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ABSTRACT: Ethylene-propylene-diene-monomer (EPDM)
rubber is an important commercial polymer. The vulcaniza-
tion process significantly changes its thermal, mechanical,
and vulcametric properties. This study was carried out to
find optimum formulation of EPDM composite for a better
application in automotive industry. Sixteen EPDM polymer
samples having different 5-ethylidene 2-norbornene (ENB)
and ethylene contents were vulcanized with different
types and compositions of peroxide and coagents. The me-
chanical and vulcametric properties of these samples were
measured and compared. The type of peroxide, coagent,
and EPDM grade affected the mechanical, thermal, and vul-
cametric properties of the EPDM rubber to some extend.
Use of aromatic peroxide and coagent increased the thermal

stability slightly. Mechanical properties were changed very
slightly with the change of peroxide type for the same con-
tent of peroxide and coagent. Scorch time and cure time
decreased with initial increase of the peroxide content.
EPDM compound vulcanized with BBPIB peroxide and
TAC/S coagent has higher cure time than EPDM compound
vulcanized with DMBPHa peroxide and TMPTMA coagent.
Coran method was used for the modeling of experimental
data. Velocity constant for the formation of peroxide radical
and polymer radical were found for each case. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 112: 1891-1896, 2009
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INTRODUCTION

Additives are used in the vulcanization process of
ethylene-propylene-diene-monomer (EPDM) to ach-
ieve the compliance with the desired vulcametric,
mechanical, and thermal properties. Peroxide vul-
canization for EPDM is intensively investigated. Or-
ganic peroxides produce free radicals, which create
the desired crosslinked networks in elastomers. The
structure of peroxide affects its thermal and chemi-
cal stability, as well as the energy level of free radi-
cals generated." Duin and Dikland? reported that the
peroxide crosslinking of EPDM proceed via two par-
allel pathways, that is the combination of two EPDM
macro-radicals and/or addition of an EPDM macro-
radical to the residual unsaturation.

Several factors including polymer type, peroxide
type and content, and presence of other reactive spe-
cies in the rubber formulation affects the vulcaniza-
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tion process and the properties of rubber product.
The nature of polymer has a profound effect on
crosslinking, but coagents, antioxidants, oils, fillers,
and the type and content of peroxide effect the
crosslinking process.

There have been extensive studies on the mechani-
cal, viscoelastic, and vulcametric properties of the
EPDM,*® which contains different additives. Ginic-
Markovic et al.” studied the viscoelastic behavior of
filled and unfilled EPDM. The mechanism of triallyl-
cyanurate as a coagent was investigated via IR spec-
troscopy and equilibrium swelling.” The effect of the
vulcanizing system on the mechanical properties of
butyl rubber/EPDM and general purpose furnace
black blends on static and dynamic mechanical prop-
erties were studied by Abd-El Salam et al.'® Tt was
reported that the proper selection of the vulcanizing
system and the type and content of carbon black is
necessary for optimum performance of the rubber
end product.'’ Guriya et al.'"' studied the vulcametric
properties of EPDM for gum and carbon black filled
systems with variation of the blowing agent, extru-
sion temperature, and shear rate. The effect of oil and
curing agent content on the mechanical behavior of
thermoplastic vulcanizates, based on a polypropylene
(PP) and EPDM was reported by Medintseva et al.'*
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Naskar and Noordermeer'® studied the effects of
different types of peroxides as curing agents on the
properties of PP/EPDM thermoplastics vulcanizates,
and it was shown that mechanical properties change
significantly with the chemical nature of the
peroxides.

In this study, it was intended to see the extent of
any modification in mechanical, vulcametric, and
thermal properties of the EPDM compounds using a
complex recipe for automotive industry applications,
for which continuous improvement in the quality of
EPDM rubber is aimed. EPDM polymer having dif-
ferent 5-ethylidene 2-norbornene (ENB) content was
vulcanized with different type and content of perox-
ide and coagent. Mechanical and vulcametric prop-
erties of 16 different vulcanized EPDM polymers
were compared. Thermal gravimetric analyses
(TGA) and differential scanning calorimetry (DSC)
were carried out to understand the degree of change
in thermal properties with the change of vulcaniza-
tion agents. Coran'* postulated a simplified reaction
scheme to explain the kinetics of delayed action sul-
fur vulcanization and this simplified scheme
adequately accounted for the kinetics of crosslink
formation. Although chemical mechanisms differ,
vulcanization with other crosslinking systems may
be explained in a similar way with Coran vulcaniza-
tion scheme.'” Coran method was used for the inter-
pretation of the experimental results. Simplified
scheme for peroxide crosslinking is given below
where P is polymer, R—O—O—R is peroxide, Z is
ki/ko, and * denotes free radical.

R—O—O—R -2, 2(R—0)"

R—O" + PH -2 P* + R—OH
* * ks
P 4+ P 2L p—P

MATERIALS AND METHODS

The compositions of EPDM, peroxide, and coagent
are given in Table I. Four different EPDM having
different ethylene and ENB contents (5.0, 5.6, 7.5,
and 8.9%) were used with two different peroxides
with compositions of 3-5% and 5-7%. In total, me-
chanical and vulcametric properties of 16 different
vulcanized EPDM rubbers were compared. Other
additives namely zinc oxide (5 phr), stearic acid (1
phr), carbon black filler (FEF N-550, 90 phr), and
plasticizer (Tudalen 3909, Hansen & Rosenthal
(Hamburg, Germany), 30 phr) were used with the
same compositions for the each of the 16 EPDM rub-
bers. The peroxides used were 2,5-di(t-butylperoxy)-
2,5-dimethyl hexane (DMBPHa) (Luperox 101XL45)
and di(tert-butylperoxyisopropyl) benzene (BBPIB)
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(Perkadox 14-40). Trimethylolpropane trimethacry-
late (TMPTMA) was used as coagent with DMBPHa
and triallylcyanurate [2,4,6-tris(allyloxy)-s-triazine]
(TAC/S) as coagent with BBPIB.

The formulations were compounded as given in
Table I in two stages, first by mixing equipment
(two roll mills with friction ratio of 2 : 1) and subse-
quently cured by compression molding. MDR 2000
mark rheometer was used for vulcametric studies.
Vulcametry tests were carried out both at 190°C
with time flow of 3 min and 180°C with time flow of
10 min. Cure time and scorch time, which is the
time required at a specified temperature to form in-
cipient crosslinks,' were measured.

Tensile tests were carried out for the EPDM sam-
ples that were prepared in the form of dumble
shaped tensile test specimens, cut from the sheet vul-
canized in hydraulic press at 180°C for 10 min
according to DIN 53,504. Hounsfield Tensometer
with crosshead displacement rate of 500 mm/min
was used for tensile tests and the result reported is
the averages of the five specimens. Tests were done
according to ASTM D412.'® Compression tests were
carried out according to the ASTM D395."” TGA were
carried out on TA Instruments SDT Q600 under N,
atmosphere with a heating rate of 10°C/min and the
sample weight was about 10 mg. DSC thermograms
of the polymers were taken on TA Instruments DSC
2010 under N, atmosphere with a heating rate of
10°C/min, aluminum pans were used and the tem-
perature range for the analyses was 25-550°C.

RESULTS AND DISCUSSION
Vulcametric properties

The vulcametric test results are given in Figure 1.
Scorch time decreased with the increase of the per-
oxide content in vulcanization system. Induction pe-
riod (scorch delay, t;) calculated according to Coran
method affirmed that as peroxide content increases
the induction period decreases and confirmed the
experimental results. The rate of decrease is higher
for the lower percentage of the peroxide that is
probably due to relatively higher crosslink reaction
rate with the initial increase of peroxide content. The
EPDM vulcanized with BBPIB peroxide and TAC/S
coagent has slightly lower scorch time when com-
pared with EPDM vulcanized with DMBPHa perox-
ide and TMPTMA coagent [Fig. 1(a)], for the same
content of peroxide and coagent, probably due to
high energy radicals produced in the BBPIB used
case that initiate crosslink reaction faster than the
DMBPHa used case. Induction period (t;) values cal-
culated according to Coran method comply with the
experimental results and are given in Table 1. More-
over, velocity constant for the formation of peroxide
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TABLE I
Different Types of EPDM Used and Alternative Vulcanization System

1 (KELTAN 27) 2 (KELTAN 8340A) 3 (BUNA EP G 6850)

4 (KELTAN 4903Z)

EPDM 100 100 100 100
% Ethylene 50.8 51.6 52.9 459
% ENB 5.0 5.6 75 8.9
Alternative
vulcanization

system A% V2 V3 V4 A%t V2 V3 V4 A%t V2 V3 V4 V1 V2 V3 V4
DMBPHa (phr) 3 5 - - 3 5 - - 3 5 - - 3 5 - -
TMPTMA (phr) 2.5 2.5 - - 2.5 2.5 - - 2.5 25 - - 25 25 - -
BBPIB (phr) - - 5 7 - - 5 7 - - 5 7 - - 5 7
TAC/S (phr) - - 2.5 25 - - 2.5 2.5 - - 2.5 2.5 - - 2.5 2.5
ky (min™ ") 138 1.15 168 217 160 163 458 413 115 118 294 379 067 070 1.03 1.27
ko (min™h) 099 153 140 176 107 155 117 121 101 154 123 130 127 146 125 1.26
Z (k1,/kz) 139 076 120 123 149 105 391 341 114 077 239 292 053 048 083 1.01
t (s) 358 31.1 206 201 31.8 281 177 184 361 350 169 158 387 269 223 204
tais (S) 51.0 45 39 306 456 378 240 252 558 444 306 258 642 582 528 476

radical (k;) values calculated according to Coran
method showed that BBPIB peroxide and TAC/S
coagent used case have higher k; values for the same
content of DMBPHa peroxide and TMPTMA coagent,
confirming that the experimental result of lower
scorch time for the BBPIB peroxide and TAC/S
coagent used case, the k; values are given in Table L.

the increase of k, with peroxide content, the calcu-
lated t4s values are given in Table I. The time
required for crosslinking to become unpertubed
first-order reaction (t4;s) value is lower for the BBPIB
used case compared with DMBPHa used case for

The cure time (tg), obtained at 190°C, is higher > (a)
for the samples vulcanized with BBPIB and TAC/S I O _ e
when compared with the samples vulcanized with o) a5 e e
DMBPHa and TMPTMA [Fig. 1(b)] for the same con- 2 e —m— R
tent of peroxide and coagent. Cure time decreased 254 _ e 1 I -- 3
with the increase of the peroxide content in vulcani- A i
zation system. Velocity constant for the formation of 15 ' '
polymer radical (k;) calculated according to Coran 155
method affirmed that as peroxide content increases (b)
(regardless of the type of peroxide) k, value L S
increases confirming the experimental results of the @ e .
decrease of cure time with the increase of peroxide g 1354
content, the calculated k, values are given in Table L - s T T T T — e o -==8

Velocity constant for the formation of polymer rad- ~ . T —SI=s=-T .
ical (kp) value is higher for DMBPHa peroxide and 115 T T TooTw o o
TMPTMA coagent used case than BBPIB peroxide 30
and TAC/S coagent used case having the same con- (©)
tent of peroxide and coagent, confirming the experi- _ 25 &
mental finding of cure time is higher for the BBPIB = AN = B
peroxide and TAC/S coagent used case compared Z 20y -7 o —m : T~
with DMBPHa peroxide and TMPTMA coagent for T \\\\: - /::::’ - T T \\\\\\ -~
the same content of peroxide and coagent. = 15+ DO e T,

Moreover, comparison of the DMBPHa used case S R - Tl .
with peroxide content of 3 and 5 phr showed that Z 5 é ; é o

(inversely proportional with k,) value is higher for
the lower content of peroxide (3 phr), the calculated
Z values are given in Table 1. The time required for
crosslinking to become unpertubed first order reac-
tion (tgis) calculated according to Coran method
decreases as the content of peroxide increases due to

% ENB

Figure 1 Change of vulcametric properties with ENB
content for different vulcanization systems, vulcametric
tests done at 190°C [DMBPHa (@: 3 phr, B: 5 phr)
+ TMPTMA, BBPIB (<: 5 phr, O: 7 phr) + TAC/S].
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Figure 2 Change of vulcametric properties with ENB
content for different vulcanization systems, vulcametric
tests done at 180°C [DMBPHa (@: 3 phr, B: 5 phr)
+ TMPTMA, BBPIB (<: 5 phr, O: 7 phr) + TAC/S].

the same content of peroxide used in the vulcaniza-
tion, this is due to relatively higher scorch time in
the DMBPHa used case.

Difference between maximum and minimum tor-
que values, My — Mj, corresponds to the relative
degree of crosslink." The My — M and relative
degree of crosslink increased with the increase of
peroxide content in vulcanization system [Fig. 1(c)].

The vulcametric properties, obtained at 180°C, are
given in Figure 2. The EPDM vulcanized with BBPIB
peroxide and TAC/S coagent has very close scorch
time with that of EPDM vulcanized with DMBPHa
peroxide and TMPTMA coagent [Fig. 2(a)]. The cure
time data, obtained at 180°C, is higher for the samples
vulcanized with BBPIB and TAC/S when compared
with samples vulcanized with DMBPHa and
TMPTMA [Fig. 2(b)], for the same content of peroxide,
this result complies with the data obtained at 190°C.
This is probably due to that the allylic type coagents
are reacting slower than the acrylate type coagent and
that is why TAC/S coagent provides longer cure time.

Mechanical properties

Change of mechanical properties with ENB content
for different vulcanization systems are given in
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Figure 3. The elastic modulus for the EPDM poly-
mers having the same peroxide content with differ-
ent peroxide type have slightly different elastic
modulus values as shown in Figure 3(a). Elastic
modulus increased with the increase of peroxide
content in vulcanization system. The elastic modulus
is very close for the three of the EPDM polymer hav-
ing 5.0, 5.6, and 7.5% ENB content and vulcanized
with 7 phr BBPIB [Fig. 3(a)].

Ultimate stress at break has maxima for the ENB
content of 7.5%. Thus, it can be stated that the opti-
mum crosslink density is obtained when the ENB
content is 7.5% [Fig. 3(b)]. Increase of the peroxide
content in vulcanization system decreased the elon-
gation at break significantly. The elongation at break
data for the EPDMs having the same peroxide con-
tent with different peroxide type were slightly dif-
ferent as shown in Figure 3(c).

The change of the compression set values with the
ENB content is shown in Figure 3(d). The compres-
sion set decreased as the peroxide content in vulcan-
ization system increased. The rate of decrease is
higher for relatively lower content of peroxide in

vulcanization system. Compression set values
g
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Figure 3 Change of mechanical properties with ENB con-
tent for different vulcanization systems (same annotations
with Fig. 1).
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became relatively low, that is mechanical properties
improve positively, when the ENB content is 7.5%.
This supported the idea of the optimum crosslink
density occurrence at 7.5% ENB content.

Thermal investigation

The DSC thermograms for the samples, in the tem-
perature range of 25-550°C, are given in Figure 4.
The glass transition temperature is well below 0°C
and therefore not observed in thermograms. Change
of the ENB and ethylene content, peroxide, and
coagent type and content changed the decomposi-
tion temperature range slightly. The EPDM having
5% ENB content vulcanized with 5 phr DMBPHa
has a decomposition peak temperature at 465°C
whereas EPDM having 5% ENB content vulcanized
with 5 phr BBPIB has the peak temperature at
469.5°C. This result showed that the use of aromatic
vulcanizing agent and coagent increased the thermal
stability slightly.

TGA thermograms for the different ENB and eth-
ylene content and/or peroxide used in the vulcani-
zation system are given in Figure 5. Single step
degradation was observed in the TGA thermo-
grams. The mass loss in initial stage was relatively
higher for the sample vulcanized with 5 phr
DMBPHa peroxide having the 5.0% ENB content.
The temperature at which 50% decomposition
occurs (Tsp) is generally considered as an index of
thermal stability.'® Tsy for thermogram (b) is 462°C
(with max. weight loss at 457°C), for thermogram
(c) is 464°C (with max. weight loss at 460°C) and
for thermogram (a) is 466.5°C (with max. weight
loss at 460.8°C). Comparison of thermograms (b)
and (c) in Figure 5 shows that the aromatic perox-
ide (BBPIB) and coagent (TAC/S) used in vulcani-
zation system slightly increased the thermal
stability compared with the use of DMBPHa perox-
ide with TMPTMA coagent, reaffirming the results
from the DSC study.
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Figure 4 DSC thermograms for different ENB and vul-
canizing agent contents of EPDM.

1895

(a) 5.5 % ENB
+ DMBPHa: 5 phr
+TMPTMA

(b) 5.0 % ENB
+ DMBPHa:5 phr
+TMPTMA

Weight (%)

(c) 5.0% ENB
+BBPIB:5 phr
+TAC/S
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Figure 5 TGA thermograms for different ENB and perox-
ide contents.

CONCLUSIONS

The type and content of peroxide, coagent used in
vulcanization system and ENB content changes the
mechanical, thermal, and vulcametric properties of
the EPDM to some extends. Mechanical properties
are very close for the same content of peroxide and
coagent with different type of peroxide and coagent.
Coran method were fitted well to the experimental
data and experimental results were confirmed with
the Coran model. Cure time data obtained at 180
and 190°C showed that the cure time is higher for
the BBPIB peroxide and TAC/S coagent case com-
pared with DMBPHa peroxide and TMPTMA
coagent, probably due to the allylic type coagents
are reacting slower than the acrylate type coagents
and that is why TAC/S coagent provides longer
cure time. Velocity constant for the formation of
polymer radical (k;) calculated according to Coran
method affirmed that as peroxide content increases
(regardless of the type of peroxide), k, value
increases. Moreover, use of aromatic peroxide
(BBPIB) and coagent (TAC/S) increases the thermal
stability slightly.
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