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Summary

Thermoplastic vulcanizates (TPV) were prepared with metallocene polypropylene
(mPP) and two different ethylene-propylene-diene (EPDM) polymers. The effects of
different PP/EPDM relative concentrations, as well as the effect of ethylene content in
the EPDM upon the crystallization and mechanical properties of the TPV were studied.
It was found that the properties varied markedly with both, the PP/EPDM/relative
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concentrations and with the ethylene content on the EPDM. Overall, the EPDM with

the higher ethylene content produced slightly better mechanical properties. Similarly,
the optimum rubber concentration is determined for the preparation of the TPVs

according to the final properties evaluated in said mixtures.
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Introduction

Due to its excellent all-around mechanical properties, PP is one
of the more important and versatile polymers. It is amply used in the
automotive industry, in many electric and electronic appliances, in
construction, etc. However, its applications are somewhat limited due
to its fragility, especially at low and very low temperatures. This has
been overcome following two different approaches:

i. Via co-polymerization of propylene with some ethylene, redu-
cing so the crystallinity and as a consequence, increasing the
toughness of the E-P copolymer; and

ii. Via blending of PP with and elastomer,' usually EPM or EPDM,
which can be either used as a simple blend, or can be vulcanized.
These latter materials are known as thermoplastic vulcanizates
(TPV).

TPV usually consist of a soft crosslinkable phase (usually an
elastomer) dispersed in a thermoplastic phase. The crosslinking can
be carried out dynamically, in an internal mixer or in a twin screw
extruder.>? or can be carried out statically, via compression molding.

TPV based on PP/EPDM have become very important, due first, to
the high compatibility between the two phases, and second, because
they can be processed at high melt temperatures.* In addition, due to
the diene monomer in saturation staying as a pendant group, outside
of the main chain, the EPDM maintains the good oxygen and ozone
aging resistance as polyethylene and polypropylene.”® TPVs are
amply used in many applications due to their high environmental
resistance, good mechanical properties, low density, and low cost.’

The higher the ethylene content the higher the filler loading
possibilities of the polymer, and the better mixing and extrusion
processing. Common crosslinking systems for PP/EPDM TPVs are
the phenol-formaldehyde resins (resol-resins). However, these TPVs
present two major problems.'”

i. The high hygroscopicity of the TPV produced with this Cross-
linking system

ii. The appearance of a dark brown color, which is difficult to con-
ceal. Crosslinking with peroxides is an alternative. However,
when peroxides are used to crosslink a PP/EPDM blend, two
competing processes take place simultaneously: EPDM-cross-
linking and PP-degradation.'"!?

Less common is the sulfur-curing system for the production of PP/
EPDM TPVs. However, Ilisch et al.,' for example, have reported that
tensile strength increases while the storage modulus (E’) decreases
slightly, with increasing curing system concentration. Dynamically
vulcanized sulfur-cured thermoplastic elastomers based on PP/
EPDM with varied blend-ratios, have been studied, and continue to
be studied, by Katbab et al."*!” The dienes in the EPDMs, typically
comprising from 2.5% up to 12% by weight of the composition, serve
as crosslinks when curing with sulphur and resin,'® with peroxide
cures the diene (or third monomer) functions as a coagent.

The excellent properties of the TPV have been attributed to the
very specific microstructure attained through vulcanization, which
consists of very minute, slightly vulcanized rubber particles, very
well dispersed in a continuous thermoplastic phase.!! The purpose
of the present work is to study the effects of different PP/EPDM
concentrations, as well as the effect of ethylene content in the EPDM
upon the crystallization and mechanical properties of a sulfur cured
TPV.

Experimental
Materials

The polymers used were: a metallocene isotactic polypropylene,
MR 2001, (mPP) from Atofina, USA, with a molecular weight Mw of
185,000 and a MFI of 25g/10min (230°C and 2.16kg); two EPDMs
(NORDEL EPDMs), both with ca. 5wt% of ethylidenenorbornene as
the diene monomer, IP-4640 (EPDM-55) with an ethylene content of
55 wt% and a Mooney Viscosity ML(1+4) at 125°C of 40, and IP-
4770P* (EPDM-70) with an ethylene content of 70 wt% and a Mooney
Viscosity ML(1+4) at 125°C of 70, from DuPont-Dow Elastomers,
USA. *P stands for being in pellets forms. The Crosslinking was
carried out with the sulfur system shown in Table 1. These additives
were from Suministro de Especialidades, S.A. de C.V., Mexico.
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Table | Crosslinking system used

Additive Content (phr)*
Zinc Oxide 5
Stearic Acid 2.5

TetramethylThiuram Disulfide |
2,2-dithio-bis-benzothiazol 0.5
Sulfur 2

*Parts of additive per hundred parts of rubber (EPDM) by weight.
Compounds preparation

TPVs were prepared in an internal mixing chamber coupled to a
Brabender torque rheometer. The mPP and the corresponding EPDM
were first premixed, without the crosslinking system, at 180°C and
60rpm, for 5 minutes. Then, each mix was extracted and granulated.
Thereafter, each mix was again fed into the mixing chamber and
processed at 165°C and 60rpm, for 7 minutes, after which the
crosslinking system was added and the mixing continued for 3 more
minutes. A low temperature was used for the processing of these
TPVs because it was found that the high viscous dissipation rubber
generated at higher temperatures promote the vulcanization of rubber
in the mixer, this, taking advantage of the low melting point of them
PP compared to the Ziegler-Natta PP. The PP/EPDM wt % relative
concentrations studied were: 88/12, 75/25, 62/38 and 50/50. Finally,
the vulcanization was carried out at 165°C by compression molding
in order to obtain 3mm thick laminates. The vulcanization time for
each composition was determined in an oscillatory rheometer Rheo
TECH MD+, from CG Engineering LTD, Bangkok 10900, Thailand,
at 165°C, with a rotation angle of 5 degrees.

TPV characterization

Thermogravimetric (TGA) and Differential Scanning
Calorimetric (DSC) analysis: DSC analysis was carried out in a
TA Instruments DSC Q200, under nitrogen atmosphere, as follows:
the samples were heated up to 180°C in order to erase any thermal
history, then cooled down to 0°C; finally the samples were heated
up to 180°C at 10°C/min. The degree of crystallinity of PP in all PP/
EPDM samples was taken from the ratio of the fusion enthalpy of the
given sample and the fusion enthalpy of 100% crystalline pure PP,
which was taken as AH,,,=207J/g.*> The TGA analysis was carried out
in a Perkin Elmer TGA 4000, under nitrogen atmosphere, from room
temperature up to 600°C, at 20°C/min.

Crosslink density: Crosslink density was determined in samples
immersed in toluene for 48 hours at room temperature, after which,
each swollen sample was rapidly weighed. Crosslink density was
calculated using the Flory-Rehner equation** for the rubber phase,
as shown below:

PVs 1/3 2
VC(V}’ —Vr/2) = —[Ln(l—Vr)+Vr+Vr ]
st(Vrl/3—Vr/2)
Mc =
—LLn(l—Vr)+Vr+Vr2 J
Where:
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M_ is the average molecular weight between crosslink points [g/
mol],

V, is the rubber volume fraction in the swollen sample
[dimensionless],

V. is the molar volume of the solvent used (106.2 for toluene)
[cm?/mol],

p is the polymer density [g/cm?],
x is the Flory-Huggins interaction parameter; (0.49 for this case®)

V, was calculated as follows:

w.*pr
Vr=——r"T "
W, *pr)+(W,*ps)

Where W_and W _ represent the initial weight of the EPDM rubber
and the absorbed total weight of toluene solvent, respectively, and
pr and ps represent the rubber (0.92g/cm®) and solvent (0.87g/cm?)
densities, respectively).

Mechanical properties: Tensile properties were measured in an
Instron machine model 4301, according to ASTM D-638, using type
A specimens; flexural properties were also measured in the Instron
Machine, according to ASTM D-790; and hardness measurements
were carried out with a Shore D XD instrument, according to ASTM
D-2240. Each sample was tested 5 times as marked by the ASTM
standards mentioned above.

Results and Discussion
Vulcanization

Vulcanization times were taken at the point where the torque
curves approximated the maximum torque. From Figure 1, it can be
observed that the vulcanization times for pure EPDM-55 and pure
EPDM-70, are 10 and 15 minutes respectively. It can also be observed
that the EPDM with higher ethylene content (EPDM-70) reaches a
much higher torque, i.e. a much higher degree of crosslinking. This
is assumed to be because high-ethylene containing (low propylene)
EPDM is less prone to beta-scission of the main chain, than low-
ethylene (high propylene) containing ones. This causes the overall
higher yield of crosslinks for the high-ethylene ones.®

TGA and DSC analysis

Fusion and crystallization curves of PP, in the studied PP/EPDM
blends, are presented in Figure 2. It was observed that the fusion
temperatures (Tm) of all PP/EPDM samples were very similar among
them, but slightly higher than that of pure PP (152.8°C). It can be
observed from Table 2, that the blending of PP with EPDM has some
influence on the crystallization process and the fusion temperature of
PP. It was also observed that the crystallization temperatures (Tc) of
all PP/EPDM samples were very similar among them, but slightly
higher than that of pure PP (109.8°C).

This degree of crystallinity was found to decrease slightly with
increasing rubber content (Table 2). While comparing the effect of
the EPDM ethylene content, on the other hand, it was observed that
Tm remained almost unaffected, whereas Tc increased as the ethylene
content decreased, that is, as the propylene content increased. This can
be assumed to be due to the increased compatibility of the PP towards
the EPDM with the higher propylene content. It can be observed
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that in general, the crystal sizes are less heterogeneous on systems
with higher ethylene content. On the other hand, and considering the
difference between Tm and Tc of the samples, it was observed that the
lower the AT of the compound, the greater the thickness in the TPV
crystals.

Table 2 Fusion and crystallization parameters of PP in the studied PP/EPDM
blends

Compound PP/EPDM  Tm AH_ Tc AT
P content °C) U/IG)  (°C) °C)
PP/EPDM-55  88/12 155.4 79.8 1098  45.6
75125 155.2 66.6 110.6 446
62/38 154.2 57.6 1099 443
50/50 154.5 41.8 12 433
PP/EPDM-70  88/12 155.7 78.7 1122 435
75125 154.1 64.5 4.1 4l
62/38 155.3 51.7 1132 421
50/50 154.7 41.7 113.1 416
PP 152.8 84.2 109.8  43.1
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Figure | Oscilatoryrheometry of the EPDMs and the PP/EPDM (50/50)
samples from which the time for the final vulcanization was taken.

With respect to the thermogravimetric analysis, Figure 3 shows that
in all cases, the PP/EPDM blends present a higher thermal stability
than any of the two polymers. Also, a very slight increase in the PP/
EPDM stability can be noticed as the EPDM content increases from 12
to 50 wt%. In addition, when comparing the effect of the EPDM type,
it can be observed that the EPDM with the higher ethylene content
(EPDM-70) provides a slightly better thermal stability. Considering
that the EPDM-70 has a slightly higher degree of crosslinking, it can
be claimed that the higher degree of crosslinking as well as the higher
ethylene content, contribute to the observed slightly higher thermal
stability.

Crosslinking density

In this respect, it can be observed in Table 3 that, in all cases, the
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crosslink density slightly decreases in all cases as the rubber content
increases. It is worth noting that the crosslink density is related to the
EPDM part only. The largest decrease occurring as the rubber content
passes from 12 to 25 wt%; thereafter, the crosslink density varies very
little among each PP/EPDM group of samples. It is also observed
that the modulus “E” decreases as the crosslink density decreases.
However, it is important to consider that this decrease in modulus may
in part, be attributed to a decrease in the crosslink density; but also, it
may in part be attributed to the decrease in the hard PP phase content
in the PP/EPDM blends. In comparing the two different EPDM, it is
observed that the higher ethylene content EPDM (EPDM-70) blends
produced slightly higher crosslink densities.
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Arbitrary Units
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Temperature [*C] Temperature [°C)
(@) (b)

Figure 2 Crystallization (A) and fusion (B) curves for the PP/EPDM blends
studied. The number on each curve refers to the EPDM; | for EPDM-55 and
2 for EPDM-70.The letter refers to the PP/EPDM ratio; (A) 88/12; (B) 75/25;
(C) 62/38;and (D) 50/50.

Table 3 Crosslink density and hardness and modulus of the PP/EPDMs studied

PP/

Compound EPDM Vr Mc (g/mol) E (MPa)
ontent

PP/EPDM-55 88/12 0.368 2,076 1,040
75/25 0.351 2,469 68|
62/38 0.342 2,638 427

PP/EPDM-70 88/12 0.389 1,714 1,051
75/25 0.365 2,145 708
62/38 0.358 2,288 473

Mechanical properties

Tensile properties of the PP/EPDM compounds are presented in
Figure 4A, Figure 4B. It is observed that at each concentration, the
tensile at yield, the tensile at break and the elongation at break, are
slightly higher for the EPDM-70 compounds. This coincides with the
slightly higher crystalline percentage in the EPDM-70. In addition,
with both EPDMs, the tensile at yield decreases, whereas the tensile at
break and the elongation at break increase as the softer EPDM phase
content increases.
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Figure 3 TGA graphs of the studied compositions. (A) EPDM-55, (B) EPDM-70.
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Figure 4 Stress-Strain curves of the studied PP/EPDM compounds; (A) EPDM-55 and (B) EPDM-70.

Conclusion

The blending of PP with EPDM has some influence on the
crystallization process and the fusion temperature of PP. The fusion
temperatures (Tm) and the crystallization temperatures (Tc) of all PP/
EPDM compounds were very similar among them, but slightly higher
than that of pure PP. In addition, the degree of crystallinity of PP was
found to decrease slightly as the rubber content increased.

A very slight increase in the stability of the PP/EPDM blends
was noticed as the EPDM content increased from 12 to 50 wt%.
In addition, when comparing the effect of the EPDM type, it was
observed that the EPDM with the higher ethylene content provided
a slightly better thermal stability. The crosslink density decreased
slightly as the rubber content increased. It was also observed that the
modulus “E” decreased as the crosslink density decreased. However,
this decrease in modulus may in part, be attributed to a decrease in

the crosslink density; but also, to the decrease in the hard PP phase
content in the PP/EPDM blends. In comparing the two different
EPDMs, the higher ethylene content EPDM produced, in all cases,
higher crosslink densities. Also, the higher ethylene content EPDM
resulted with slightly higher tensile at yield, as well as tensile and the
elongation at break. This coincides with the slightly higher crystalline
percentage in the EPDM-70.

With respect to the concentrations used, it can be said that as
the content of PPm increases, the tensile strength values increase,
however, they are inversely proportional to the deformation. It
should be mentioned that mixtures containing 25% of EPDM are
excluded from the above, since their elastic properties do not decrease
with a high concentration of PPm (75%), suggesting that at this
concentration there is a greater compatibility between phases, and a
good distribution and dispersion of the rubber particles immersed in
the thermoplastic phase.
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