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oxides has been around for some time, 
but are not widely known or used. This 
class of peroxides includes 1,1’-Di(t-bu-
tylperoxy)-3,3,5-trimethylcyclohexane 
(BPTMC) and n-Butyl-4,4’-di(t-butylper-
oxy)valerate (BBPV).

This class of peroxides is optimal for 
curing in the 145°C-160°C range, is known 
to be non-blooming and produces acetophe-
none-free compounds. While these perox-
ides exhibit lower reaction temperature, 
they can be problematic due to short 
scorch. The scorch can lead to some lim-
itation on manufacturing methods that 
need longer scorch delay. Another draw-
back to these peroxides is the radicals 
they form are less efficient than radicals 
of DCP and BPIB. Table 1 outlines the 
difference in crosslink efficiencies.3

BPIB is, by far, the most widely used 
peroxide in HNBR, and it’s so widely 
used that many people do not consider 

While Dialkyl peroxides are the most 
common class of organic peroxides used 
in crosslinking hydrogenated nitrile 
rubber, they are not the only option.

Peroxyketal peroxides have been around 
for a long time but are not widely utilized. 
The Peroxyketal peroxides offer faster 
cure rates when the cure temperature is 
below 160°C.

Studies were done looking at blends of 
Dialkyl and Peroxyketal peroxides to 
optimize HNBR formulations for low 
temperature cures. These blends also 
can be advantageous for high tempera-
ture cures, where fast cycle times are 
desired. The studies also will demon-
strate compounding methods for dealing 
with processing issues typical of the 
Peroxyketals and how these blends im-
pact long-term aging performance.

To obtain the best long-term property 
retention in HNBR, the use of peroxides 
has long been the cure system of choice. 
The peroxides form radicals that can result 
in crosslinks by interacting with residual 
double bonds present in the polymer back-
bone, and through hydrogen extraction. 
This mechanism can be augmented with 
the use of co-agents to increase the efficien-
cy and speed of the reaction. 

Dialkyl peroxides are the most com-
monly used peroxides in HNBR. These 
peroxides include Dicumyl (DCP) perox-
ide and 1,3 1,4-Bis(tert-butylperoxyiso-
propyl) benzene (BPIB). These peroxides 
are known for their high efficiency and 
scorch safety. However, they have the 
drawback of a relatively slow cure rate 
below 160°C, resulting in higher tem-
peratures and longer cure times com-
pared to sulfur cures.

This is not an issue if the processing 
equipment allows for processing tem-
perature above 160°C for DCP or above 
170°C for BPIB. This requirement can 
be met with modern injection and com-
pression presses in the industry where 
typically the heat is generated by elec-

tric elements. However, depending on 
the part configuration and mold geome-
try, it can sometimes be difficult to 
maintain this temperature evenly in 
large or multi-cavity molds.

There are still manufacturers using 
older injection and compression machines, 
which can have poor temperature control 
or limited ability to achieve even mold 
temperatures greater than 160°C. Often, 
the solution to this problem is to increase 
the cure time to ensure all the parts are 
adequately cured. However, this solution 
will increase part cycle time and reduce 
productivity compared to sulfur cures, 
and is often a perceived negative when 
using peroxide cures. Another option 
that’s not often considered is to increase 
the cure rate of the compound, but a scorch 
and cure rate balance must be maintained 
to prevent additional processing issues 
(due to scorch). 

Lots of HNBR products are molded, 
but even if the optimum temperatures 
can be achieved and maintained, the 
cycle times still are longer than typical 
sulfur-cured compounds. Often manu-
facturers will do an incomplete cure, 
usually to a certain percentage of the 
complete cycle time to increase through-
put. Typically, they will cure between 60 
percent and 90 percent, then eject the 
part from the mold and complete the 
cure in an auxiliary oven.

This process typically is called a post-
cure. This practice has the advantage of 
reducing the time in the mold/press and 
allowing for more throughput. Large air 
ovens used for the post-cure generally 
are less expensive to operate than buy-
ing more presses or injection machines. 

However, the post-cure process does 
have its own drawbacks: It introduces 
an additional operation, which can be 
labor intensive. Another issue with 
post-curing occurs when stopping the 
cure short of completion to open the 
mold. This will allow unreacted perox-
ides to escape as vapors. Also, any unre-
acted peroxide at the compound surface 
will react with oxygen, neutralizing it. 
This lost peroxide can result in lower 

states of cure even after the post-cure is 
completed. If the complete cure can be 
done in the press with a fast cycle time, 
this can reduce manufacturing costs 
without the need for post-cure. 

Another area where temperature can 
be an issue is when manufacturers cure 
with steam. Since the temperature is di-
rectly driven by the steam pressure, it 
takes high pressure steam to be able to 
achieve temperatures in the 160°C-180°C 
range, something not many manufactur-
ers using steam can do. For these opera-
tions, curing temperatures typically are 
in the 150°C-160°C range. The typical 
operating procedure for these manufac-
turers using peroxides is to cure at lower 
temperatures and longer cure times. 
Cure cycle times for these manufactur-
ers can be on the order of 60 to 120 
minutes and, for parts with thick 
cross-sections, it’s not uncommon to see 
multi-hour cures. 

All these issues can be minimized by 
using faster and lower temperature 
peroxides. The Peroxyketal class of per-

Impact of peroxide blends on the cure 
rate and aged properties in HNBR

TECHNICAL NOTEBOOK
Edited by John Dick

Technical

Stripe

The author
Dana Stripe started out mixing 

lab batches for Avon Automotive in 
Cadillac, Mich., as a summer job 
while in college. He has a bachelor’s 
degree from Monmouth College 
with a double major in physics and 
math, and a master’s degree in 
chemistry from the University of 
Missouri.

After grad school, Stripe re-
turned to the rubber industry 
working as a rubber compounder,  
initially working at UF Fluid Sys-
tems for two years, learning many 
basic compounding strategies. He 
then worked for 10 years at Gates, 
adding an array of polymers and 
hose processing methods. While at 
Gates, Stripe worked on several 
new hose designs, and acquired 
several patents on HNBR and ECO 
barrier fuel hose constructions.

He has been working for Zeon 
Chemicals in the Zetpol HNBR 
product line since 2013.

Fig. 6: Temperature impact on BPIB-SR. 

Fig. 7: Temperature impact on DCP-SR.

Fig. 8: Temperature impact on BBPV.

Technical

By Dana Stripe
Zeon Chemicals

Fig. 2: 1,3 1,4-Bis(tert-butylperoxyisopro-
pyl)benzene (BPIB).

Fig. 3:  1,1’-Di(t-butylperoxy)-3,3,5-trimeth-
ylcyclohexane (BPTMC).

Fig. 4: n-Butyl-4,4’-di(t-butylperoxy)valer-
ate (BBPV).

Fig. 1: Dicumyl peroxide (DCP).

Table 1: Peroxide properties.

Fig. 5: TAIC recipes.

There are several different classes of organic peroxides used in crosslinking 
HNBR. Understanding these peroxides and how co-agents interact with them 
is an important consideration when developing optimized compounds.

The most common are Dialkyl-type organic peroxides, which provide high 
crosslink efficiency and scorch safety. However, cure temperature can be a 
limitation because these peroxides require either cure temperatures greater 
than 160°C or longer cure times when below the optimum decomposition tem-
perature of the peroxide.

This paper shows how proper selection of peroxides in combination with co-
agents can provide HNBR compounds with optimized processing and physical 
properties.

Executive summary
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oxides has been around for some time, 
but are not widely known or used. This 
class of peroxides includes 1,1’-Di(t-bu-
tylperoxy)-3,3,5-trimethylcyclohexane 
(BPTMC) and n-Butyl-4,4’-di(t-butylper-
oxy)valerate (BBPV).

This class of peroxides is optimal for 
curing in the 145°C-160°C range, is known 
to be non-blooming and produces acetophe-
none-free compounds. While these perox-
ides exhibit lower reaction temperature, 
they can be problematic due to short 
scorch. The scorch can lead to some lim-
itation on manufacturing methods that 
need longer scorch delay. Another draw-
back to these peroxides is the radicals 
they form are less efficient than radicals 
of DCP and BPIB. Table 1 outlines the 
difference in crosslink efficiencies.3 

BPIB is, by far, the most widely used 
peroxide in HNBR, and it’s so widely 
used that many people do not consider 

other peroxides. It’s possible to switch 
from one peroxide to another peroxide by 
accounting for equivalent active oxygen, 
molecular weight and efficiency. Since 
most compounders are accustomed to 
loadings of BPIB, it’s best to just figure 
out how much peroxide your compound 
needs based on BPIB, and then switch to 
the faster peroxides on an equal basis. 
The first step in this process is to calcu-
late the active oxygen content of BPIB 
from the following equations.4 

(Oxygen Bonds) x 16 x (Assay) x 100)
                   (Molecular Weight)                     = 

Active Oxygen Content BPIB

(2) x 16 x (0.40) x 100)
                  (338.48)             =

3.781 Active Oxygen BPIB

Next determine the active oxygen in 
the desired peroxide. 

(2) x 16 x (0.40) x 100)
                    (334.4)               

=
3.828 Active Oxygen BBPV

(1) x 16 x (0.40) x 100)
                     (270.37)            = 

2.367 Active Oxygen DCP

After determining the amount of active 
oxygen, factor in the different efficiencies 

of the radicals to get the final equivalent 
amount of peroxide.

    11.00 phr BPIB x 3.781 BPIB O2
                                                 3.828 BBPV O2

 
x

        52.0 BPIB eff
           24.0 BBPV eff  

= 23.55 phr BBPV

Fig. 6: Temperature impact on BPIB-SR. 

Fig. 7: Temperature impact on DCP-SR.

Fig. 11: Impact on TS2 with BPIB-SR/BBPV blends. 

Fig. 8: Temperature impact on BBPV.

Fig. 9: Impact on T90 with BPIB-SR/BBPV blends. 

Fig. 10: Impact on T90 with DCP-SR/BBPV blends.

Technical

Table 1: Peroxide properties.

Fig. 5: TAIC recipes.

Fig. 12: Impact on TS2 with DCP-SR/BBPV blends.

See Peroxide, page 14
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graphs, 170°C is where BPIB-SR really 
starts to show acceptable speed.

For the rest of the study, BPIB-SR 
and DCP-SR will be blended with 
BBPV to determine if this combination 
of peroxides can balance cure rate and 
scorch, and if any impact on compound 
aging is observed. 

Of the two Peroxyketals referenced 
in this paper, BBPV displays a good 
balance of scorch, cure rate, and has 
higher efficiency than BPTMC, which 

Fig. 14: 160°C Rheometer with 50/50 blend.

Fig. 15: 170°C Rheometer with 50/50 blend. 

Fig. 16: 180°C Rheometer with 50/50 blend.

Fig. 17: Mooney scorch.

Fig. 18: Mooney scorch of BPIB-SR/BBPV blends. 

Fig. 19: Mooney scorch of DCP-SR/BBPV blends.

Fig. 20: Physical properties.

Fig. 21: Tris(2-hydroxy ethyl) Isocyanurate 
triacrylate (TEICA).

Fig. 23: TEICA recipes.

Fig. 25: TEICA vs. TAIC at 160°C.

Fig. 24: TEICA vs. TAIC at 160°C.

Technical Technical

11.00 phr BPIB x 3.781 BPIB O2
                              2.367 DCP O2  

x
 

        52.0 BPIB eff
        50.0 BBPV eff

 

= 18.28 phr DCP

While the Peroxyketals are faster 
peroxides, often the reason they are not 
used is that they have much shorter 

scorch delay than BPIB and DCP. This 
drawback can be minimized by using re-
tarders, which typically are  scavenging 
antioxidants. These retarders can be 
added separately to the compound or can 
be purchased as a blended product with 
the peroxide.2 The use of these retarded 
peroxides is typical in applications where 
maximum scorch delay is needed, or they 
can be blended with non-retarded perox-
ides to achieve the desired balance of 
cure rate and scorch delay.

In the studies that follow, the perox-
ides labeled as BPIB-SR and DCP-SR 
are scorch-retarded versions of their re-
spective peroxides. 

The effect of cure temperature is 
widely understood for sulfur-cured 
HNBR. However, questions often arise 
regarding how temperature affects per-
oxides. It’s not uncommon to find perox-
ide HNBR compounds being under-cured, 
especially when BPIB is being used. 
Figs. 5-7 show the impact of tempera-

ture on the cure of various peroxides in 
an HNBR compound. 

As can be seen from the rheometer 
graphs, the only peroxide that showed 
complete cure at 150°C in less than 30 
minutes was BBPV. When comparing 
the peroxides at 160°C, BBPV still 
shows the fastest cure rate. At this 
temperature, DCP-SR also shows it’s 
able to complete the cure in less than 
30 minutes, but once again, BPIB-SR 
still is too slow. As can be seen in the 

Fig. 13: 150°C Rheometer with 50/50 blend.

Peroxide
Continued from page 13
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graphs, 170°C is where BPIB-SR really 
starts to show acceptable speed.

For the rest of the study, BPIB-SR 
and DCP-SR will be blended with 
BBPV to determine if this combination 
of peroxides can balance cure rate and 
scorch, and if any impact on compound 
aging is observed. 

Of the two Peroxyketals referenced 
in this paper, BBPV displays a good 
balance of scorch, cure rate, and has 
higher efficiency than BPTMC, which 

makes it the better peroxide for the 
blending studies to be conducted. How-
ever, BPTMC in theory also could be 
used if faster cure rate at even lower 
temperatures are desired. 

A DOE utilizing a response surface 
design was set up to study the impact 
on the peroxide blends. The complete 
list of recipes and additional ingredi-
ent information can be found at the 
end of the paper, but the following 
graphs are the statistics generated by 

Minitab to summarize the results.
These compounds are based on the 

same 11.00 phr of BPIB-SR. For the 
peroxide blends in Fig. 8, the BBPV 
percentage is based on how many parts 
of the BPIB-SR (or DCP-SR in Fig. 9) 
have been replaced with BBPV. For 
example, a 75 percent BPIB-SR/25 
percent BBPV blend would be 8.25 phr 
BPIB-SR and 2.75 phr BBPV. The 2.75 
phr BBPV needs to be adjusted for 

equivalent activity as previously out-
lined, and would be 5.89 phr. 

Figs. 9 and 10 show that blending 
BBPV with BPIB-SR and DCP-SR re-
duces the T90 as expected. Blending 
BBPV with BPIB-SR offers improved 
cure rate across all temperature ranges. 
It should be noted that the 150°C lines 
in both Figs. 9 and 10 and the 160°C 
BPIB-SR (Fig. 9) are not accurate with 

Fig. 17: Mooney scorch.

Fig. 18: Mooney scorch of BPIB-SR/BBPV blends. 

Fig. 19: Mooney scorch of DCP-SR/BBPV blends.

Fig. 20: Physical properties.

Fig. 21: Tris(2-hydroxy ethyl) Isocyanurate 
triacrylate (TEICA).

Fig. 22: Triallyl Isocyanurate (TAIC).

Fig. 23: TEICA recipes.

Fig. 25: TEICA vs. TAIC at 160°C.

Fig. 26: TEICA vs. TAIC at 160°C.

Fig. 27: TEICA vs. TAIC at 160°C.

Fig. 28: Impact on T90 with BPIB-SR/BBPV blends. Fig. 24: TEICA vs. TAIC at 160°C.

Technical
ture on the cure of various peroxides in 
an HNBR compound. 

As can be seen from the rheometer 
graphs, the only peroxide that showed 
complete cure at 150°C in less than 30 
minutes was BBPV. When comparing 
the peroxides at 160°C, BBPV still 
shows the fastest cure rate. At this 
temperature, DCP-SR also shows it’s 
able to complete the cure in less than 
30 minutes, but once again, BPIB-SR 
still is too slow. As can be seen in the 

Fig. 29: Impact on T90 with DCP-SR/BBPV blends.

See Peroxide, page 16
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Fig. 32: Mooney scorch of TEICA Compounds.

Fig. 33: Impact on BPIB-SR/BBPV T5 with TEICA. 

Fig. 34: Impact on DCP-SR/BBPV T5 with TEICA.

Fig. 35: Physical properties of TEICA compounds.

Fig. 36: Co-agent impact on tensile.

Fig. 37: Co-agent impact on tensile.

Technical Technical

high percentages of BPIB-SR and DCP-
SR (low percentage of BBPV). This is 
due to the incomplete cure in the 
30-minute rheometers giving shorter 
T90 than it should be with the BPIB-SR 
and the DCP-SR.

BPIB-SR showed the most benefit 
with the addition of BBPV in the 150°C 
to 160°C range, where BPIB-SR is 
known to be slow. However, even at the 
180°C temperature, a 50/50 blend cuts 
the T90 by 50 percent. 

Next, comparing the DCP-SR and 
BBPV blends (Fig. 10) show similar re-
sults as seen with BPIB-SR/BBPV 
blends, but with even faster cure rate 
across all temperatures. However, one 

difference stands out with the DCP-SR 
blends, as you increase in temperature, 
the impact of adding BBPV is mini-
mized. At 180°C blending DCP-SR with 
BBPV only shows a minimal improve-
ment in the T90. 

Figs. 11 and 12 display the impact on 
the TS2 of the peroxide blends. At the 
lower temperatures, the BBPV blend 
amount does have a significant impact. 
However, as the temperature increases, 
the impact of BBPV is minimized and 

temperature becomes the only signifi-
cant factor. 

In the rheometer graphs (Figs. 13-
16), there is a new compound labeled 
TAIC BBPV/BPIB-SR, which is the 
same recipes from Fig. 5, but utilizes a 
50/50 blend of BPIB-SR and BBPV. In-
terestingly, this peroxide blend has a 
cure rate roughly equivalent to the 
DCP-SR compound in the study. This 
would offer an acetophenone-free com-
pound that would have a similar cure Fig. 30: Formulations for TEICA compounds. 

Fig. 31: Rheometer with TEICA compounds.

Peroxide
Continued from page 15

rate to DCP-SR.
No 50/50 blend of DCP-SR and BBPV 

was mixed, but it would similarly be ex-
pected to be between the DCP-SR and 
BBPV. The rheometer MH values are 
similar for the compounds at each cure 
temperature, indicating the peroxide 
equivalence method accurately esti-
mates the peroxide loadings. 

As previously discussed, BBPV can 
have scorch issues, and Fig. 17 shows 
it’s by far the fastest peroxide in the 
study. It also shows the highest viscosi-
ty, indicating that some of the peroxide 
already has reacted (pre-scorch) to raise 
the Mooney compared to the other com-
pounds referenced in the graph. The ad-
ditional amount of calcium carbonate 
from the peroxide carrier also could be 
contributing to the higher viscosity.

The 50/50 BBPV/BPIB-SR compound 
is showing a similar viscosity to the 
DCP-SR and BPIB-SR blend, but with a 
faster cure initiation. This combination 
still has a 50 minute T5 value, which is 
adequate for most rubber processing 
methods. Figs. 18 and 19 show the 
Mooney T5 values and how these values 
are impacted, depending on the peroxide 
selection and ratios. 

The physical properties are listed in 
Fig. 20. Since this was run as a DOE, 
some of the compounds were mixed more 
than once. For those compounds, the 
average values were reported. The 
BBPV compound displayed a slightly 
lower crosslink density. This is evident 
with higher elongation and a reduction 
in both tensile and M100 versus the 
BPIB-SR and DCP-SR compounds.

In addition to using BBPV to acceler-
ate the cures, co-agent selection can also 
have a big impact on cure rate. The most 
well-known example of this is N,N'-1,3-
Phenylene bismaleimide (PDM). This 
co-agent historically has been widely 
used in the industry. However, recom-
mending this co-agent has become more 
difficult due to issues with REACH in 
Europe and other health and safety 
concerns. Also, PDM has shown to have 
poor performance in water and coolant 
applications.

Due to these issues, a replacement 
has been needed, and new co-agents 
that have not typically been used in 
HNBR were evaluated in a separate 
study. One of these co-agents that 
showed encouraging results in initial 
evaluations was Tris(2-hydroxy ethyl) 
isocyanurate triacrylate (TEICA or 
THEICTA). This is a widely available 
triacrylate, but no previous use in 
HNBR or the rubber industry is known. 
The structure of this molecule is very 
similar to TAIC, with the main differ-
ence being the addition of an acrylate 
group to each arm of the structure. 

TAIC is one of the most common co-
agents used in the industry, but it’s also 
known to be problematic with molded 
articles, and is generally avoided or used 
in limited quantity due to mold fouling 
issues. At this point, it’s unknown if TEI-
CA will exhibit this same tendency, but 
acrylates generally do not have this issue.

The other big difference between 
TAIC and TEICA is that TEICA acceler-
ates the cure rate where TAIC does not. 
Figs. 24-27 show the impact on the 
BPIB-SR and DCP-SR compounds and 
how the cure rate differs from TAIC. 
The comparison data was generated by 
using equal molar amounts of the two 
co-agents. The TAIC and equivalent 
TEICA recipes are displayed in Fig. 23. 

Figs. 28 and 29 show the T90 and 
temperature impact, and these can be 
referenced back to Figs. 9 and 10 to 
determine how much impact the co-
agent has versus the cure temperature 
and peroxide ratio. The compounds in 
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Fig. 34: Impact on DCP-SR/BBPV T5 with TEICA.

Fig. 35: Physical properties of TEICA compounds.

Fig. 36: Co-agent impact on tensile.

Fig. 37: Co-agent impact on tensile.
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temperature becomes the only signifi-
cant factor. 

In the rheometer graphs (Figs. 13-
16), there is a new compound labeled 
TAIC BBPV/BPIB-SR, which is the 
same recipes from Fig. 5, but utilizes a 
50/50 blend of BPIB-SR and BBPV. In-
terestingly, this peroxide blend has a 
cure rate roughly equivalent to the 
DCP-SR compound in the study. This 
would offer an acetophenone-free com-
pound that would have a similar cure 

rate to DCP-SR.
No 50/50 blend of DCP-SR and BBPV 

was mixed, but it would similarly be ex-
pected to be between the DCP-SR and 
BBPV. The rheometer MH values are 
similar for the compounds at each cure 
temperature, indicating the peroxide 
equivalence method accurately esti-
mates the peroxide loadings. 

As previously discussed, BBPV can 
have scorch issues, and Fig. 17 shows 
it’s by far the fastest peroxide in the 
study. It also shows the highest viscosi-
ty, indicating that some of the peroxide 
already has reacted (pre-scorch) to raise 
the Mooney compared to the other com-
pounds referenced in the graph. The ad-
ditional amount of calcium carbonate 
from the peroxide carrier also could be 
contributing to the higher viscosity.

The 50/50 BBPV/BPIB-SR compound 
is showing a similar viscosity to the 
DCP-SR and BPIB-SR blend, but with a 
faster cure initiation. This combination 
still has a 50 minute T5 value, which is 
adequate for most rubber processing 
methods. Figs. 18 and 19 show the 
Mooney T5 values and how these values 
are impacted, depending on the peroxide 
selection and ratios. 

The physical properties are listed in 
Fig. 20. Since this was run as a DOE, 
some of the compounds were mixed more 
than once. For those compounds, the 
average values were reported. The 
BBPV compound displayed a slightly 
lower crosslink density. This is evident 
with higher elongation and a reduction 
in both tensile and M100 versus the 
BPIB-SR and DCP-SR compounds.

In addition to using BBPV to acceler-
ate the cures, co-agent selection can also 
have a big impact on cure rate. The most 
well-known example of this is N,N'-1,3-
Phenylene bismaleimide (PDM). This 
co-agent historically has been widely 
used in the industry. However, recom-
mending this co-agent has become more 
difficult due to issues with REACH in 
Europe and other health and safety 
concerns. Also, PDM has shown to have 
poor performance in water and coolant 
applications.

Due to these issues, a replacement 
has been needed, and new co-agents 
that have not typically been used in 
HNBR were evaluated in a separate 
study. One of these co-agents that 
showed encouraging results in initial 
evaluations was Tris(2-hydroxy ethyl) 
isocyanurate triacrylate (TEICA or 
THEICTA). This is a widely available 
triacrylate, but no previous use in 
HNBR or the rubber industry is known. 
The structure of this molecule is very 
similar to TAIC, with the main differ-
ence being the addition of an acrylate 
group to each arm of the structure. 

TAIC is one of the most common co-
agents used in the industry, but it’s also 
known to be problematic with molded 
articles, and is generally avoided or used 
in limited quantity due to mold fouling 
issues. At this point, it’s unknown if TEI-
CA will exhibit this same tendency, but 
acrylates generally do not have this issue.

The other big difference between 
TAIC and TEICA is that TEICA acceler-
ates the cure rate where TAIC does not. 
Figs. 24-27 show the impact on the 
BPIB-SR and DCP-SR compounds and 
how the cure rate differs from TAIC. 
The comparison data was generated by 
using equal molar amounts of the two 
co-agents. The TAIC and equivalent 
TEICA recipes are displayed in Fig. 23. 

Figs. 28 and 29 show the T90 and 
temperature impact, and these can be 
referenced back to Figs. 9 and 10 to 
determine how much impact the co-
agent has versus the cure temperature 
and peroxide ratio. The compounds in 

Figs. 30 and 31 show the formulas and 
cure rate impact using TEICA in place 
of TAIC at 150°C. Although the TEICA 
increases the cure rate of the BPIB-SR, 
it still did not achieve a full cure at 
150°C. This can further be seen in Figs. 
28 and 29 due to the curved blue 150°C 
line. The DCP-SR and 50/50 blend of 
BPIB-SR and BBPV (TEICA BBPV/
BPIB-SR) are close to achieving full 
cure at 150°C, but still come up short. 

In the Mooney scorch data in Fig.  32, 
TEICA accelerates BBPV to the point 
where it’s not practical to use this mate-
rial without blending it with one of the 
slower scorch-retarded peroxides. Figs.  
33-34 were generated from the DOE in 
Minitab, and shows the impact on the 
T5 scorch. The best utilization is to use 

the TEICA or TAIC and use the correct 
peroxide-blend ratio for the cure rate 
and scorch delay that is desired.

In general, a 10-minute T5 minimum 
is considered a compound with decent 
scorch delay. If using the TEICA co-
agent with BPIB-SR/BBPV at a 40/60 
ratio would be the correct ratio for a 
10-minute T5, likewise, for the DCP-SR/
BBPV combination with a 50/50 ratio 
and TEICA co-agent, would yield about 
a 10-minute T5. If longer scorch delay is 
desired, all that’s required is to reduce 
the amount of BBPV and increase the 
respective amount of BPIB-SR or DCP-
SR in the recipe.

Physicals for the TEICA compounds 
are displayed in Fig. 35. The DOE sta-
tistics showed within the BPIB-SR/

BBPV compounds, BPIB-SR displayed 
slightly higher tensile (Fig. 36). Howev-
er, there was no significant difference in 
the tensile due to peroxide selection for 
the DCP-SP/BBPV (Fig. 37), only the 
co-agent ratio was a significant factor.

The data also indicates that the elon-
gation was statistically impacted by the 
peroxide (Figs. 38 and 39), while this is 
a small statistical difference, it’s not 
much of a practical difference. The im-
pact of co-agent selection has a much 
bigger impact on the physical properties 
than the peroxide selection, as can be 
seen in Figs. 35-38. 

When evaluating elongation change 
in the air oven agings (Figs. 40 and 41), 
the TAIC compounds were observed to 

See Peroxide, page 18
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have lower elongation, indicating a high-
er crosslink density. However, in the 
BPIB-SR/BBPV study, the TAIC/BBPV 
compound had a much higher elongation 
than all the other TAIC compounds, and 
seems to be an outlier. The compound 
was remixed two additional times to 

confirm the assumption. The first remix 
was with the DCP-SP/BBPV compounds, 
and then was remixed a second time 
with the BPIB-SR/BBPV block 3 com-
pounds.

This outlier has been removed from 
the graphs. The benefit of doing the 
study as a DOE is that there are addi-
tional batches in the response surface 
that did not get graphed out because 
they were four-way blends. These addi-
tional batches, as well as the remixed 

compounds, are factored into the analy-
sis, and this reduces the impact of the 
outlier on the statistical analysis.

The Minitab data analysis on the 
air-oven agings was inconclusive, with 
neither peroxide nor co-agent displaying 
statistically significant aging trends 
that were able to be identified. General 
observations concerning elongation 

change after the completion of 504-hour 
aging (Fig. 41) were that the TEICA/
DCP-SP compound showed the least 
amount of elongation change in the 
study followed by TAIC/BBPV.

At the 504-hour midpoint, both TEI-
CA/BBPV compounds had the worst 
elongation retention, but improved be-
tween 504 and at 1,008 hours to finish 

Fig. 38: Co-agent impact elongation BPIB-SR/BBPV. 

Fig. 39: Co-agent impact elongation DCP-SR/BBPV.

Fig. 40: Elongation after air oven aging 150°C.

Fig. 41: Elongation change after air oven aging 150°C.

Fig. 42: Elongation after IRM 903 aging.

Fig. 43: Elongation change after IRM 903 aging.

Fig. 44: Tensile change DCP-SR/BBPV. 

Fig. 45: Elongation change DCP-SR/BBPV.

Technical Technical
below average at 1,008 hours. TAIC and 
TEICA blended with the DCP-SR perox-
ide showed good elongation retention, 
and displayed similar results to the 
TAIC/BPIB-SP compound. 

The two TAIC/BBPV compounds 
showed similar results at 504 hours, but 
by 1,008 hours there is a large observed 
difference between the two compounds. 
It’s not clear why these two compounds 
displayed such a big difference in their 
performance between the 504- and 
1,008-hour time periods. Additional 
studies are needed to clarify the typical 
trends of the blend.

Like the air aging, many IRM 903 
agings for the BPIB-SR DOE were com-
pleted to determine if any significant 
trends in the data could be identified. 
Focusing on elongation retention, the 
study showed a small statistical advan-
tage in the BBPV peroxide over the 
BPIB-SR. This can be observed in Fig. 
43 as the BPIB-SR/TAIC and DCP-SR/
TAIC combinations are showing the 
greatest change in elongation.

Due to conflicting aging results be-
tween the DOE blocks, it was difficult to 
draw additional statistical conclusions 
from the DOE analysis. To better under-
stand the BPIB-SR/BBPV aging trends, 
additional compounds need to be mixed 
and tested to get a clearer picture into 
the aging behavior. 

Analyzing the DCP-SP/BBPV tensile 
and elongation retention (Figs 44 and 
45) in IRM 903 for 168 hours did show 
an advantage for compounds blended 
with TEICA. This increase is most ob-
served in DCP-SR compounds and is 
minimized as the ratio is moved toward 
higher ratios of BBPV.

DCP-SR generally outperforms BBPV, 
but the difference is small and TEICA/
BBPV compounds with high ratios of 
BBPV are too scorchy to be processable. 
Based on the scorch data, the best com-
pound that would still be processable 
using the TEICA co-agent, is a 50/50 
blend of BBPV and DCP-SP. The combi-
nation should yield compounds with a 
fast cure rate, acceptable scorch and 
good retention of properties aged in IRM 
903. Unfortunately, the data analysis 
for the 504-hour IRM 903 agings showed 
no clear statistical advantage in tensile 
nor elongation retention utilizing the 
studied blends.

In conclusion, it is possible to effec-
tively switch between peroxides, but you 
must account for the equivalent active 
oxygen and the radical efficiencies of the 
peroxides. This allows for blending of 
peroxides to adjust for cure rate and 
lower temperature cures. BBPV is a 
recommended peroxide for blending 
with the DCP-SR and BPIB-SR perox-
ides that are available. This blending 
allows for faster cure, but still maintains 
adequate scorch delay for most rubber 
processing methods. Blends of BPIB-SR 
and BBPV can yield compounds similar 
in speed to DCP compounds, but would 
also be free of acetophenone. 

TEICA can be used as an effective re-
placement for TAIC, and it can be used 
to speed up the cure rate of peroxide 
systems. When TEICA and TAIC co-
agents are evaluated on an equal molar 
basis, the TEICA yields compounds with 
higher tensile and elongation. The TEI-
CA co-agent also can be used as a re-
placement for N,N'-1,3-Phenylene bis-
maleimide (PDM) if there are HSE or 
EU Reach concerns, or in water and 
coolant applications where PDM per-
forms poorly. 

It’s disappointing that few statistical-
ly significant aging trends were able to 
be identified. However, there are some 
indications in the DCP-SP/BBPV data 

Peroxide
Continued from page 17
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change after the completion of 504-hour 
aging (Fig. 41) were that the TEICA/
DCP-SP compound showed the least 
amount of elongation change in the 
study followed by TAIC/BBPV.

At the 504-hour midpoint, both TEI-
CA/BBPV compounds had the worst 
elongation retention, but improved be-
tween 504 and at 1,008 hours to finish 

Fig. 42: Elongation after IRM 903 aging.

Fig. 43: Elongation change after IRM 903 aging.

Fig. 44: Tensile change DCP-SR/BBPV. 

Fig. 45: Elongation change DCP-SR/BBPV.

Table 2: Complete list of recipes and additional ingredients.

Technical
below average at 1,008 hours. TAIC and 
TEICA blended with the DCP-SR perox-
ide showed good elongation retention, 
and displayed similar results to the 
TAIC/BPIB-SP compound. 

The two TAIC/BBPV compounds 
showed similar results at 504 hours, but 
by 1,008 hours there is a large observed 
difference between the two compounds. 
It’s not clear why these two compounds 
displayed such a big difference in their 
performance between the 504- and 
1,008-hour time periods. Additional 
studies are needed to clarify the typical 
trends of the blend.

Like the air aging, many IRM 903 
agings for the BPIB-SR DOE were com-
pleted to determine if any significant 
trends in the data could be identified. 
Focusing on elongation retention, the 
study showed a small statistical advan-
tage in the BBPV peroxide over the 
BPIB-SR. This can be observed in Fig. 
43 as the BPIB-SR/TAIC and DCP-SR/
TAIC combinations are showing the 
greatest change in elongation.

Due to conflicting aging results be-
tween the DOE blocks, it was difficult to 
draw additional statistical conclusions 
from the DOE analysis. To better under-
stand the BPIB-SR/BBPV aging trends, 
additional compounds need to be mixed 
and tested to get a clearer picture into 
the aging behavior. 

Analyzing the DCP-SP/BBPV tensile 
and elongation retention (Figs 44 and 
45) in IRM 903 for 168 hours did show 
an advantage for compounds blended 
with TEICA. This increase is most ob-
served in DCP-SR compounds and is 
minimized as the ratio is moved toward 
higher ratios of BBPV.

DCP-SR generally outperforms BBPV, 
but the difference is small and TEICA/
BBPV compounds with high ratios of 
BBPV are too scorchy to be processable. 
Based on the scorch data, the best com-
pound that would still be processable 
using the TEICA co-agent, is a 50/50 
blend of BBPV and DCP-SP. The combi-
nation should yield compounds with a 
fast cure rate, acceptable scorch and 
good retention of properties aged in IRM 
903. Unfortunately, the data analysis 
for the 504-hour IRM 903 agings showed 
no clear statistical advantage in tensile 
nor elongation retention utilizing the 
studied blends.

In conclusion, it is possible to effec-
tively switch between peroxides, but you 
must account for the equivalent active 
oxygen and the radical efficiencies of the 
peroxides. This allows for blending of 
peroxides to adjust for cure rate and 
lower temperature cures. BBPV is a 
recommended peroxide for blending 
with the DCP-SR and BPIB-SR perox-
ides that are available. This blending 
allows for faster cure, but still maintains 
adequate scorch delay for most rubber 
processing methods. Blends of BPIB-SR 
and BBPV can yield compounds similar 
in speed to DCP compounds, but would 
also be free of acetophenone. 

TEICA can be used as an effective re-
placement for TAIC, and it can be used 
to speed up the cure rate of peroxide 
systems. When TEICA and TAIC co-
agents are evaluated on an equal molar 
basis, the TEICA yields compounds with 
higher tensile and elongation. The TEI-
CA co-agent also can be used as a re-
placement for N,N'-1,3-Phenylene bis-
maleimide (PDM) if there are HSE or 
EU Reach concerns, or in water and 
coolant applications where PDM per-
forms poorly. 

It’s disappointing that few statistical-
ly significant aging trends were able to 
be identified. However, there are some 
indications in the DCP-SP/BBPV data 

that suggest TEICA ages better than 
TAIC in IRM 903. Also, while we could 
not identify solid routes to improve ag-
ing, at least none of the new materials in 
this study aged vastly worse than their 
more widely used counterpart materials 
in this study.
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