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A Phase Blending Study on Rubber Blends
Based on the Solubility Preference of Curatives
Rui Guo, Auke G. Talma, Rabin N. Datta, Wilma K. Dierkes,
Jacques W. M. Noordermeer*
Using previously obtained data on the solubilities of curatives in SBR, EPDM and in NBR,
different mixing procedures were performed on 50/50 SBR/EPDM and NBR/EPDM blends. In
contrast to a previous phase-mixing study, the curatives were added to separate phases before
final blending, in an attempt to control the cura-
tive distributions in the blends for optimal mech-
anical properties. Fillers were not applied in the
system to exclude their influence on the dis-
persion of the curatives. The properties of such
blends compounded by selective phasemixing are
superior to those of blends compounded with
normal mixing procedures.
Introduction

Rubbers often consist of a blend of various elastomers to

provide a property portfolio required for a good perfor-

mance of a rubber article. The properties of such rubber

blends are influenced by both their mutual compatibility

and their cure compatibility.[1–3] As the nature of various

rubber phases involved in the blends is different, the

distribution or dispersion of curatives and later on their

reactivities towards the different rubbers will never be the

same in the twophases. The solubilities of various curatives

in styrene/butadiene rubber (SBR), acrylonitrile/butadiene

rubber (NBR) and ethylene/propylene/diene rubber (EPDM)

from our previous study,[4] as expressed in their absolute

difference in Hildebrand solubility parameters Dd, are
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shown in Table 1. The smaller the Dd, the higher the

solubility. Dd< 5 J1/2 � cm�3/2 was shown to be in general

required for a good solubility. It is clear that the sequence of

solubilities of N-cyclohexylbenzothiazole-2-sulfenamide

(CBS) is in decreasing order NBR� SBR� EPDM, and the

solubility sequence of sulfur (S8) is SBR� EPDM>NBR,

where for sulfur theDd are very high and the solubility very

low in all rubber types compared to CBS.[4] As a

consequence, a homogeneous dispersion of curatives

cannot be achieved in blends of SBR and EPDM, and even

worse so of NBR and EPDM. Furthermore, curatives will

readily migrate across rubber/rubber interfaces in blends,

following the classical laws of diffusion with a rate

proportional to temperature.[5,6] Consequently, for a sulfur

curing system, the ratio of accelerators to sulfur in each

phase is different; neitherwill it be in correspondencewith

the formulation given in the overall recipe.

Although earlier studies show that the solubilities of

sulfur[7,8] and accelerators[9,10] are different from rubber to

rubber type, attempts to employ these data in improving

the properties of rubber blends have been limited.

Researchers have tried several options: e.g. applying
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Table 1. Dd between rubbers and curatives at room temperature
[].[1]

Rubber Dd S8ð Þ Dd CBSð Þ

J1/2 � cm�3/2 J1/2 � cm�3/2

SBR 16.5 8.1

NBR 18.6 5.9

EPDM 16.8 8.5

Table 2. General formulations for the rubber compounds.

Component Amounts (phr)

1 2 3 4 5

SBR 100 0 0 50 0

NBR 0 100 0 0 50

EPDM 0 0 100 50 50

ZnO 5 5 5 5 5

stearic acid 2 2 2 2 2
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accelerators thathave thesamesolubility towardsdifferent

phases in the blend; grafting accelerator segments onto

EPDM; and changing the polarity of accelerators by

alkylation.[11–13] In a study of Zhao et al., different

formulations were used for blends of SBR and EPDM. Their

results showthat theuseof sulfonamide-basedaccelerators

is beneficial due to their high solubility in the EPDM phase

in the blend.[14]

The aimof the present study is to explore the influence of

thedistributionanddispersionof sulfurandCBS, asused for

the earlier solubility measurements, on the rubber blend

properties by varying the mixing procedures. By first

adding all CBS or S8 to the rubber phase wherein they have

the lower solubility, it may compensate for the solubility

difference and generate a more homogeneous dispersion.

Consequently, it may benefit the co-vulcanization of such

blends and consequently provide better properties of the

blends.
Experimental Part

Materials

The following types of rubber were employed: S-SBR (Buna1 VSL

5025-0HM) and NBR (Perbunan1 3446F) were from Lanxess Corp.,

Germany,andEPDM(Keltan14703)was fromDSMElastomers, The

Netherlands. Zinc oxide and elemental sulfurwere purchased from

Sigma Aldrich; accelerator (Santocure1 CBS) was provided by

Flexsys, Belgium and stearic acid was used as commercial grade.
Methods

The general formulations for the compounds used in this study are

given in Table 2, where 1, 2, 3 are the codes for SBR, NBR, EPDM

compounds and 4, 5 are the codes for 50/50 SBR/EPDM (SE) and

50/50NBR/EPDM (NE) blend compounds. For all the compounds,

thenon-productivefirstmixing stepwas carried out in aBrabender

Plasticorder internal mixer with a chamber volume of 390mL for

10min. The starting temperaturewas50 8C, the rotor speed70 rpm,

and a load factor of 70% was applied. Zinc oxide and stearic acid

were added into the internal mixer after 5min mastication of

rubber or rubber blends. The compoundswere then dropped onto a

Schwabenthan two-roll mill (15�33 cm, Polymix 80) with a

friction ratio of 1:1.25, cooled and slabbed. After this step the
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‘‘rubber masterbatches’’ (rubbers with activator ZnO and co-

activator stearic acid) were ready. The second and/or third mixing

steps were performed on the same two roll mill for about 15min

with a finishing temperature around 40 8C. Each ‘‘rubber master-

batch’’ was first homogenized for 1min before the incorporation of

the curatives.

Theflowcharts,which describe the sequences ofmixing and the

strategy of adding the curatives to the elastomer blends (e.g. SE-0,

SE-1); to the pure elastomers before final blending (SE-2, SE-3); or a

combinationof thetwoprocedures (e.g. SE-4andSE-5), areshownin

Figure 1a–f, using the SE blends as examples. The flow chart of the

mixing procedure SE-0, shown in Figure 1a, encompasses first

mastication and blending of the two rubbers SBR and EPDM, then

incorporation of ZnO and stearic acid into the SE blend in the

internalmixer. The curativeswere added inone step on the two roll

mill into the blend.

Figure 1b schematically shows the mixing procedure for SE-1.

SBR and EPDM were separately masticated and mixed with ZnO

and stearic acid, before they were blended on the two roll mill.

SulfurandCBSwerethenaddedas the last step into theblendonthe

two roll mill.

The mixing procedure for SE-2 is shown in Figure 1c. Two

separate masterbatches of SBR and EPDM were prepared in the

same way as SE-1, and then sulfur was added to the EPDM

masterbatch,while CBSwasadded to the SBRmasterbatch, both on

the two roll mill. Finally, the two masterbatches were mixed

together to form the final blend.

Themixingprocedure forSE-3,asshowninFigure1d, is similar to

SE-2. However, sulfur was now added to SBR and CBS to EPDM,

opposite to SE-2.

In themixing procedure for SE-4 in Figure 1e, all CBS was added

to the SBR masterbatch. Then EPDM masterbatch with ZnO and

stearic acid was blended with the SBRmasterbatch, which already

contained CBS. In a last step, sulfur was added to that blend. A

similar procedurewas applied for SE-5, in Figure 1f, only switching

the sulfur and CBS relative to SE-4.

Changing SBR to EPDM; and EPDM to NBR in the flowcharts,

shown inFigure1, thesemixingprocedures can readilybeusedalso

for NE-0, NE-1, NE-2, NE-3, NE-4 and NE-5, respectively.

The curing properties of the compoundswere determined using

a RPA 2000 rheometer from Alpha Technologies to determine the

optimum vulcanization time, t90 and time until beginning of

vulcanization, t10. The compounds were subsequently cured in a
DOI: 10.1002/mame.200900098
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Figure 1. Schematic illustration of mixing procedures.
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Table 3. t10, t90, curing speed (t90–t10) and the maximum torque
of SBR, EPDM and SE series.
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Wickert Laboratory press at 160 8C and 100 bar pressure. Stress/

strainbehaviorsof thevulcanizatesweredeterminedusingaZwick

Z 1.0/TH1S tensile tester according to the ISO 37 standard.

Compound t10 t90 t90 – t10 Max. torque

min min min dNm

SBR 13.6 22.5 8.9 3.3

EPDM 12.2 23.1 10.9 7.2

SE-0 10.6 22.2 11.6 5.1

SE-1 11.4 25.1 13.7 5.0

SE-2 11.6 23.1 11.5 5.2

SE-3 14.7 27.7 13.0 5.0

SE-4 13.5 27.5 14.0 5.0

SE-5 15.3 28.8 13.5 5.0
Results and Discussion

SBR/EPDM or SE Blends

As shown in Figure 1, the SE rubber blends are composed of

the same formulation, however different mixing proce-

dures. Different from the normalmixing sequence SE-0, the

mixing methods SE-1 to SE-5 may create different phase

sizes since they are executed on the two roll mill instead of

in the internal mixer. Further, SE-2 aims to direct more

sulfur into the EPDM phase, opposite to its solubility

preference. SE-3 is performed inorder to obtain theopposite

effect of curatives’ distribution compared to SE-2:more CBS

in the EPDMphase. Themixing procedure according to SE-4

aims at creating a distribution of curatives in between that

of SE-2 and SE-0, and SE-4 in between that of SE-3 and SE-0.

The curing properties of the SBR and EPDM straight

rubbers and the SE-0 blends are presented in Figure 2. It can

be observed that a sulfonamide-based accelerator like CBS

provides scorch safety for all compounds; t10 for SBR is

13.6min, for EPDM 12.2min, and for SE-0 11.4min.

Considering t10 as a period in which the curatives still may

migratethroughthecompounds, curativeshaveenoughtime

to diffuse to the phase in which they find their higher

solubility in the SE blend. Typical migration speeds of

curatives in rubbers are of the order ofmm � s�1. [15,16] So, the

curatives migrate across the phase boundaries in order of

seconds, which is far shorter than the time needed for

scorch, of the order of minutes, see Table 3. On the other

hand, the curing reactions in the SBR and the EPDM phases

are simultaneous, as shown in Table 3 as well. It
Figure 2. Curing properties of compounds of SBR, EPDM and SE-0
at 160 8C. ( ) SBR; ( ) EPDM; (—) SE-0.
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demonstrates that the influence of reactivity on the cure

compatibility of the SE blends can be neglected. Solubility

plays the determinant role inmigration and, consequently,

the cure compatibility of this system. As SE-0 has a

SBR:EPDM ratio of 50 to 50, it is reasonable to expect its’

highest torquevalue somewhere inbetweenof those of SBR

and EPDM, as observed. However, SE-0 shows a shorter t10
than SBR and EPDM, which gives evidence for a cure

mismatch of this blend. As the curatives are preferentially

dispersed in double quantities in one phase, such a phase

becomes more scorchy compared to the straight rubbers.

According to Table 3, all the SE blends show larger t10
than SE-0, which indicates some improvement in co-

vulcanization of such a blend.

The various curing curves obtained for the SE rubber

blends with the same formulation, however preparedwith

different mixing procedures are shown in Figure 3 and

Table 3. Taking the SE-0 mixing procedure as control, the

scorch time for SE-1 is also short, as for both curatives were
Figure 3. Curing properties of SE blends at 160 8C. (—) SE-0; ( )
SE-1; ( ) SE-2; ( ) SE-3; ( ) SE-4; ( ) SE-5.
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Figure 5. Tensile strength, elongation at break and 100% moduli
of SE blends.
added into the pre-blended rubbers. The reason why the

scorch time for SE-2 is so low is a bit unclear, other than that

this procedure is the only case where all sulfur was

purposely premixed into the EPDM-phase. The highest

torque is also obtained for SE-2. All othermixingprocedures

give slightly lower, but still comparable maximum torque

values. However, longer scorch delays are observed for SE-1

and SE-2, and even much longer delays in scorch are

obtained for SE-3, SE-4 and SE-5 compared to that of SE-0.

The stress/strain properties of straight SBR, EPDM and

blend SE-0 are presented in Figure 4. It can be seen that

EPDM has the highest modulus; SBR has the highest

elongation at break and tensile strength over the three

vulcanizates. The stress/strain properties of SE-0 are closest

to the SBR properties relative to EPDM.

The stress/strain properties of all SE rubber blends are

shown in Figure 5 and Figure 6. In SE-0 and SE-1, where the

curatives were added to the pre-blended compound, the

two phases have an equal chance to obtain curatives.

However, the curatives will preferentially distribute

themselves into the phase with highest compatibility. It

is surprising though that SE-1, blended on the two roll mill,

shows so much better stress/strain properties than SE-0,

blended in the internal mixer.

Themechanicalproperties SE-2andSE-3arepractically the

same.Although thismight be surprisingatfirst sight, a closer

look at the solubility parameter differences in Table 1 shows

that the actual preferences of sulfur andCBS for either rubber

phase are only very little different. So, it does notmakemuch

difference during final blending on the mill at about 40 8C
whethere.g.sulfurwaspre-mixedintotheEPDM-phase(SE-2)

or into the SBR-phase (SE-3); andCBS the reverse. Apparently,

sulfur and CBS need to migrate each from their respective

phases into theotherat the curing temperatureof160 8C, and
while doing so meet each other to form an effective curing
Figure 4. Stress/strain behavior of SBR, EPDM and SE-0. ( ) SBR;
( ) EPDM; (—) SE-0.

Figure 6. Stress/strain curves of SE blends. (—) SE-0; ( ) SE-1;
( ) SE-2; ( ) SE-3; ( ) SE-4; ( ) SE-5.
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system for either rubber-phase. Whether most of the

crosslinking takes place in the respective rubber-phases or

primarily in the interface between thephases is a question to

be investigated in a later stage.
www.mme-journal.de 639
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It is themoresurprising that themechanicalpropertiesof

SE-4 and SE-5 are so much worse than SE-2 and SE-3,

although still better than SE-0. However, in terms of the

explanation givenhere before, either the sulfur (SE-4) or the

CBS (SE-5) is only added when the SBR/EPDM blend is

already fully developed. The curatives added in the final

stage will preferentially partition into the phase they

prefer, even though the solubility differences are only

small. So, no migration is needed anymore and most

probably one phase becomes overcured, and the other

undercured, just like SE-0 and SE-1.

The ruptureenergies calculatedby integratingof thearea

under the stress/strain curves are shown in Figure 7.

Comparing the highest rupture energy of SE-3 to that of SE-

0, an increase of nearly 100% is obtained.
Table 4. The t10, t90, curing speed t90–t10 and the maximum
torque of NBR, EPDM and NE series.

Compound t10 t90 t90 – t10 Torq. Max.

min min min dNm

NBR 3.2 10.4 7.2 5.9

EPDM 12.2 23.1 10.9 7.2

NE-0 4.6 12.0 7.4 4.6

NE-1 5.2 13.3 8.1 5.0

NE-2 5.1 11.9 6.8 5.2

NE-3 5.4 11.5 6.1 5.0

NE-4 5.0 12.1 7.1 5.0

NE-5 5.7 11.9 6.2 5.0

Figure 8. Curing properties of NBR, EPDMandNE-0 at 160 8C. ( )
NBR; ( ) EPDM; (—) NE-0.
NBR/EPDM or NE Blends

Although the mixing strategies used for the NE blends can

simplybedescribedby replacingSBRwithEPDM,andEPDM

with NBR, the performances of the NE blends are quite

different from the SE blends. The compatibility of NBR and

EPDM is very poor, so that the mutual phase sizes, after

being blended using the internal mixer, are so large that

they can be observed by the eye. The curing properties of

NBR and EPDM together with NE-0 are shown in Figure 8.

Clearly, NBR has a much shorter scorch safety than EPDM.

The vulcanization of NBR is completed before the curing of

EPDM starts. Further, the curing behavior of NE-0 is

surprisingly similar to that of the straight NBR rubber.

The much shorter scorch of NBR is reflected in t10, as

shown in Table 4. The optimal curing timeofNBR: t90 is also

much shorter than the t90 of EPDM, even slightly shorter

than the t10 of EPDM. This largemismatch in cure rate does

play an equally important role along with the solubility of

the curatives in determining the curing properties of the

blends. Consequently, it will lead to a situation that in a NE

blend the NBR phase is grossly over-cured while the EPDM

phase stays far under-cured.

The rheograms of the NE-0 to NE-5 blends are shown in

Figure 9. Only a small delay in scorch time and a slight
Figure 7. Rupture energy of SE blends.
Figure 9. Curing properties of NE Blends. (—) NE-0; ( ) NE-1;
( ) NE-2; ( ) NE-3; ( ) NE-4; ( ) NE-5.
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Figure 11. Tensile strength, elongation at break and 100% moduli
of NE blends.

Figure 12. Stress/strain properties of NE blends. (—) NE-0; ( )
NE-1; ( ) NE-2; ( ) NE-3; ( ) NE-4; ( ) NE-5.

Figure 10. Stress/strain properties of NBR, EPDM and NE-0 blend.
( ) NBR; ( ) EPDM; (—) NE-0.
decrease inmaximum torque are obtained by applying the

mixing procedures of NE-1 to NE-5 compared to NE-0. The

rheograms of NE-1 to NE-5 grossly overlap. In contrast to

the SE blends, there is no pronounced effect of the different

mixing strategies. Apparently, the properties of the blends

areprimarilygovernedbytheNBRphase,whereinCBShasa

much higher solubility and the curatives show a much

faster reaction speed than in the EPDM phase. The

maximum torques and t10 are summarized in Table 4. As

mixing methods NE-2 to NE-5 can only compensate for the

solubility differences to some extent, no appreciable

improvement is observed in the maximum torques by

using any of these mixing strategies.

The accumulation of the curatives in the NBR, and

practically not in the EPDM phase is different from that

given in the overall recipe. Taking the large difference inDd

between CBS and the two rubber polymers into account, an

efficient curing system with much higher ratio of CBS/

sulfur may be generated in the NBR-phase during the

vulcanization process. This could further speed up the

curing.

The stress/strain properties of the NBR, EPDM and NE-0

areshowninFigure10. It is clear thatNE-0showsalmost the

same features of the stress/strain curve of EPDMwith only

longer elongation at break and higher stress at rupture.

The stress/strain properties of the full NE series are

shown in Figure 11. Only NE-3 shows somewhat inferior

tensile strength compared toNE-0. The rest of theNEblends

all show some improvements in tensile strength relative to

NE-0. For the elongation at break and 100%modulus, all the

NE compounds show similar values.

The tensile curves and the rupture energies are shown in

Figure 12 and 13. Except for NE-3, the rest of the NE blends

show better properties relative to NE-0. However, the
Macromol. Mater. Eng. 2009, 294, 635–642
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improvement is small compared to that of the SE blends.

The highest value of rupture energy is found for NE-2 with

an increaseof9%. Thesequenceof rupture energy fromhigh

to low is quite different from the one for the SE series.
www.mme-journal.de 641
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Figure 13. Rupture energy of NE blends.
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AlthoughNE-2doesnotgive thebestproperties likeSE-2did

for theSE rubberblends, it is still superior compared toNE-3,

which gives the lowest rupture energy of all.
Conclusion

The distribution of curatives plays a vital role in the

properties of SE blends. By using solubility information of

the curatives in different rubber phases, it is possible to

improve the performance of such blends by intentionally

introducing separate curatives in opposite rubber phases.

The fact that the cure andmechanical properties of SE-2 and

SE-3 are so outstanding, apparently is the result of the two

separate curatives sulfur and CBS added to separate phases

before final blending. Mutual migration of the curatives

into the opposite phases is held responsible for the

improved properties.

The curing reaction of the NBR phase ismuch faster than

that of the EPDM phase. As a result, the EPDM phase

remains seriously under-cured in the NE blends, and

the properties of the NE blends are mainly dominated by

the properties of the NBR. On the other hand, the large

difference inpolarityof the tworubberpolymers results ina

verypoorcompatibility,where thephasesaresocoarseas to

be observable by the eye. So the mixing methods, which

work well in the SE blends, do not give appreciable

improvements for the NE blends.

In this study, both solubility and reactivity of curatives in

the different phases of rubber blends play a role in the cure

compatibility. When a very large difference in reactivity of

curatives towards the two rubber phases exists, the

influence of solubility is an overruling factor. This explains
Macromol. Mater. Eng. 2009, 294, 635–642
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the fact that by applying knowledge of mutual solubility

between curatives and rubber polymers into mixing, the

properties of the SE blends could be improved. However, in

the case of the NE blends, the situation is much more

complicated and less successful.
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