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ABSTRACT: The vulcanization of medium and high voltage (M-H V) cables is an important industrial application where manufac-

turers use principally EPM/EPDM, crosslinked polyethylene (XLPE) and now also thermoplastic rubbers. In the present article, an

EPDM compound for medium voltage cables—normally distributed to producers in pellets and ready to be cured—is considered

and several experimental tests (rheometer curves and mechanical characterizations) are conducted changing controlled curing tem-

perature, peroxide type and peroxide concentration. In particular, tests are replicated in a temperature range between 160 and

200�C, with data provided every 20�C, using two different peroxides, a mixture of three commercial peroxides at five different con-

centrations. A huge amount of experimental data (cure curves) is obtained (one for each temperature, peroxide used and concen-

tration) and results are critically compared one each other, to have a quantitative insight into the most effective temperature and

peroxide to be used during this kind of vulcanization, with the aim of maximizing vulcanization velocity, final torque reached and

mechanical properties of cured rubber. The comprehensive experimental study proposed is finally assessed from a numerical point

of view, utilizing a complex kinetic scheme constituted by reactions occurring in series and parallel, which allows estimating

numerically the vulcanization degree by means of a single second order nonlinear differential equation, with unknown parameters

determined through non-linear least squares fitting, with target data represented by experimental rheoemeter curves. The experi-

mental fitting is almost perfect for all the cases analyzed and is aimed at predicting (without an expensive experimentation) the

most suitable production parameters (e.g., curing time and temperature) to guarantee improved mechanical properties and a good

aging resistance of the items. In addition, the numerical approach could allow finding the most suitable recipe, also in presence of

mixtures of peroxides, able to provide items with a uniform vulcanization level. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014,

131, 40075.
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INTRODUCTION

The industrial production of medium and high voltage electric

cables exhibits some well-known critical processing steps, need-

ing a comprehensive and combined numerical and experimental

insight to be well understood.

One of the most diffused materials utilized for electric cables

insulation is EPDM with low unsaturation level and suitable

dielectric properties, good ageing resistance, and good mechani-

cal strength.1 To maximize as well as homogenize as close as

possible the crosslinking degree of these items, peroxides are

preferred to sulfur, the former curing agents guaranteeing in

general much higher performance and a more stable—from a

thermodynamic standpoint—link between parallel chains. It is

well known, indeed, that the carbon–carbon bond resulting

from peroxide crosslinking is more stable (bond energy equal to

83.1 kcal mole21) than both the carbon-sulfur bond (62 kcal

mole21) and the sulfur–sulfur bond (50.9 kcal mole21) formed

during sulfur vulcanization.2

For this reason, it can be stated that the curing process of

medium and high voltage electric cables with EPM/EPDM rub-

ber having low molecular weight (Mooney viscosity ML), ethyl-

ene high content and low-medium amount of ter-monomer
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(generally 1,4-Hesadiene, ENB, DCPD and VNB) is always

made by peroxides.3–6

While other typologies of insulation materials are diffused

in practice and preferred to EPDM in some specific appli-

cations (mainly reduced insulation thickness), attention

is focused in this article exclusively on EPDM, which

remains one of the most diffused material for cables

insulation,3,7,8

The most important technical problems that providers are

called to understand and to face is the wide scatter of the cross-

linking density into final vulcanized items, from point to point

inside the same cable and for different cables, especially for

thick wall insulating.

Scattering is for sure the results of several concurring produc-

tion variables that have to be carefully considered and con-

trolled, as for instance items thickness, type of vulcanization

ambient used (steam, nitrogen, etc.), temperature and curing

time, curing agent type and concentration, composition of rub-

ber, etc.

To put the research forward on this topic and to get final rub-

ber based products passing high standard acceptability indices,

in the present article the final results obtained by means of a

wide experimental campaign conducted in cooperation with

Mixer Spa and devoted to the combined analysis of the behav-

ior during vulcanization and the mechanical performance of

EPDM compounds vulcanized by peroxides are presented and

critically discussed.

An industrial formulation is considered based on Exxon Vista-

lon 1703, a commercial ethylene, propylene and VNB ter-

polymer with wide molecular weights distribution (as shown

in Figure 1), good processability and suitable for the extrusion

of medium-high voltage electric cables. The special feature of

this rubber compound analyzed is that uncured rubber is pro-

duced in pellets, allowing absorption of the peroxide on the

surface of each single element, satisfactory stocking stability

and the possibility to vulcanize directly the compound by

other factories.

The experimental tests were performed on the same EPDM

compound, vulcanized at three different temperatures, respec-

tively equal to 160, 180, and 200�C, for which both rheometer

curves on an oscillating disc device and stress–strain curves on

vulcanized items (under the same curing conditions) were

experimentally determined.

Three different curing agents were tested, the first and the sec-

ond relying into commercial peroxides provided by Akzo, the

latter being a mixture of three different peroxides with different

activity in the range of vulcanization temperature inspected,

allowing good ambient stability and reasonable overall cross-

linking activity.9

To have an insight about the effect obtained by varying the con-

centration of peroxide used, the molar concentration (referred

to 100 g of polymer, see Table I) was both reduced to 250%

and increased up to 150%, with 50% steps, assuming as 0% the

standard concentration initially considered. For instance, with

reference to data reported in Table I and BC-FF peroxide, a

1100% concentration indicates that 2.72 grams per 100 g of

polymer were used.

Experimental results showed that the final mechanical properties

of the vulcanized items (e.g., tensile strength) are sensibly

affected both by curing temperature and peroxide concentra-

tion. Variations have been observed by changing also the type

of curing agent.

The wide experimental campaign conducted and the subsequent

data reduction was useful to obtain an a priori calculated mechani-

cal property for final vulcanized items; elaborated data model

allows to precisely determine the most important parameters

influencing the crosslinking density of the vulcanized rubber, like

temperature, time, type of peroxide used and its concentration.

By means of the obtained results, suitably post processed, the

provider may choose the most convenient vulcanization

Figure 1. Molecular weight distribution of Vistalon 1703 compared with

other two distributions of common industrial products. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Experimental Data Set Analyzed, EPDM Composition in Grams

Polymer
VISTALON 1703P

Ethylene in wt : % 76:2

VNB-vinylnorbornene in wt : % 0:9

Mooney ML ð114Þ 100�C 35:3

Manufacturer ðExxonÞ

0
BBBBBBBB@

1
CCCCCCCCA

100

Silane-treated calcinated kaolin 55.5

Antioxidants 14.8

LDPE Riblene MR 10 MFI 5 18.7 (ASTM D1238) 11.1

PE WAX 1.8

Peroxide M3(*) 1.1

Peroxide BC-FF(*) 1.36

Peroxide 14-S(*) 0.85
(*) peroxides are used separately
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conditions in order to guarantee a suitable level of vulcanization

and crosslink homogeneity.

Finally, in order to theoretically interpret the experimental

results, a kinetic model of peroxide decomposition is presented

in the article, considering the complex set of reactions involved

in peroxide crosslinking: namely, homolytic cleavage of perox-

ide, hydrogen abstraction, polymer radicals formation, polymer

radicals coupling, crosslink formation, and polymer scission. In

the case of EPDM, the amount and type of the third-monomer,

could be considered, but in a first approximation it is not

accounted for when dealing with EPDMs with lower concentra-

tions of the third-monomer.

Conversely, in the presented crosslink scheme, the different

activity from alkyl and oxy radicals in the homolytic cleavage of

peroxide and the secondary reactions as oxygenation and acid-

catalyzed decomposition of peroxide may be well reproduced.

After some tedious algebra on the first order differential equa-

tions coming from the chemical scheme, a single second order

non homogeneous and non linear differential equation is

obtained, allowing after best fitting on experimental rheometer

curves, to determine the partial kinetic constants influencing

the vulcanization process and hence giving quantitative infor-

mation on the activity of the single peroxides and the mixture.

Thanks to the numerical model with parameters tuned through

the present experimentation, it is possible the prediction, with

simple computer simulations, of (1) the optimal curing time

and temperature10–15 and (2) the most suitable peroxide to be

used in order to maximize the final crosslinking density of an

item with given geometry.16

Finally, it is possible to compare (at least for single peroxides)

partial reaction constants provided by the model with those

estimated by peroxide producers, to put in evidence both the

accuracy and the limits of applicability of a simplified approach

based on Arrhenius’s low and widespread in common practice.

EXPERIMENTAL PART

The polymer used is a commercial EPDM, with properties fur-

nished by the provider summarized in Table II. In the same table,

other two commercial products are considered for a comparison.

A preliminary characterization of the molecular weight distribu-

tion was conducted in the laboratory and results are reported in

Figure 1. Polymer molecular weights are measured from both

conventional GPC using a differential refractive index detector

(DRI) and low angle laser light scattering (LALLS) detector.

Molecular weight is reported in the horizontal axis (logarithmic

scale), whereas the vertical axis is the normalized differential

weight fraction in arbitrary units (a.u.). It is interesting to notice

that the area bounded by the curve, x-axis and a fixed molecular

weight, say Mw0, previously divided by the total area under the

curve represents the probability to find molecular weights lower

than Mw0. As can be seen from a critical comparison among all

curves, Vistalon 1703 distribution is somewhat wider than other

common products available in the market stock.

Available data regarding the other row materials used to pro-

duce the EPDM compound are the following:

� Silane-treated calcinated kaolin is Polarite 503S provided by

Imerys.

� LDPE (low density polyethylene) is Riblene MR10 supplied

by Polimeri Europa (density 0.918, melt flow rate 190�C/2.16

kg 20 g/10 min).

� PE Wax is Polyethylene A-C 617A provided by Honeywell

(drop point 101�C).

� the antioxidant is polymerized 2,2,4-trimethyl-1,2-dihydro-

quinoline (TMQ) provided by LANXESS.

The EPDM compound was industrially produced and its com-

position is summarized in Table I.

Three different curing agents were investigated for the EPDM

compound. The first, hereafter called M3 for the sake of clear-

ness, is a mixture and it is produced by Mixer Spa. The three

peroxides composing the mixture are the following: Trigonox T,

Perkadox BC-FF, and Perkadox 14S. Mixture M3 is constituted

by two commercial peroxides with the same thermal decompo-

sition constants, see Table IV. The reason at the base of the uti-

lization of a mixture having two peroxides with, in practice, the

same kinetic constants is mainly technological and is aimed at

obtaining a liquid mixture suitable for absorption on pellets

surface. The mixture ratio of BC-FF, 14S-FF, and Trigonox T is

respectively, 35–15–50% by weight.

The second and third peroxides investigated are commercial

products provided by AkzoNobel,17 having commercial names

as Perkadox BC-FF and Perkadox 14S-FL. They will be indicated

in the following comparisons as BC-FF and 14-S for the sake of

conciseness. Perkadox BC-FF is dycumil peroxide whereas Per-

kadox 14S-FL is a di(tert-butylperoxyisopropyl) benzene. They

exhibit a half time equal to 1 h at 138 and 146�C, respectively,

see Table IV. The peroxides are therefore quite similar; nonethe-

less, some perceivable differences in the experimental rheometer

curves of the EPDM under consideration were observed.

Table II. Characteristics of the Polymers Considered in Figure 1

Type of polymer

ML(114) Mooney
viscosity

% Ethylene
by w. % VNB by w.

MWD molecular weight
distribution (Fig. 1)100�C 125�C

Vistalon 1703 by Exxon – 25 77 0.9 Very broad

Vistalon 785 by Exxon – 30 49.0 – narrow

Dutral CO-058 by Polimeri Europa 80 – 52 – narrow
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The curing agents were added to the EPDM compound by

using a laboratory twin-roll mixer at the temperature of 85�C.

When the compound melted, the peroxide was added and then

the blend was mixed for 10 min.

The amount of peroxide, referred to 100 g of polymer is vari-

able. In particular, during experimentation, three different per-

oxides (or mixture of peroxides) at five different concentrations

were utilized. At a fixed concentration, the same molar concen-

tration was utilized for each peroxide, taking into account the

actual activity of each peroxide. One of the peroxides consid-

ered, indeed, is a biperoxide. Therefore, its activity is twice the

activity of the others and, consequently, the molar concentra-

tion used was one half those of the mono-peroxides.

The chosen standard concentration, labeled as “60%”, is equal to

5.037 mmoles per 100 g of polymer for each peroxide and it corre-

sponds to the weight percentages of the different peroxides reported

in Table III. It was considered as “standard” because this concentra-

tion is now commonly used in the industrial production process.

Four additional concentrations were tested, called 250%, 150%,

1100%, and 1150% for the sake of clearness. Labels indicate the

molar concentration of the curing agent with respect to the stand-

ard concentration. For instance, a 150% concentration indicates

that 1.5 moles with respect to the standard one were used.

Several experimental tests were conducted by the authors on the

obtained EPDM rubber compounds. The experimentation was

conducted varying the following parameters:

1. Curing agent: two different peroxides and a mixture were

tested on the compound.

2. Concentration of the curing agent: five different concentra-

tions for the different curing agents investigated were

considered.

3. Vulcanization temperature: three different temperatures were

used.

4. Although the direct experimental determination of crosslink-

ing density would require DSC’s, rheometer gives an indirect

information on the state of cure, as extensively demonstrated

by Sun and Isayev.18 The average M(t) curves obtained may

indeed be used to calculate the evolution of the vulcanisation

degree aexp(t) using Sun and Isayev18 relation:

aexpðtÞ5
MðtÞ2MminT

MmaxT0
2MminT0

(1)

where:

a. MminT is the minimum value of torque S’ during a cure

experiment at temperature T. Before reaching this minimum

value, aexp is considered equal to zero.

b. MminT0 and MmaxT0 are the minimum and maximum torque

values, obtained for a cure experiment at a temperature T0 low

enough to allow neglecting reversion. In this way, rheometer

curves to fit always range between 0 and 1, with a maximum tor-

que sensibly lower than 1 for high vulcanization temperatures.

Experimental results presented in this section are twofold: a

thermal characterization to determine the state of cure of each

sample conducted by means of a standard ODR (oscillating disc

rheometer) and standard stress–strain uniaxial tests to mechani-

cally characterize the cured specimens.

ODR test allows a macroscopic determination of the vulcaniza-

tion characteristics of vulcanizable rubber compounds. Such

method was here used to indirectly determine the rate of cure.

It is essentially a measure of shear modulus of the fully cured

rubber. The measurements were conducted in an oscillating disc

curometer19 (GB3 Rheocheck).

Samples were prepared in agreement with ASTM D 1485

method, considering small cylindrical specimens with a diame-

ter equal to 20 mm and a height equal to �12.5 mm. Speci-

mens were conditioned at constant room temperature equal to

25�C, as required by method ASTM D 2048. Tests were per-

formed with a thermo-stated equipment that allowed a precise

control of the design curing temperature. Three different tem-

peratures were used, respectively equal to 160, 180, and 200�C.

A wider range of temperatures was experimentally investigated

by the authors, namely from 120�C up to 220�C, but the activ-

ity of the curing agents resulted suboptimal out of the range

160–200�C.

For each test, three replicates were considered, averaging rheom-

eter curves among the three replicates.

Dealing with rheometer curves, three different temperatures for

three curing agents were inspected, at five different concentra-

tions. Three replicates for each vulcanization condition were

considered within the experimental campaign, in order to

reduce possible inaccuracies of the experimentation. In this

manner, a total amount of 125 different rheometer curves were

experimentally determined. Results presented refer to mean val-

ues obtained.

To evaluate if peroxide concentration, temperature and typology

of curing agent result into different final mechanical properties

of the vulcanized items, the same EPDM samples previously

Table III. Standard Concentrations of the Curing Agents Corresponding

to 5.037 mmol per 100 g Polymer

Peroxide M3 1.10

Peroxide BC-FF 1.36

Peroxide 14-S 0.85

Table IV. Half-life Temperatures of the Peroxides Analyzed at 0.1, 1, and

10 h

Peroxide typology t1/2 in h 0.1 1 10

TRIGONOX T 169 146 117

PERKADOX BC-FF 162 138 112

PERKADOX 14 S-FL 169 146 117

TRIGONOX T: ter-butylcumylperoxide.
PERKADOX BC-FF: dicumyl peroxide.
PERKADOX 14S-FF: di(tert-butylperoxyisopropyl) benzene.
Curing agent M3 is a mixture of BC-FF, 14S-FF, and Trigonox T.
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vulcanized at the different temperatures and the curing agents

concentrations were tested under uniaxial stress-strain condi-

tions, in an universal testing machine (GB3 Tensorcheck), fol-

lowing ASTM D41220 and ASTM D 1456-86.

The samples for mechanical test were hot-pressed under the

pressure of 50 bar for a curing time equal to their t90, deduced

from the previously performed rheometer curves. The geometri-

cal shape of the samples with standardized dimensions was in

agreement with ASTM D 1456-86.

Stress–strain characterization was conducted up to failure under

large deformations conditions, in order to evaluate tensile

strength and elongation at failure of each cured sample.

As a result of the experimentation, a huge amount of data were

collected and suitably post processed, including rheometer

curves at different temperatures and stress strain curves of the

vulcanized items.

Rheometer Curves

In figures from Figures 2–6, detailed comparisons among the per-

formances during vulcanization (rheometer curves) exhibited by

the three different curing agents at different concentrations are

shown. These comparisons are useful to have an insight into the

most suited curing agent to be used at different temperatures.

From a detailed analysis of rheometer results, the following

aspects are worth noting:

1. For a temperature equal to 160�C, all curing agents inspected

are underperforming, reaching asymptotically the maximum

torque at excessively large vulcanization times, far away from

the limit of acceptability for an industrial efficiency.

2. Comparing the maximum torque reached at different tem-

peratures, it is worth noting that all vulcanization agents

perform better at 200�C, with a torque generally higher that

those reached at 180 and 160�C.

3. M3 curing agent underperforms at low concentrations (espe-

cially at 250%), whereas a concentration increase results into

quite beneficial effects, compare for instance Figures 6 and 2.

Considering the half-life temperature of peroxides reported in

Table IV, it is expected that the behavior in kinetic terms of

M3 mixture is intermediate between BC-FF and 14-S, since

Trigonox T is essentially equivalent (from a kinetic point of

view) to Perkadox BC-FF. The intermediate behavior may be

appreciated only for 1150% concentrations, where, after the

scorch point up to the plateau is reached, the M3 rheometer

curve is strictly bounded by BC-FF and 14-S ones.

4. For 1150% concentrations and for a curing temperature

equal to 200�C, it can be observed that the maximum tor-

que provided by all curing agents (M3, BC-FF, and 14-S) is

roughly the same (around 55 dNm, see Figure 6). Further-

more, the times needed to obtain 90% of the maximum tor-

que (t90 values) seem very similar, meaning that also the

kinetic constants at 200�C should be very similar.

5. As expected, in all cases, experimental rheometer curves do

not exhibit perceivable reversion, due to the low amount of

unsaturated bonds present in the EPDM utilized.

From our experience, we would conclude that the optimal behav-

ior for all curing agents may be obtained at 150% concentrations.

Such a deduction is supported by figures from Figures 7–9, where

rheometer curves obtained at different concentrations are normal-

ized to 1 using Sun and Isayev procedure18 and directly compared.

Figure 2. Experimental torque curves at 250% concentrations. a: 200�C,

b: 180�C, c: 160�C.
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From a practical point of view, since no reversion is present for

all the cases analyzed and minimum and maximum values of

the torque at the three temperatures are very similar, normaliza-

tion in practice reduces in dividing each value of the torque by

the maximum torque,15,21,22 which occurs at the end of the test.

The different curves represented refer to the different concentra-

tions explored in the experimental campaign, namely 250%,

60%, 150%, 1100%, 1150%.

Figure 4. Experimental torque curves at 150% concentrations. a: 200�C,

b: 180�C, c: 160�C.
Figure 3. Experimental torque curves at 60% concentrations. a: 200�C,

b: 180�C, c: 160�C.
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Figure 7 refers to M3 mixture, Figure 8 to BC-FF and Figure 9

to 14-S, respectively. Subfigures a, b, and c refer to curing tem-

peratures equal to 160, 180, and 200�C, respectively.

As it is possible to notice, rheometer curves tend asymptotically to

that corresponding to a concentration equal to 150%, meaning that a

further increase into peroxide concentration would not result into an

increase of final crosslinking density, being thus useless in practice.

Figure 5. Experimental torque curves at 100% concentrations. a: 200�C,

b: 180�C, c: 160�C.

Figure 6. Experimental torque curves at 150% concentrations. a: 200�C,

b: 180�C, c: 160�C.
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In Figure 10, a direct comparison among rheometer curves

at 1150% obtained using BC-FF, 14-S and M3 at three vul-

canization temperatures (a: 160�C, b: 180�C, and c: 200�C)

is reported. As we can see, for a vulcanization temperature

of 200�C, vulcanization curves are almost superimposable,

meaning that for high curing agent concentrations and high

Figure 7. M3 peroxides mixture. Normalized experimental rheometer

curves at different peroxide concentrations. a: 160�C, b: 180�C, c: 200�C.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. BC-FF peroxide. Normalized experimental rheometer curves at

different peroxide concentrations. a: 160�C, b: 180�C, c: 200�C. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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vulcanization temperatures, the type of curing agent used

has, in practice, no effect on the degree of induced

crosslinking.

Furthermore, from Figure 7, 8 and 9, it is particularly clear that

increasing curing agent concentration, reticulation exhibits an

asymptotic behavior, in all analyzed cases. As a matter of fact,

Figure 9. 14-S peroxide. Normalized experimental rheometer curves at

different peroxide concentrations. a: 160�C, b: 180�C, c: 200�C. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 10. Comparison among rheometer curves obtained at 1150% with

M3, BC-FF, 14-S. a: 160�C, b: 180�C, c: 200�C. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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rheometer curves corresponding to 1100% and 1150% are in

practice superimposable, meaning that, beyond these concentra-

tions, the reticulation is fully independent on the curing agent

concentration. Experimental evidences show that optimal cross-

linking could be obtained with at least double amount of perox-

ide in comparison to the standard one (100% concentrations),

implicitly stating that the standard 60% peroxide concentra-

tions provides suboptimal vulcanized items.

Finally, to further support the conclusion that the curing behav-

ior of M3 mixture is intermediate between BC-FF and 14-S, let

us consider again normalized curves with peroxide concentra-

tion equal to 150% obtained with M3, BC-FF and 14-S depicted

in Figure 10 at the three different temperatures, i.e., 160�C (a),

180�C (b), and 200�C (c). As expected, M3 curing curve exhib-

its an intermediate behavior between the two commercial per-

oxides. In particular, the crosslinking activity of BC-FF peroxide

is the greatest one, 14-S exhibits the lowest kinetic velocity,

whereas M3 mixture has an intermediate behavior, for all the

selected curing temperatures. It is therefore expected that the

kinetic constants associated to M3 within any numerical kinetic

model stand between those found for BC-FF and 14-S.

Mechanical Properties of the Vulcanized Samples

All samples vulcanized in the rheometer chamber at the three

different temperatures discussed (160, 180, and 200�C) and

with the five peroxide concentrations inspected (50, 0, 50, 100,

150%) were subsequently mechanically tested in a universal

testing machine, in order to determine cured rubber tensile

strength.

As already pointed out, the working parameters for the prepara-

tion of the samples to test mechanically are the following: cure

time equal to t90 deduced from the previously performed rhe-

ometer curves and geometrical shape of the samples with stand-

ardized dimensions, taken in agreement with ASTM D 1456-86.

To this aim, full stress-strain curves were obtained under large

deformation conditions up to failure. The typical stress-strain

curve obtained for one of the samples is shown in Figure 11.

Similar results are obtained for the other cases inspected and

are not reported here for the sake of conciseness.

Apart tensile strength, a full stress-strain characterization allows

the determination of other key mechanical parameters, e.g.,

deformation at failure, 100% modulus, etc.

Despite the wide number of properties that can be considered,

we chose to consider as meaningful output mechanical parame-

ter only tensile strength, because a nonlinear and sometimes

nonmonotonic relationship between maximum torque and ten-

sile strength23 is possible.

As literature demonstrates, there is a concentration threshold

for the peroxide representing a sort of upper bound, that, if

exceeded, does not allow a further increase of the crosslinking

density of the vulcanized item. This value has to be determined

by producers, because the utilization of lower concentrations

will result into suboptimal vulcanization quality. On the oppo-

site, the presence of larger amounts of curing agent will not be

particularly beneficial in terms of improvement of crosslinking

density, leading to useless economic expenses. From present

experimental results, considering preliminarily only the rheome-

ter curves, it appears that the standard concentration (0%) is

slightly suboptimal, leading however to results in terms of

Figure 11. Typical stress–strain curve obtained experimentally on a vul-

canized sample.

Table V. Tensile Strength/Torque Experimental Values [MPa]/[dNm] for the Three Curing Agents Studied at Different Concentrations and Temperatures

Peroxide concentration 250 60 150 1100 1150

M3 TS/TQ TS/TQ TS/TQ TS/TQ TS/TQ

200�C 8.0/20.3 12.3/29.7 14.0/36.8 14.4/46.7 15.6/54.7

180�C 8.3/19.9 13.6/31.9 14.0/38.7 15.1/48.1 16.2/55.9

160�C 7.4/14.9 12.0/25.7 12.5/29.8 14.4/41.2 14.4/46.5

BC-FF TS/TQ TS/TQ TS/TQ TS/TQ TS/TQ

200�C 8.6/26.9 14.0/35.5 15.0/42.7 16.5/52.2 16.5/57.6

180�C 10.5/26.2 13.6/37.3 14.8/44.6 16.4/52.8 16.5/57.9

160�C 9.8/22.9 13.8/29.2 14.5/40.4 15.6/49.3 15.0/55.6

14S TS/TQ TS/TQ TS/TQ TS/TQ TS/TQ

200�C 9.0/26.4 13.1/34.4 14.5/41.1 16.0/52.8 17.3/59.2

180�C 9.5/26.2 14.5/36.6 15.0/44.4 16.7/53.4 16.5/61.2

160�C 8.0/17.2 11.7/23.9 13.1/34.2 15.3/41.9 16.1/46.4
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crosslinking density in any case quite satisfactory and near the

maximum ones. In Table V, a synopsis of the average results

obtained in terms of maximum torque and final tensile strength

of three replicates is summarized.

To corroborate the idea that a greater concentration of peroxide

with respect to the standard one results into an optimal crosslink

of the EPDM under consideration, in figures from Figures 12–14

a synopsis of the mechanical experimental results available is rep-

resented in graphical form. In particular, in Figure 12, peroxide

concentration (%) versus torque is represented for all the curing

agents and temperatures investigated. Experimental data are repre-

sented with points (squares and diamonds refer to 180 and

200�C, respectively, white, orange and cyan colors to M3, BC-FF)

whereas continuous (180�C) and dashed lines (200�C) are para-

bolic numerical interpolations. In Figure 13, the same symbols are

utilized to represent the relationship between peroxide concentra-

tion and tensile strength, whereas in Figure 14 tensile strength

versus torque is represented. It can be observed that tensile

strength reaches an asymptotic value for 150% concentrations.

In Figure 15, the final tensile strengths as a function of peroxide

concentration at three different temperatures are represented.

Subfigures a, b, and c refer, respectively to M3 curing agent,

Perkadox BC-FF, and Perkadox 14-S.

As can be noted, tensile strength increases as peroxide concen-

tration increases. A plateaux is generally reached in correspon-

dence of 1150% concentrations, again confirming that optimal

concentration to use for this kind of EPDM is within the range

1100/1150%.

Figure 12. Peroxide concentration % versus torque. Experimental data

(points) and parabolic numerical interpolation. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 13. Peroxide concentration % versus tensile strength. Experimental

data (points) and parabolic numerical interpolation. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 14. Tensile strength versus torque. a: Experimental data (points)

and parabolic numerical interpolation. b: linear interpolation excluding

250% results. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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In Figure 16 experimental tensile strength-maximum torque dia-

grams in correspondence of the three different curing temperatures

analyzed are represented. Again, subfigures a, b, and c refer respec-

tively to M3 curing agent, Perkadox BC-FF, and Perkadox 14-S.

Each curve is obviously constituted by five experimental points

(one per concentration) and corresponds to a fixed vulcaniza-

tion temperature, in such a way that square symbols refer to

results at 200�C, circles to 180�C, and diamonds to 160�C.

As expected, curing obtained at 160�C provides, almost system-

atically, slightly lower values of maximum torque and tensile

strength, whereas results at 180 and 200�C are experimentally

superimposable. While results at 160�C are affected by a small

scatter, it has to be emphasized both that they do not differ sen-

sibly to results at higher temperatures and those tests at rheom-

eter were stopped at 24 min before rheometer curves could

clearly reach the plateau, i.e., before the crosslinking process

ended. The results in Figure 16 confirm that torque-tensile

strength curves do not depend sensibly on vulcanization

temperature.

The torque–tensile strength relationship is generally nonlinear,

but well approximates a straight line when results obtained with

250% concentrations are excluded. In has been established,

indeed, that this concentration is clearly suboptimal and leads

to an insufficient crosslinking degree.

To support this last hypothesis, in Figure 17 tensile strength as

a function of the vulcanization temperature is represented. Each

subfigure refers to different curing agent, so that “a” results are

obtained with M3, “b” with Perkadox BC-FF, and “c” with Per-

kadox 14-S.

The five curves represented in each figure refer to the five cur-

ing agent concentrations investigated. As can be noted, values at

250% are sensibly lower when compared to those obtained

with higher concentrations.

The remaining concentrations provide, from an experimental

point of view, similar results, even some perceivable data scat-

ters are still present at 0 and 50% concentrations. As expected,

1150% concentrations are associated to generally higher tensile

strengths when compared to those obtained with lower peroxide

concentrations, when the results are compared at the same tem-

perature, concentration and typology of peroxide. It is interest-

ing to notice that tensile strength values at 1100% and 150%

are almost superimposable for all the cases analyzed, confirming

once again that the optimal concentration of peroxide to be

used falls in this range.

To have a comparative insight about relationships among tensile

strength, torque and peroxide concentration at the different

temperatures, in Figure 18 experimental results are depicted

using a 3D representation. Peroxide concentrations, tensile

strength and maximum torque are represented respectively on

horizontal (x, y) and vertical (z) axes. Three different values per

point are represented, one for each vulcanization temperature.

Again square symbols refer to results at 200�C, circles to 180�C
and diamonds to 160�C.

From the 3D representation, it is evident that (1) vulcanization

temperature has little effect on the final vulcanized properties,

(2) that at 150% concentrations the maximum tensile strength

is reached and (3) that the relationship between torque and ten-

sile strength does not deviate considerably from the linearity if

results obtained for 250% concentrations are disregarded.

Figure 15. Tensile strength experimental results as a function of peroxide

concentration. a: M3, b: BC-FF, c: 14-S. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Linearity of the results can be appreciated well from the 2D

results reported in Figure 14(b). Such a representation has a

quite straightforward technical benefit, because allows an indi-

rect evaluation of the tensile strength once the maximum torque

value is known. Furthermore, it simply correlates an a priori

experimental evaluation (like that one obtained from the rhe-

ometer chart) with a posteriori mechanical characterizations per-

formed on already vulcanized specimens.

Figure 16. Experimental tensile strength-torque diagrams as a function of

vulcanization temperature. a: M3, b: BC-FF, c: 14-S. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 17. Tensile strength experimental results as a function of vulcaniza-

tion temperature. a: M3, b: BC-FF, c: 14-S. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Finally it is worth emphasizing that curing agents concentra-

tions investigated in the present study are probably lower that

those associated with an inversion of the behavior between ten-

sile strength and maximum torque (or analogously final cross-

linking density). As pointed out by Hoffmann,24 indeed, a

decrease of tensile strength may be experienced in correspon-

dence of an increase of maximum torque for particularly large

values of torque.

NUMERICAL ASSESSMENT

A numerical assessment of the results obtained experimentally is

provided in this section, after a brief description of the numeri-

cal model used to fit experimental data.

The model has kinetic bases, starts from the generally

accepted reactions occurring in EPDM peroxide curing, trans-

lates chemical reactions into mathematical differential equa-

tions (set of first order ordinary differential equations, ODE

system), manipulates the ODE system to reduce the problem

to a single nonlinear ODE, solves the non linear equation

through a standard numerical tool and provides an estimation

of the kinetic constants entering into the model by means of

standard least squares fitting of the experimental rheometer

curves.

The approach proposed bases on the characterization of the

curing process by means of partial reactions occurring in series

and parallel and in their translation into mathematical differen-

tial relations constituting an ordinary differential equations sys-

tem with many variables, which typically is solved resorting to

numerical methods.

Figure 18. Experimental tensile strength-torque-% peroxide concentration

diagrams as a function of vulcanization temperature. a: M3, b: BC-FF,

c: 14-S. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 19. M3 curing agent, 160�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference between

numerical model and experimental normalized torque at successive itera-

tions. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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The procedure, with some modifications ad-hoc implemented

to adapt the model to the particular case study analyzed,

belongs to a consolidated and robust family of numerical

approaches that was already tested for the vulcanization with

sulfur of both NR and EPDM and in presence of

peroxides.15,16,22

The main novelty and importance of the numerical procedure

stands in the evaluation of kinetic constants for the peroxides

mixtures, to be used in a successive phase to quantitatively

determine the state of cure of high–medium voltage electric

cables. The procedure, indeed, allows an indirect but reliable

estimation of a single kinetic constant describing the whole vul-

canization process. While such result is already at disposal to

producers—typically derived by means of practical considera-

tions following a first order single reaction scheme—for com-

mon commercial peroxides, it is unknown for the peroxides

mixture at hand.

The basic chemistry in the generally accepted mechanism

of peroxide cure of EPDM has been reviewed by van Duin

and co-workers,25,26 and may be summarized by means of

the following partial reactions occurring in series and

parallel:

1

2
ROOR ! RO •! R•

ðinitiation Þ
EPðDÞM-H 1RO •=R•! EPðDÞM •1ROH=R0H
ðH-abstraction Þ
2EPðDÞM •! EPðDÞM-EPðDÞM
ðcombinationÞ
EPðDÞM •1EPðDÞM ! EPðDÞM 2EPðDÞM •

! EPðDÞM 2EPðDÞM 2H

ðadditionÞ

(2)

The chain of free-radical reactions is initiated by thermal

decomposition of the peroxide, yielding primary alkoxy (RO•)

or secondary alkyl radicals (R•). Subsequent abstraction of H-

atoms from the EPDM polymer results in the formation of

EPDM macro-radicals (EPDM•). Calculations based on kinetic

Figure 20. M3 curing agent, 180�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference between

numerical model and experimental normalized torque at successive itera-

tions. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 21. M3 curing agent, 200�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference between

numerical model and experimental normalized torque at successive itera-

tions. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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data for H-abstraction indicate that H-abstraction mainly

occurs along the saturated EPM polymer backbone,26 whereas

several electron paramagnetic resonance (EPR) spectroscopy

studies have shown the selective formation of allyl radicals

derived from the diene monomer.

Considering the energy required for the abstraction of the

H-atoms within the formation of the back-bone, the allyl radi-

cals are more probable than the others, because of the lowest

energy required by the abstraction of the H-atoms.27

The actual crosslinking proceeds via two pathways, which have

been shown to be additive. Two EPDM macro-radicals either com-

bine or, alternatively, a macro-radical adds to an EPDM unsatura-

tion. Visible spectroscopy has confirmed the conversion of the

EPDM unsaturation upon peroxide cure.28 It is noted that in prac-

tical EPDM/peroxide compounds usually coagents, such as triallyl

(iso)cyanurate, trimethylolpropane trimethacrylate or m-phenyle-

nebis(maleimide), are included to increase the peroxide curing effi-

ciency,24,29 which obviously affects the mechanism of peroxide

cure.

In the numerical model, we have adopted for EPDM the kinetic

scheme for the peroxide cross-link reactions summarized in eq.

(2), because it reproduces the most important steps occurring

during peroxide curing, at the same time remaining sufficiently

simple to handle.19,22

Translating chemical reactions (2) into a more mathematical

framework and focusing exclusively on EPDM rubber, the possi-

ble polymerization scheme to analyze may be the following:

I�!k1

2R

R1P�!k2

P�

2P��!k3

P�r

P��!k4

P�i

(3)

In eq. (3), I is the peroxide, R the primary alkoxy (RO•) or sec-

ondary alkyl radicals (R•), P the uncured polymer, P� is the

EPDM macro-radical, P�r and P�i the matured cross-linked poly-

mers, and K1;:::;4 are kinetic reaction constants. Here it is worth

emphasizing that K1;:::;4 are temperature dependent quantities,

hence they rigorously should be indicated as K1;:::;4ðTÞ, where T

is the absolute temperature. In what follows, for the sake of

simplicity, the temperature dependence will be left out.

Figure 22. BC-FF curing agent, 160�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference between

numerical model and experimental normalized torque. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 23. BC-FF curing agent, 180�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference between

numerical model and experimental normalized torque. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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By means of the so called xyz method, independent variables may be

established. From stoichiometry of the reaction, it can be argued that:

I5I02x

R52x2y

P5P02y

P�5y22z2q

P�r 5z

P�i 5q

(4)

Obviously, from (4) it can be argued that independent variables

are: IðtÞ, RðtÞ, P�r ðtÞ, P�i ðtÞ. Indeed:

x5I2I0

y52ðI2I0Þ2R

P5P01R22ðI2I0Þ

P�52ðI2I0Þ2R22P�r 2P�i

z5P�r

q5P�i

(5)

The aim is to provide an analytical expression for vulcanized

rubber, i.e., concentration of P� with respect to time.

From (3) and (4), the following set of differential equations is

deduced:

ðaÞ dI

dt
52K1I

ðbÞ dR

dt
52K1I2K2RP

ðcÞ dP

dt
52K2RP

ðdÞ dP�

dt
5K2RP2K3ðP�Þ22K4P�

ðeÞ dP�r
dt

5K3ðP�Þ2

ðfÞ dP�i
dt

5K4P�

(6)

(a), (b), and (c) form a system of differential equations in three

variables which may be solved as follows. (a) may be solved

immediately by separation of variables:

I5I0e2K1ðt2t0Þ (7)

(b)–(c) combine in the following way:

Figure 24. BC-FF curing agent, 200�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference between

numerical model and experimental normalized torque. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 25. 14-S curing agent, 160�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference

between numerical model and experimental normalized torque. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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dR

dt
2

dP

dt
52K1I52K1I0e2K1ðt2t0Þ (8)

Differentiation of (c) results into:

d2P

dt 2
52K2R

dP

dt
2K2P

dR

dt
(9)

From (8), remembering from (6) that R52 1
K2P

dP
dt

, the second

order differential eq. (9) may be rewritten exclusively in terms

of P as follows:

d2P

dt2
2

1

P

dP

dt

� �2

1K2P
dP

dt
12K1K2I0Pe2K1ðt2toÞ50 (10)

The nonlinear differential eq. (10) may be solved numerically

with a standard Runge–Kutta algorithm,30 to find concentration

P(t). The knowledge of P(t) allows the determination of quan-

tity R(t) and, from eq. (6)(d), P�:

dP�

dt
5K2RðtÞPðtÞ2K3ðP�Þ22K4P� (11)

Equation (11) is again solved using a Runge–Kutta numerical

approach.

The combined application of eqs. (10) and (11) with least

squares minimization, assuming as target curves to fit those

obtained in the present experimental campaign, allows esti-

mating kinetic constants entering into reaction scheme (3).

When the capability of the model to fit reasonably well the

experimental evidences is demonstrated, costing experimental

campaigns could be avoided and, for different compounds,

peroxides and mixtures of peroxides, numerical predictions

may be used.

To perform a numerical optimization of the kinetic model

proposed, experimental cure values are normalized divid-

ing each point of the curve by the maximum torque val-

ues, so that experimental data are always within the range

0–1.

A comparison between present numerical curves and experi-

mental data is provided from Figures 19(a)–27(a) for EPDM

vulcanized with M3, BC-FF, and 14-S at 160, 180, and 200�C,

respectively. The resultant kinetic constants found numerically

are summarized in Table VI.

Figure 26. 14-S curing agent, 180�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference between

numerical model and experimental normalized torque. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 27. 14-S curing agent, 200�C. Comparison between experimental

data and numerical model. a: full normalized curve, b: difference between

numerical model and experimental normalized torque. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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As already pointed out, numerical curves are obtained using a

nonlinear least square procedure, for which the convergence

performance is evaluated from Figures 19(b)–27(b). In particu-

lar, in the figures, the absolute difference between normalized

experimental torque and numerical predictions is represented,

at successive iterations and at increasing instants between the

initial and final time of experimentation. Obviously, as

expected, passing from the initial iteration to the final, such dif-

ference decreases drastically, meaning that the least squares rou-

tine is achieving convergence. As it is possible to notice, the gap

between numerical models and experimental data tends to zero

for almost all the instants inspected, exception made for the ini-

tial simulation range, near scorch point. Here the experimental

curve exhibits a sudden increase in the first derivate, meaning

that the initiation of vulcanization is prone to occur. In any

case, this stage is of little interest for the models proposed,

which are designed for a reliable prediction of final reticulation

level. In general, the agreement with experimental response

seems rather promising, with an almost perfect superposition of

the numerical curves with experimental data.

The convergence map of the least-square algorithm shows that

after around 50 iterations the best fitting is always achieved,

with errors in practice vanishing.

Considering the numerical values obtained for the first two

constants K1 and K2, reported in Table VI (the other constants

are almost zero, indicating that no reversion is experienced) at

two distinct temperatures, it appears interesting to plot the

straight lines passing from such values in the Arrhenius plane.

In such space, the horizontal axis is represented by the inverse

of the absolute temperature, 1=T , whereas the vertical axis is

log ðKiÞ, where Ki is the ith kinetic constant. It is, indeed, com-

monly accepted that the variability of a single kinetic constant

follows the so called Arrhenius law, which may be written as

KiðTÞ5Ki0e
Eai

Rg T , where Ki0 is the value of the ith kinetic constant

at an infinite temperature, Eai is a constant typical of the reac-

tion and Rg is the universal gas constant. In a 1=T-log ðKiÞ Car-

tesian plane, the Arrhenius law is thus represented by a straight

line, intercepting vertical axis at log ðKi0Þ. Because experimental

data are available at three distinct temperatures, and accepting

that each single constant follows an Arrhenius law, it is possible

to sketch KiðTÞ lines in the 1=T-log ðKiÞ plane, for both perox-

ides under consideration and for the mixture of peroxides. Such

representation is particularly useful from a practical point of

view, because it allows a direct evaluation of the kinetic con-

stants describing the velocity of the partial reactions at any vul-

canization temperature. The straight lines numerically deduced

are depicted in Figure 28. Subfigures refer to peroxides M3 (a),

BC-FF (b), and 14-S (c), respectively. Numerical data of Table

VI, utilized to plot the straight lines, are also indicated for the

sake of clearness. To evaluate if the numerical approach pro-

posed is in agreement with simplified procedures commonly

used in practice, it is also possible to compare numerical results

with commercial data available for both peroxides (note that no

prediction may be done for the mixture) under consideration.

In particular, Akzo Nobel furnishes in tabular form values of

the kinetic constants of both BC-FF and 14-S at three different

temperatures, corresponding to a half-time life equal to 0.1, 1,

and 10 h, respectively. It is implicitly assumed that the reaction

describing peroxide decomposition is of first order and that the

single kinetic constant associated to such a reaction follows an

Arrhenius law. It is very straightforward the deduction of the

numerical values of the constants at the three temperatures con-

sidered, from the experimental knowledge of the half time life

t1=2, being simply Ki ln 25t1=2. No information is available for

M3, which is indeed a mixture of peroxides.

Because in our numerical model, first and second reactions

occur in series, and the first reaction produces 2R radicals, the

comparison with the simplified practical approach above dis-

cussed, may be attempted considering the weighted average

between constants K1 and K2, i.e., plotting the straight line

1/3*(2 logK11logK2), again deduced from present numerical

results and represented with a dash-dot line in Figure 28(b,c)

for Perkadox BC-FF and Perkadox 14S-FL, respectively. In the

same figures, data deduced from commercial catalogues pro-

vided by Akzo Nobel17 are represented with circles. As it is pos-

sible to notice, the agreement is almost perfect, meaning that

the predictivity of the numerical procedure here presented is

very promising. For the mixture of peroxides, a practical curve

could be proposed in the same way, to be used directly by

practitioners.

Table VI. Numerical Results Obtained After Least Square Optimization for Kinetic Constants Ki

Temp K1 K2 K3 K4

[�C] 1/min 1/min 1/min 1/min

M3 160 0.055 0.190 0.00 0.00

180 0.327 0.513 0.00 1.28 e-4

200 2.284 1.319 1.13 e-4 8.70 e-4

BC-FF 160 0.069 0.301 0.00 0.00

180 0.491 0.602 0.0001 0.0002

200 2.401 2.330 0.0002 0.0001

14-S 160 0.048 0.191 0.00 0.00

180 0.312 0.473 0.00 0.00

200 2.221 1.126 9.46 e-5 3.45 e-5
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CONCLUSIONS

An EPDM compound for medium voltage cables—commercially

available in pellets or free-flowing and ready to be cured—was

considered and several experimental tests (rheometer curves and

mechanical characterizations) combined with a numerical

assessment were performed with changing controlled curing

temperatures, peroxide typologies, and peroxide concentration.

Tests were replicated at temperature between 160 and 200�C,

with data provided every 20�C, using two different peroxides

and a mixture of three commercial peroxides at five different

concentrations. A huge amount of experimental data (45 cure

curves per 3 replicates) was obtained (one for each temperature,

each peroxide and each concentration) and results were crit-

ically compared one each other, to have a quantitative indica-

tion for the most effective temperature and peroxide to be used

during this kind of vulcanization.

From the extensive experimental campaign conducted by the

authors, the following considerations may be drawn:

� Excluding results obtained at 160�C and with 250% concen-

trations, a linear correspondence between tensile strength of

the vulcanized specimens and maximum torque is obtained

independently from the curing agents utilized. This relation-

ship may result extremely useful from a practical point of

view, because it allows a prediction of the final properties of

industrially produced items without a mechanical characteri-

zation performed at different temperatures. Such indirect

evaluation could substitute, according to authors’ opinion,

direct a posteriori evaluations and could act as a benchmark

for either compound producers or end users.

� As largely expected for rubber, the crosslinking rate increases by

increasing the curing temperature. Conversely, literature results

suggest that, generally, maximum torque and tensile strength

should slightly decrease at high temperatures, a characteristic

behavior that was not experienced by the authors in the present

experimental campaign. However, from a qualitative analysis of

experimental evidences, it can be argued that the optimal solu-

tion for the blend considered in the present tests is near 180�C.

� Perkadox BC-FF performs slightly better than M3 and Perka-

dox 14-S. Similar results are obtained with Perkadox 14-S

only at 200�C, the latter being an obvious consequence of the

slightly different half times exhibited by BC-FF and 14-S,

being lower those relevant for BC-FF.

� An increase of peroxide concentration results into an increase

of the crosslinking density, stabilizing at very high concentra-

tions (in the range 1100%–150%). Values of tensile strength

and maximum torque reach asymptotically a plateau within a

range of concentration between 100 and 150%.

� The optimal concentration of the curing agent should be

determined case by case, depending on the curing agent uti-

lized. Nevertheless, it can be affirmed that, for the three cases

analyzed in the present article, the optimal concentration

should be searched between 150% and 100% considering

also that an increase of curing agent results into an increase

of productions costs.

� The typical decrease of tensile strength at large torque values

documented in the literature23 was not experienced in the

Figure 28. Linear regression interpolation of the kinetic constants K1 and

K2 provided by the single differential equation model, the resultant linear

regression obtained as weighted K11K2 and comparison with commercial

data provided by Akzo Nobel for the peroxide under consideration. a:

M3, b: BC-FF, c: 14-S. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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present set of experimental data. It is authors’ opinion that

this is a consequence of the utilization of peroxides concen-

trations unsuitable to put in evidence clearly such phenom-

enon. On the contrary, it can be stated that variations of the

mechanical properties are not sensitive to increases or

decreases of peroxides concentrations within a 620% range

per 100 g of polymer near the optimal concentrations.

In parallel, a numerical analysis was conducted by means of a

non standard kinetic model, constituted by the most meaningful

partial reactions occurring in series and parallel during peroxide

curing.30 A single nonlinear second order differential equation

model was derived, where partial kinetic constants were eval-

uated by means of a Runge–Kutta approach in combination

with non-linear least squares fitting. At the end of the vulcani-

zation process, an estimation of the kinetic constants was

obtained, which allowed a direct comparison with data usually

adopted in common practice to evaluate the activity of the sin-

gle peroxides at different temperatures. Finally it is interesting

to notice that the utilization of the numerical model is crucial

when dealing with the peroxides mixture, where simplified eval-

uations on the actual activity of the mixture are not known.
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