 22: Correlation of activation energy with crosslink density with  
increased loading of TBBS.

Fig. 18: Shore A durometer change due to heat aging.

Fig. 19: Tensile strength change due to heat aging.Fig. 14: Unaged Shore A durometer comparison.

Fig. 16: Unaged tensile elongation comparison.

Fig. 15: Unaged tensile strength comparison.

Fig. 17: Unaged tensile moduli.
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