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Development of novel polar thermoplastic vulcanizates based on
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ABSTRACT: Thermoplastic vulcanizates (TPVs) based on ethylene acrylic elastomer (AEM) and polyamide 12 (PA12) have been devel-
oped by the dynamic vulcanization process, in which selective cross-linking of the elastomer phase (AEM) during melt mixing with
the thermoplastic phase (PA12) has been carried out simultaneously. TPVs at varied blend ratios (50 : 50, 60 : 40, 70 : 30) of AEM/
PA12 were prepared at 185°C at a rotor speed of 80 rpm up to 5 min of mixing. Di-(2-tert-butyl peroxy isopropyl) benzene
(DTBPIB) was chosen as the suitable cross-linking peroxide to carry out the dynamic vulcanization. Morphology study reveals the
development of continuous agglomerate of rubber network in case of all the TPVs took place and the average dimension of the rub-
ber particles are in the range of 30—40 nm. TPV based on 50 : 50 AEM/PA12 shows better physicomechanical properties, thermal sta-
bility, and dynamic mechanical behavior among all the TPVs. For aging test, TPVs were exposed to air, ASTM oil 2 and 3. Air aging
tests were carried out in hot air oven for 72 h at 125°C, while the oil aging tests were carried out after immersion of the samples into
the oils in an aging oven. After aging, there are only slight deterioration of physicomechanical properties of the TPVs. Particularly in
case of 50 : 50 blend of AEM/PA12, the retention of the properties even after aging was found excellent. The recyclability of these
new TPVs is also found to be excellent leading to find potential application in automotives. © 2015 Wiley Periodicals, Inc. J. Appl. Polym.
Sci. 2015, 132, 42655.
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INTRODUCTION dispersed phase even if the volume fraction of the elastomer is
>0.5."7 Increment in elastomer viscosity during dynamic vul-
canization affects the phase continuity and promotes the phase
inversion which results heterophase morphology in TPVs. As a
result, the major elastomeric phase becomes the dispersed one
and the thermoplastic component despite being the minority
also remains continuous and thus offers the ease of processing
like thermoplastics.*’ In 1962, Gessler and Haslett first reported
the process of dynamic vulcanization and later Fischer further
developed the concept through his novel work on polypropylene
(PP)- and ethylene propylene diene rubber (EPDM)-based

Polyolefinic thermoplastic elastomer (TPEs), blend of elastomer
and thermoplastics, belong to a specific family of polymeric
alloys that offers the two main advantages of the polymeric
materials: elastomeric behavior at room temperature and ther-
moplastic behavior at high processing temperature.! The dual
behavior is obtained because of the two-phase structure of the
materials and this characteristic makes it a suitable alternative
for conventional cross-linked rubber.” Recyclability of the scraps
and wastes of thermoplastic elastomers is also an added advant-

age.” TPE often suffers from the following disadvantages: (a)
creep behavior on extended use, (b) poor set property and
lower elastic recovery, etc.* To get rid of those disadvantages,
thermoplastic vulcanizates (TPVs) have been developed by a
dynamic vulcanization process, in which selective cross-linking
of the elastomeric phase with melt mixing of the thermoplastics
are carried out simultaneously.® Simple blending offers a mate-
rial with co-continuous morphology, while dynamic vulcaniza-
elastomers to become the

tion enables the cross-linked
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TPVs with peroxides as a cross-linking agent.'™! After that,
Coran and Patel extensively studied on various blend systems in
which the rubber phase is dynamically cross-linked with high
cross-link density.'>"? Influence of various peroxides and multi-
functional peroxide upon PP/EPDM TPVs was successively
investigated by Naskar et al'*'> A new family of TPV based on
PP and ethylene octene copolymer (EOC) has also been
explored and thus gained special attention due to better tough-
ening characteristics of EOC.'®' Later on Giri et al also
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Tensile Tensile elongation
Material Trade name Tg4 (°C) Tm (°C) strength (MPa) at break (%)
Ethylene acrylic rubber (AEM) Vamac DP(VDP) -32 - 2.8 1560
Polyamide (PA12) Rilsan® AESNO TL 55 177 68.9 330

reported a new class in this family based on LLDPE/PDMS
blend system.'® A newly developed high-performance thermo-
plastic vulcanizates based on blends of natural rubber and ther-
moplastic polyurethanes has been developed by Charoen
Nakason et al.'® The role of phase morphology on the damage
initiated self-healing behavior of ionomer blends (EMNa and
EMZn) has been reported by Rahman et al?® Recently, ther-
mally cross-linked and sulfur-cured soft TPVs based on styrenic
block copolymer S-EB-S/S-SBR blends has been reported by
Dey et al. The microstructure change upon reprocessing has
also been focused.”** Very recently, Joyeeta Dutta et al. studied
the influence of electron beam irradiation on the morphology,
physicomechanical, thermal behavior, and performance proper-
ties of EVA and TPU blends.”” Recently, a new family of TPV
based on silicone rubber (PDMS) and polyamide (PA12) has
been reported by a group of researchers®**
compatibility mismatch of the two phases. Although in this case
also oil-resistance property of the TPV is not mentioned in the
literature. All the above-mentioned TPVs have limitation in
automotive application due to their poor heat and oil resistance
properties.

which suffers from

In this work, novel polar TPV based on ethylene acrylic dipoly-
mer elastomer (AEM) and polyamide 12 (PA12) at a different
blend ratio has been developed and characterized in detail. Both
the components have excellent oil resistance properties. Espe-
cially PA12 shows outstanding resistance to alkali and acid and
also it has excellent environmental stress cracking resistance at
elevated temperature. However, PA12 being a thermoplastic has
a glass transition temperature (T) higher than room tempera-
ture, which inhibits low temperature flexibility property of
PA12. On the other hand, AEM has the outstanding low tem-
perature flexibility due to its low T,. AEM also shows very good
compression set resistance property.

EXPERIMENTAL

Materials

Vamac® DP (ethylene acrylic dipolymer elastomer) (VDP) was
procured from DuPont elastomer. It has a Mooney viscosity,
ML;+4) at 100°C of 22 and density of 1.04 g/cc at 25°C. Poly-
amide 12 (PA12) (Rilsan® AESNO TL) has a melt flow rate
(MFI) of 0.6 g/10 min, measured at 190°C and 2.16 kg load. It
has the density of 1.02 gm/cm’at 25°C and it was procured
from Arkema, France. The characteristics of these raw materials
are shown in Table I. An organic peroxide namely Perkadox14—
40BD {di(2-tert butyl peroxy isopropyl)benzene (DTBPIB)}
(procured from Akzo Nobel, The Netherland) is used as the
cross-linking of AEM. At a temperature of 146°C, the “half-life”
time of peroxide is 1 h.
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Preparation of the Thermoplastic Vulcanizates (TPVs)

TPVs based on AEM and PA12 at three different blend ratio
(50 : 50, 60 : 40, 70 : 30) of AEM/PA12 were prepared by batch
process in an internal mixer (Haake Rheomix 600), cam-type
rotor having a mixing chamber volume of 85 cm’ with a rotor
speed of 80 rpm at 185°C by phase mixing method.”® Before
addition to the molten PA12, peroxide was premixed with AEM
at 90°C at a rotor speed of 60 rpm. At first, PA12 was poured
into the mixing chamber at 185°C and at 80 rpm. To carry out
the reactive blending, after melting of PA12 matrix, AEM (pre-
mixed with peroxide) was added to the molten thermoplastic
phase. The scheme of preparation of TPVs has been depicted in
Figure 1. Finally, TPVs were developed at three different blend
ratios of AEM and PA12 at a rotor speed of 80 rpm at 185°C
up to 5 min of mixing. Immediately after mixing, the composi-
tion was removed from the mixer and while still molten, passed
once through a cold two-roll mill to achieve a sheet of about
2 mm thickness.

Preparation of the Molded Specimen

After mixing, the sheet obtained from the two-roll mill was
compression molded in a hydraulic press (Moore Presses,
George E. Moore & Sons Birmingham Ltd., UK) at 185°C for 4
min under a pressure of 10 MPa to form tensile sheets of about
2 mm thickness. Keeping under pressure, the mound was
allowed to cool to the ambient temperature. Dumbbell-shaped
specimens were cut off from the sheets using a standard cutting
die.

Testing Procedures

Curing Characteristics. Curing characteristics of only AEM
rubber (without any PA12) contain selective cross-linking agent,
Perkadox 14-40B, were carried out by using Monsanto Rheome-
ter R100 (an oscillating disc rheometer, ODR) at 185°C for 30
min.

Morphology Study. Morphological study of final TPV samples
and the dispersion of AEM and PA12 phase were carried out
using an intermittent contact mode atomic force microscopy,
AFM (Agilent 5500 Scanning Probe Microscope). The resonance
frequency of the tip was 146-236 kHz, and the force constant
was 48 N/m. Tip stiffness was 40 N/m and tip radius was
10 NM. To carry out the AFM study, thin films of the TPVs
were prepared by compression molding at 10 MPa pressure and
at 185°C for 4 min to form sheets of about 2 mm thickness.

Mechanical Properties. Tensile testing of the blends was carried
out as per ASTM D 412 using a dumbbell-shaped specimen
(symmetrically placed in the grips of the testing machine so
that distribution of tension is uniform throughout the specimen
cross-section) using a universal testing machine (Hounsfield
H25KS) at a cross-head speed of 200 mm/min. As per ASTM D
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Figure 1. The scheme of preparation of TPVs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

2240 hardness of the samples (minimum 6 mm of thickness)
was determined using a Shore A and Shore D Durometer hard-
ness tester. All sample testing was carried out at ambient tem-
perature. We have used the 2-mm-thick sheet by placing three
sheets, each one on top of the other.

Dynamic Mechanical Analysis. Dynamic mechanical analysis
(DMA) of the samples was performed out using a dynamic
mechanical analyzer (Metravib 50 N, France). In tension mode,
temperature sweep of the blends were carried out over a tem-
perature range of —80 to +120°C, at a heating rate of 2°C/min.
During test, the samples were scanned at a frequency of 10 Hz
and under static strain of 0.50% and dynamic strain of 0.10%,
which was well within the linear viscoelastic region (LVR). Stor-
age modulus (E'), loss modulus (E”), and the loss tangent (tan
0) of the blends were recorded as functions of temperature.

Thermogravimetric ~ Analysis. Thermogravimetric  analysis
(TGA) of the blends of VDP/PA12 was measured by using a
thermogravimetric analyzer (TGA Q5000, TA Instruments,
USA) at a heating rate of 10 K/min under nitrogen atmosphere.

Aging Study. Air and oil aging tests were performed in a hot
air oven and aging oven in the temperature range of 125°C for
70 h as per ASTM D 471-98. Oils used were ASTM No 2
(IRM902) medium polar and ASTM No 3 (IRM903) high polar.
When the specified time was reached, the test specimens were
removed from the oil and wiped with tissue paper to remove
the excess oil from the sample surface. Finally, tensile properties
of the specimens after aging were measured to estimate oil
resistance according to ASTM D471-98. The samples were kept
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at room temperature for 24 h after aging and physical
properties were measured. The aging resistance is expressed as a
percentage of retention in tensile properties and elongation at
break.

Cross-Link Density. Equilibrium solvent swelling measurements
were conducted on a small rectangular specimen in order to
find out the overall cross-link density. The specimens were
immersed in ethylmethylketone (MEK) for 72 h at room tem-
perature. At the end of the immersion period, the specimens
were removed from the solvent, smoothly wiped with tissue to
absorb the solvent on the surface and then immediately trans-
ferred to the weighing balance to get the swollen weight of the
specimens. After that the specimens were dried at 50°C for 6 h
to get the deswollen weight of the specimen. From the swollen
weight and deswollen of the specimen, the overall cross-link
density of the blends was determined by the use of the well-
known Flory—Rehner equation [eq. (2)] at room temperature:
1 Xln(l—V,)+V,+fo

(v+PA)=——
Vi (v)'P-05V,

(1)

where, (v+ PA) = number of moles of effectively elastic chains
per unit volume of AEM [mol/mL] (cross-link density) in pres-
ence of PA12. V,=molar volume of solvent (MEK) [c.c/mol],
which is 89.6 mL/mol. y = polymer-swelling agent interaction
parameter, taken as 0.0015 for both AEM and MEK at 20°C.
V, = volume fraction of rubber in the swollen network and V,
can be expressed as follows:
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Table II. Physicomechanical Properties of AEM, Cross-Linked by Different Concentration of Peroxide (Standard Deviation Values for 5 Numbers of Test

Specimens are Given in Parenthesis)

Tensile Elongation Modulus

Sample strength at MPal Hardness
code [MPa] break [%] M100 [Shore Al
Vo 5.4 (0.16) 643 (11.8) 0.4 (0.04) 37 (1.73)
Vg4 6.9 (0.10) 504 (6.11) 0.3 (0.04) 41 (1.52)
Ve 3.8 (0.19) 206 (4.93) 0.4 (0.04) 46 (0.57)
Table III. Curing Characteristic of AEM in Presence of Perkadox 14—40BD Peroxide at 185°C

Concentration of Perkadox Minimum torque Maximum torque Delta torque
Sample code 14-408BD (in phr) (dN m) (dN-m) (dN-m) Too (min)
Vo 2.0 2.55 13.75 112 4.97
Vg4 4.0 2.63 15.60 12.97 3.68
Ve 6.0 3.06 24.60 21.54 2.99

Table IV. Physicomechanical Properties of TPVs and TPEs (Standard Deviation Values for 5 Numbers of Test Specimens are Given in Parenthesis)

Tensile Elongation Modulus

Sample strength at [MPa] Hardness Hardness
code MPa] break [%] @ 100% [Shore Al [Shore D]
Vs0Ps0 7.9(0.23) 68 (2.10) = 85 (0.5) 36 (0.57)
VeoP4o 6.7 (0.56) 30 (1.53) - 74 (1) 29(0.7)

V70P30 5.9(0.72) 28 (0.90) = 62 (0.15) 22 (0.19)
Vs0PsoPE4 18.5(0.45) 123 (2.03) 18.1 (0.5) 96 (1.15) 44 (0.47)
VeoP40PE4 13.5(0.58) 103 (1.21) 13.1 (0.15) 95 (0.57) 40 (1.57)
V70P30PE4 9.0 (0.75) 76 (0.95) - 90 (0.57) 33(1.15)

50 = V. P PE = ! (2)
Morque (V5oP5oPE4) = 20.7 Nm 50P50PE4 A+l

®— VgoP4oPEy
A~ V7qP3oPEy

Morque (VeoP4gPE4) = 29.2 Nm
40 1 Mgrque (V7oP30PE4) = 304 Nm

30

20 1

Torque (N m)

10 +

AEM/ Peroxide premix

\
A

o

T T T T T T
0 1 2 3 4

Time (min)

e

Figure 2. Mixing energy curves for TPVs. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42655 (4 of 11)

where, A,=ratio of the volume of absorbed MEK to that
Vamac DP after swelling.

Recyclability Study. One of the major advantages of the TPEs
and TPVs is its ability of recycling without significant deteriora-
tion of mechanical properties. In order to test the

Table V. TPV Compositions at Varied AEM/PA12 Blend Ratios at a Fixed
Peroxide Concentration (4 phr)

Components V5QP50PE4 V60P4OPE4 V70P30PE4
AEM (VDP) 50 60 70

PA12 50 40 30

PER 14-40B 4 4 4

V, vamac dipolymer (VDP) (AEM); P, Polyamide (PA12); PE, Perkadox 14-
40BD; V50, 50 phr of AEM rubber; P50, 50 phr of PA12 plastic; PE4,
4 phr of perkadox 14-40b peroxide.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42655
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Figure 3. AFM phase images of (a) V5oP50PEy, (b) VoP4oPEy and (c) V;oP3PE,. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

reprocessability of the thermoplastic elastomer composition, the
molded samples were cut into small pieces and remixed in the
Haake Rheomix at 185°C for 3 min and sheeted out and
molded 185°C for 4 min under a pressure of 10 MPa to form
tensile sheets of about 2 mm thick. Keeping under pressure, the
mold was allowed to cool to the ambient temperature.
Dumbbell-shaped specimens were cut off from the sheets using
a standard cutting die.
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RESULTS AND DISCUSSION

Curing Characteristics and Physicomechanical Properties of
Cross-Linked AEM

To assess the dynamic vulcanization of AEM/PA12, it is neces-
sary to know the curing characteristics of pure AEM gum com-
pounds in presence of Perkadox 14-40BD peroxide. Different
concentrations (2, 4, and 6 phr) of peroxide were mixed with
pure AEM gum compound and curing characteristics was
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Figure 4. Tan J versus temperature plot of the TPVs. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

studied in an Oscillating Disk Rheometer (ODR) at 185°C.
Optimum curing time (o), maximum torque, and delta torque
(maximum-minimum torque) values of three different com-
pounds is given in Table II. The delta torque values obtained
from ODR generally correlates with the cross-linking efficiency
of the peroxide, i.e., the number of moles of chemical cross-
links formed per mole of peroxide. From Table III, it can be
clearly seen that with increasing concentration of peroxide delta
torque value also increases, which imply a higher degree of
cross-links formation (in case of Vg compound). On the other
hand, with higher peroxide concentration, optimum curing
time (Tyy) for the compound gets reduced. The optimum cur-
ing time for V, is 4.97 min, whereas Toy of Vi is only 2.99 min.
There is no significant increase in delta torque value for 2-4
phr of peroxide concentration. However, it is slightly high for
the 4-6 phr peroxide concentration. It is anticipated that due to
formation of higher degree of cross-linking which results in
higher modulus value of the material. To achieve an optimum
property, there should be an optimum level of cross-linking. In
this regard, it can be observed from Table II that the property is
deteriorating with 6 phr peroxide concentration though the
delta torque shows high delta torque value. On the other hand,
4 phr of peroxide concentration displays better properties as
because the system reached an optimum cure. Nevertheless, the
scenario of the physicomechanical properties of the peroxide
cross-linked AEM compound is different. The physicomechani-
cal properties of peroxide cross-linked AEM compound is given
in Table IV. From Table 1V, it can be observed that with higher
degree of cross-link formation, elongation at break of the AEM

Table VI. Storage Modulus (E') and tan ¢ Values of TPVs

Figure 5. Storage modulus versus temperature plot of the TPVs. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]

compound reduces. V, compound shows elongation at break of
643% and it drastically reduces to 206% for Vs compound.
Thus, considering both the curing characteristics and physico-
mechanical properties of the AEM compounds, 4 phr peroxide
was chosen as an optimum concentration of peroxide for the
development of TPVs in the next step of the investigation.

Mixing Curve

Mixing energy curves during the process of dynamic vulcaniza-
tion is shown in Figure 2. Increment of torque values during
mixing of polymer inside the mixing chamber is a complex
combination of shear and elongational flow. All the mixing
curves (torque—time plots) consist of two peaks: the first peak
corresponds to the rise of viscosity value due to resistance pre-
tended on the rotor by the unmolten polymer (PA12) followed
by a viscosity decrease due to the complete melting of PA12
and the addition of peroxide premixed AEM phase upon the
molten PA12 phase implies the rise of the second peak because
of the rise of viscosity. From VsoPsoPE, to V;oP30PE,, with a
decrease of PA12 content (from 50 parts to 30 parts) torque
value reduces from 15.8 to 8.7 Nm while the opposite scenario
was noticed after addition of peroxide mixed AEM phase.
V;0P30PE,4 blend containing 70 parts of rubber shows maximum
torque value of 30.4 Nm after dynamic vulcanization while
maximum torque value is 20.7 Nm after dynamic vulcanization
in case of V5oP5PE, blend (Table V).

Morphology Study

Morphology plays a very important role in TPV to predict its
solid-state properties. It is also important that at the end of
dynamic vulcanization, typical TPV-like morphology should be

Sample code E’ (MPa) at —31°C

E'(MPa) at 23°C

tan ¢ at —21°C tan 6 at 50°C

PA12 = 1219
Vs0Ps50PE4 1672 434
VeoP4oPE4 1479 272
V70P30PE4 1375 154

= 0.119
0.239 0.126
0.312 0.131
0.415 0.132
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Figure 6. TGA thermograms of different TPVs. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

formed. To get an insight regarding the developed morphology
after dynamic vulcanization, atomic force microscopy (AFM) has
been carried out. Figure 3(a—c) shows the phase images of the
three TPVs respectively. The light-yellow regions in the phase
images indicate presence of cross-linked rubber particles and
dark-brown region represents the PA12 phase.”” Previously it was
reported by many researchers that TPV contains micron-sized
rubber particles dispersed in continuous thermoplastic matrix
phase.”®* From the phase image, it is clearly seen the formation
of continuous agglomerate of rubber network in case of all the
three TPVs and it is also evident that the average diameter of
rubber particles are in the range of 30-40 nm. On the other
hand, a few regions can still be seen where formation of nanodo-
main are confirmed in all the three TPVs. However, as we move
from higher rubber fraction to lower rubber fraction (70-50
parts), the rubber nanoparticles are distinctly identifiable by the
image of V5oP50PE, Therefore, it can be concluded that the
development of continuous agglomerate dictates the ultimate
mechanical properties for Vs5,P5oPE,, whereas the higher rubber
fraction causes severe network disruption, which may lead to low
mechanical properties for V5oP30PE,. >’

Physicomechanical Properties
From Table 1V, it can be observed that V;,P5,PE, TPV, contain-
ing the highest fraction of PA12 among all the other TPVs give

Table VII. TGA Data of Neat Polymers and Their TPVs
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the best result in term of tensile strength, hardness, and elonga-
tion at break. With decreasing PA12 content from 50 parts to
30 parts, mechanical properties and hardness of the TPVs
become inferior. Therefore, V5,Ps,PE, TPV shows the tensile
strength of 18.5 MPa and elongation at break of 123%, whereas
tensile strength of 9 MPa and elongation at break of 76% only
was noticed in case of V,oP3;,PE, TPV. Shore D hardness of
Vs0P50PE, is 44; which is 33 for V,oP3,PE, TPV. Such improve-
ment in mechanical properties from V,,P3PE, TPV to
VsoPsoPE; TPV may be of two reasons™ (a) higher PA12 frac-
tion (plastic phase) or (b) higher degree of cross-linking in the
AEM rubber phase.

Dynamic Mechanical Analysis (DMA)

Tan ¢ (ratio of loss modulus to the storage modulus) peak
from DMA is often used as a measure of the glass transition
temperature (T,). Tan § versus temperature plot of the blends
has been shown in Figure 4. It indicates that the glass transition
temperature peak for AEM appears at around 21°C. From Fig-
ure 4, it can be clearly noticed that with the increase of AEM
content, tan ¢ values of the blends at the transition region
increases, as given in Table VI. Higher the AEM content, higher
the rubber fractions exposed to dynamic transition, which leads
to the higher tan ¢ values (higher dissipation of energy) at the
transition region. The availability of the rubber molecules to the
dynamic transition becomes lower with gradual addition of
plastic phase (from 30 parts to 50 parts) into the blends. This is
due to the immobilization of the rubber molecules which comes
close to the plastic phase and as a result that rubber molecules
cannot contribute to the dynamic transition which implies
lower dissipation of energy (lower tan & values).”” Another peak
in tan 0 plot was observed near about 50°C, which corresponds
to the glass transition peak of polyamide (PA12). From the fig-
ure, it can be seen that for higher plastic containing TPV
(Vs50P50PE,), the tan § peak has been shifted slightly which may
be of extensive intermolecular hydrogen bonding. Storage mod-
ulus of the three TPVs is shown in Figure 5. Considering the
storage modulus, it can be argued that at lower temperature,
storage modulus (E') is more or less same. V50P50PE4 is show-
ing little bit of higher E' value compared to the other two. It is
well known that all the TPVs are in glassy state below glass
transition temperature (7). After T,, it shows glass-to-rubber
transition state and it is called rubbery plateau. Length of the
rubbery plateau region is based on the rubber content or we
can say based on the composition, the E' values vary. As a

Temperature corresponding

Temperature corresponding Maximum decomposition

Sample to 5% decomposition to 50% decomposition temperature,
designation Tos (°C) Tso (°C) Trmax (°C)
PA12 416 474 501

AEM 396 447 491

AEM4 qoPE4 379 450 492
Vs50Ps0PE4 392 439 489
VeoP4oPE4 381 436 487
V50P30PE4 366 434 481
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Figure 7. Change of (a) tensile strength, (b) elongation at break and hardness, (c) Shore A, and (d) Shore D of the TPVs due to heat aging (72 h at
125°C). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

result, V50P50PE4 TPV containing 50 phr AEM rubber and 50  and PAI12 are continuous matrix phase but the composition
phr PA12 shows highest E' value, whereas V70P30PE4 TPV con-  varies which results in difference in E' value. At higher tempera-
taining 70 phr AEM rubber and 30 phr PA12 shows the lowest  ture, TPVs get soften which implies the decrease in E value.
value of E. In all the TPVs, the rubber phase are cross-linked  Even at lower temperature also, the storage modulus of
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Figure 8. Change of (a) tensile strength, (b) elongation at break and hardness, (c) Shore A, and (d) Shore D of the TPVs due to ASTM Oil No II aging
(72 h at 125°C). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Change of (a) tensile strength, (b) elongation at break and hardness, (c) Shore A, and (d) Shore D of the TPVs due to ASTM Oil No III aging
(72 h at 125°C). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

V5oP5oPE, TPV is higher because of the presence of higher
PA12 phase. Sharp decrease in storage modulus value for all the
TPVs has been observed during glass-to-rubber transition
region. In the rubbery plateau region (—10 to +35°C) also, the
storage modulus value of the V5oPsoPE, TPV is the highest
because of higher PA12 content and this trend was continued
throughout the remaining temperature range.

Thermogravimetric Analysis

TGA plots of AEM, PA12, and their TPVs are shown in Figure 6
and the quantitative data are summarized in Table VIL. Due to
the presence of strong intermolecular hydrogen bonding, pure
PA12 shows the higher initiation temperature corresponding to
5% about 416°C with temperature corresponding to maximum
decomposition (T;,,,) value at 501°C. On the other hand, pure
AEM (ethylene acrylic elastomer) shows the temperature corre-
sponding to 5% about 396°C and the Ty, at 491°C due to its
polar nature, which implies the dipole—dipole interaction. From
the figure, it can be seen that all the TPVs exhibit low thermal
stability than that of the virgin components. This may be due
to the blending of two components, which hampers the exten-
sive intermolecular hydrogen bonding of PA12 on one side and
on the other side destroys the dipole—dipole interaction pres-
ence in AEM. However, the thermal stability of V5,P5,PE,; TPV
is the highest among all due to the presence of higher fraction
of PA12 and V,,P;)PE, TPV shows the lowest thermal stability.
Initial decomposition temperature of VsoPsoPE, is 392°C
and this is 366°C only in case of V,oP3)PE,. Therefore, the
above results imply that TPV containing higher fraction of
PA12 component shows superior thermal stability than the
other TPVs.
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Heat and Oil Resistance Properties of the TPVs

Figure 7 shows the heat aging properties of AEM/PA12 TPVs. It
can be seen that even after heat aging at 125°C for 72 h also,
there is no such change in the physicomechanical properties of
the TPVs. Most of the TPVs show very good retention of prop-
erties even after aging, and this indicates good resistance to heat
aging. Peroxide curing provides strong C-C linkages as cross-
links in the rubber phase (AEM), and this is reflected in the
better aging behavior. Apart from higher fraction of polyamide
(PA12) also improves the aging characteristics of the TPVs. As a
result, TPV containing higher fraction of PA12 shows better
heat aging properties rather than lower PA12 containing TPV.
Percentage retention of tensile strength, elongation at break, and
hardness, Shore (A and D) of the blends after being dipped in

12

10.72

10 4

Crosslink density.10"> (mol/ml)
[-;]

V50P50PE4 V60P40PE4 V70P30PE4
Figure 10. Overall cross-link density of the TPVs. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Change of (a) tensile strength, (b) elongation at break and hardness, (c) Shore A, and (d) Shore D of the TPVs due to recycling. [Color figure

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

hydrocarbon oil at 125°C at 72 h in an ASTM oil no 2
(medium polar) and in ASTM oil no 3 (high polar) are shown
in Figures 8 and 9. Specialty rubber exhibits better oil resistance
properties due to its polar character. Presence of polar group in
AEM imposed polarity which is responsible for the oil resistance
behavior of AEM. On the other hand, PA12 is also polar in
nature, which also imparts oil resistance characteristics to PA12.
After immersion in ASTM oil no 2 and 3, it can be clearly
observed that the changes in physicomechanical properties and
hardness of the TPVs is marginal. Especially 50 : 50 dynamically
cured blend shows only slight change in properties like tensile
strength, elongation at break, and hardness point of view com-
pared to other 60 : 40 and 70 : 30 blends. The above results
imply that the 50 : 50 dynamically cured blends have excellent
oil resistance and heat resistance properties. It reveals that at
high temperature, in presence of oil, degradation of AEM has
been taken place in higher extent whereas PA12 phase shows
better thermal stability than AEM itself. Therefore, higher AEM
containing TPV shows poor resistance to oil aging than the
TPV containing low amount of AEM.

Overall Cross-Link Density

Cross-linking density plays a very important role in determining
ultimate properties in rubber vulcanizates. Figure 10 demon-
strates the overall cross-link density value of the TPVs in pres-
ence of PA12. From Figure 10, it can be clearly noticed that
with increase of the rubber phase at a fixed peroxide concentra-
tion, the degree of cross-linking in the rubber phase decreases.
Therefore, V50P5oPE; TPV shows the highest overall crosslink
density value of 10.72 X 10™* mol/mL, whereas V¢,P4PE; TPV
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shows 6.88 X 10~ * mol/mL and V,P3oPE, TPV shows 4.15 X
10~* mol/mL. From these results, it can be stated that the high-
est overall cross-link density of 50 : 50 blend results better
mechanical behavior, dynamic mechanical properties, thermal
stability, and oil resistance properties also.

Recyclability Study

The recyclability/reprocessability test is the one of the vital one
in the field of thermoplastic elastomer and thermoplastic vul-
canizates. Figure 11 shows the tensile strength, elongation at
break, shore A and D hardness values for various systems before
and after recycling. After one time recycling, all the TPVs show
a minor decrease in the mechanical properties like change of
tensile strength, elongation at break, and hardness. Maximum
changes in properties were exhibited by the TPV containing the
highest fraction of rubber and it can be seen that with increase
of rubber content in the TPVs, tensile strength gradually
reduces whereas elongation at break increases after recycling. As
a result, V;oP3,PE, TPV shows the highest reduction in tensile
strength and highest increment in elongation at break also
among all the TPVs. This may happen due to the fact that after
recycling the TPVs, the rubber phase gets soften much more
than the plastic (PA12) phase. The softer rubber phase will pro-
vide higher elongation but lower tensile strength. Therefore,
V;0P30PE; TPV which contains 70 phr of AEM shows the high-
est increment in elongation at break and also shows the highest
reduction in tensile strength after recyclability test. On the other
hand, V5oP50PE4 TPV results small reduction in tensile strength
and also little bit increment in elongation at break because of
presence of lowest rubber fraction among all the TPVs.
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CONCLUSIONS

Novel heat and oil resistant thermoplastic vulcanizates based on
blends of ethylene acrylic elastomer and polyamide 12 have
been developed. Dynamic vulcanization was carried out in pres-
ence of Perkadox 14-40B peroxide. Considering the curing char-
acteristics and mechanical properties, 4 phr of peroxide was
chosen as an optimum concentration of the cross-linking agent
for TPV preparation. Continuous agglomeration of cross-linked
rubber particles (nanodomains) has been observed from AFM
studies for all the three TPVs. V5oP5oPE; TPV (containing 50/50
parts of AEM/PA12). Among all three TPVs shows better physi-
comechanical properties, dynamic mechanical behavior, and
thermal stability which was ascribed due to presence of highest
fraction of plastic content and also due to the highest degree of
cross-linking in the AEM phase. Air aging and oil aging tests of
the TPVs also reveal superior properties of VsoP5oPE, TPV
among the all other TPVs, which also implies that highest level
of plastic content and highest degree of cross-linking in case of
V50PsoPE4 TPV. It reveals that at high temperature, in presence
of oil, degradation of AEM has been taken place in higher
extent whereas PA12 phase shows greater resistance to oil than
AEM itself. Therefore, 70 phr of AEM containing TPV shows
poor resistance to oil aging than the TPV containing 50 phr of
AEM. Thus, it can be concluded that Vs5yP5oPE, TPV is the
superior one from all relevant point of view. The recyclability of
these TPVs is also found excellent and these newly developed
reprocessable TPVs may find potential
automotives.

application in
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