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Abstract. Novel thermoplastic vulcanizates (TPVs) based on silicone rubber (PDMS) and polyamide (PA12) have been
prepared by dynamic vulcanization process. The effect of dynamic vulcanization and influence of various types of peroxides as cross-linking agents were studied in detail. All the TPVs were prepared at a ratio of 50/50 wt% of silicone rubber
and polyamide. Three structurally different peroxides, namely dicumyl peroxide (DCP), 3,3,5,7,7-pentamethyl 1,2,4-trioxepane (PMTO) and cumyl hydroperoxide (CHP) were taken for investigation. Though DCP was the best option for curing
the silicone rubber, at high temperature it suffers from scorch safety. An inhibitor 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO)
was added with DCP to stabilize the radicals in order to increase the scorch time. Though CHP (hydroperoxide) had higher
half life time than DCP at higher temperature, it has no significant effect on cross-linking of silicone rubber. PMTO showed
prolonged scorch safety and better cross-linking efficiency rather than the other two. TPVs of DCP and PMTO were made
up to 11 minutes of mixing. Increased values of tensile strength and elongation at break of PMTO cross-linked TPV indicate the superiority of PMTO. Scanning electron micrographs correlate with mechanical properties of the TPVs. High storage modulus (E!) and lower loss tangent value of the PMTO cross-linked TPV indicate the higher degree of cross-linking
which is also well supported by the overall cross-link density value. Thus PMTO was found to be the superior peroxide for
cross-linking of silicone rubber at high temperature.
Keywords: polymer blends and alloys, thermoplastic vulcanizate, silicone rubber (PDMS), polyamide (PA12) and peroxides

1. Introduction

Blending of polymers is a smart and economical strategy for obtaining new and improved polymeric materials from the existing polymers, which are difficult
to obtain by direct polymerization process [1, 2].
Even though more than 400 miscible polymer pairs
have been reported [3, 4], most of them are not miscible on a molecular scale and tend to undergo phase
separation during mixing. Numerous rubber-plastic
blends are available, only few of them are commercially attractive because of compatibility between
the components. Thermoplastic elastomers (TPEs)
are a class of polymers or polymer blends that have

rubber-like behaviour, but can be melt-processed like
thermoplastic polymers [5, 6]. The combination of
these properties is obtained by the two-phase structure of the materials: the soft phase, an elastomer,
gives the rubber-like properties in the solid state,
whereas the hard phase, a thermoplastic polymer with
high glass transition temperature, gives strength to
the blend. At the temperature of utilization, the latter is the stiffer phase that acts as physical crosslinker for the elastomer phase. At elevated temperatures (above the glass transition temperature or
above the melting point), the hard phase softens and
the TPE becomes processable.
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Thermoplastic vulcanizates (TPVs) are a highly engineered class of thermoplastic elastomers, comprising a cross-linked elastomeric phase and a melt
processable thermoplastic phase. These materials
are produced by dynamic vulcanization process, in
which both mixing and cross-linking are carried out
at the same time in a melt mixing device. Resulting
compound exhibits more elastomer-like properties:
such as lower compression set, lower stiffness,
greater resistance to fatigue, heat and chemicals than
the corresponding rubber or plastic [7, 8]. The
dynamic vulcanization process was first reported by
Gessler and Haslett [9] in 1962 and then further
developed by Fischer [10] by his early work on
polypropylene (PP)/ethylene propylene diene rubber
(EPDM) TPVs with peroxides as cross-linking
agent, resulted in the commercialization of ‘Uniroyal
TPR’ thermoplastic rubber. Greater industrial attention was generated only after extensive study of
TPVs based on various blend components by Coran
and Patel in the 1980s [11, 12]. They performed
extensive studies on PP and EPDM blends that were
dynamically vulcanized with high crosslink density
in the rubber phase. These works led to the commercialization of ‘Santoprene’ TPE, which was
introduced by Monsanto in 1981. Most commercial
TPVs are based on heterogeneous blends of PP and
ethylene-propylene-diene rubber (EPDM) because
of their structural compatibility. Naskar and Noordermeer [13, 14] extensively studied the influence
of different peroxides and multifunctional peroxide
in the conventional PP/EPDM blends. Later Naskar
et al. [15] also developed a novel PP/EPDM TPV by
electron induced reactive processing. Further TPVs
based on silicone rubber [16] and maleated ethylene
propylene rubber (EPM) [17] was also developed for
some special purpose. Babu and coworkers [18, 19]
explored a new TPV based on polypropylene (PP)
and ethylene octene copolymer (EOC) blend system. EOC has gained special attention because of its
unique molecular structure and also it provides better toughening characteristics than EPDM rubber
[20, 21]. Recently Giri et al. [22] developed a new
system in this family which is based on LLDPE/
PDMS blend system. But all the TPVs have limited
use in automotive applications due to their low heat
resistance and poor oil resistance properties associated with the olefinic thermoplastic matrices [23].
To fulfill these two requirements a new family of high
performance TPV called ‘super TPV’, based on

cross-linked silicone rubber particles dispersed in a
variety of engineering thermoplastic matrix, was
developed by Dow Corning [24]. In this present
investigation polyamide (PA12) and silicone rubber
(PDMS) are of special interest and a new super
TPV system with a blend ratio of 50/50 wt% has
been developed.
Silicone rubber (PDMS) is notable for its unique
characteristics: such as very low Tg (–125°C) due to
highly flexible [O–Si–O] backbone, very wide service temperature range, good aging properties, resistance to UV radiation, low toxicity, hydrophobic and
physiologically inert [25–27]. Tensile strength of
silicone rubber is very low and its oil and solvent
resistance properties are also very poor [28]. To
overcome these drawbacks of silicone rubber, a
new blend system of silicone rubber (PDMS) and
polyamide (PA12) has been chosen for the development of a novel TPV with controlled properties.
PA12 has excellent solvent and oil resistance, in
particular acid and alkali resistance and excellent
environmental stress cracking resistance at elevated
temperature [29]. Cross-linking of the PDMS rubber phase by organic peroxides suffers from scorching problems at high mixing temperature due to the
faster decomposition of the peroxides (normally
used for curing) [30, 31]. To overcome this difficulty three structurally different peroxides, namely
dicumyl peroxide (DCP), 3,3,5,7,7-pentamethyl
1,2,4-trioxepane (PMTO) and cumyl hydroperoxide
(CHP) were chosen for investigation. It is reported
earlier that, though DCP was the best option for curing the silicone rubber, at high temperature it suffers from scorch safety since it has a typical crosslinking temperature at 160°C. At higher temperatures above 180°C it has very low half life time (t1/2).
An inhibitor 2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO) was added with DCP to increase the scorch
safety by scavenging the peroxide radicals [31, 32].
The main objective of this present work is to develop
of a novel high performance TPV based on a PDMS/
PA12 blend system at 50:50 blends ratio using different peroxides with suitable decomposition kinetics as the cross-linking agent to induce dynamic
vulcanization of the PDMS phase. After that the morphological characteristics, mechanical properties,
dynamic mechanical analysis, rheological and thermal properties of all the TPV systems were pursued
to get a better insight.
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2. Experimental
2.1. Materials

iii) Trigonox K-90, Cumyl hydroperoxide (CHP).
All of them were procured from Akzo Nobel, Netherlands. Their commercial names, chemical names,
chemical structures and molecular characteristics
are given in Table 2.
Nitroxide
2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO) procured from Aldrich Chemicals, was
used as an inhibitor, in conjunction with DCP to
control the scorch during mixing. The concentration
of TEMPO was calculated in order to provide a
molar ratio of ([TEMPO]/[DCP] = 1.6) [31, 32].

Polydimethyl siloxane (PDMS) (which trade name
is XIAMETER RBB-2140-50) was procured from
Dow Corning, USA. It has a Mooney viscosity,
ML(1+4) at 100°C of 30 and density at 25°C of
1.15 gm/cm3. Polyamide 12 (PA12) (Rilsan® AESNO
TL) was procured from Arkema, France. It has the
density at 25°C of 1.02 gm/cm3. The melt flow rate
of PA12, measured at 190°C and 2.16 kg load is
0.646 gm/10 min. Main characteristics of these polymeric materials are reported in the Table 1.
Cross-linker: Three structurally different organic
peroxides were used for the cross-linking of the
PDMS as follows: i) Perkadox BC-FF, Dicumyl
peroxide (DCP); ii) Trigonox 311-50D (PMTO);

2.2. Mixing
To understand the curing characteristics of the three
peroxides, the mixing of different peroxides with
PDMS was performed in a laboratory kneader type

Table 1. Characteristics of the raw materials
Material
Silicone rubber
Polyamide
(PA12)

Trade name
XIAMETER
RBB-2140-50
Rilsan®
AESNO TL

Tg
[°C]

Tm
[°C]

Tensile strength
[MPa]

Tensile elongation at break
[%]

–124

–

0.8

465

177

68.9

330

55

Table 2. Commercial name, chemical name and molecular characteristics of the three different peroxides
Commercial name

Chemical name and structure
dicumyl peroxide (DCP)

Active oxygen Half life time (t!)
content
at 180°C
[%]
[min]

Perkadox BC-FF

5.92

0.50

Decomposition products

acetophenone,
methane,
2-phenylisopropanol

3,3,5,7,7-pentamethyl-1,2,4-trioxepane
(PMTO)

9.18

21.13

methane,
acetone,
isopropyl acetate,
3-hydroxy-1,3-dimethylbutyl
acetate,
3-methoxy-1,3-dimethylbutyl
acetate

10.51

19.15

acetophenone,
methane,
2-phenylisopropanol

Trigonox 311-50D

cumyl hydroperoxide (CHP)

Trigonox K-90
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W30 EHT Brabender, Germany, having a free volume of 30 cm3 fitted with two counter-rotating
rotors. Peroxides were mixed with PDMS at 40°C
and at a rotor speed of 60 rpm. All the blends of silicone rubber (PDMS) and polyamide (PA12) at a
blend ratio of 50:50 (wt%) were also prepared in a
batch process using the same instrument at a rotor
speed of 120 rpm. According to literature though
polyamide has the melting point in the range of
180°C, but it has been seen that polyamide did not
melt at 180°C even after 12 minutes mixing. For that
reason mixing was performed at 190°C. The mixer
was connected to a drive unit Plastograph, which
allows using of integrated pendulum dynamometer
to detect the torque during compounding. The temperature development in the mixed material is measured by an integrated gusset at the bottom region of
the mixing chamber thermocouple. Temperature control of the mixing chamber, front and rear plate was
done via integrated thermocouples. Using a mass
temperature sensor and a self-aligning dynamometer, which detects the torque, a torque-temperature
diagram in function of time is created.
For the reactive blending at first, peroxides (1 wt%)
were premixed with PDMS at the room temperature
before its addition to the molten PA12. For dicumyl
peroxide (DCP), TEMPO was added with DCP to
increase the scorch safety. At first PA12 was poured
into the mixing chamber at 190°C and at 120 rpm
and was allowed for melting. After melting of the
PA12 matrix, PDMS (premixed with peroxide) was
added to the molten thermoplastic phase. Finally
TPVs were developed with (50/50) wt% of PDMS
and PA12 at a rotor speed of 120 rpm at 190°C
using 11 minutes of mixing. Then the samples were
injection moulded from a micro-injection moulding
machine at 250°C and 7 bar pressure. Testing was
performed after 24 hour of maturation.

2.3. Testing procedure
2.3.1. Curing characteristics
Curing characteristics of the different peroxide
mixed PDMS were determined from Göttfert Elastograph Vario 67.03, Germany. From this the optimum curing time as well as scorch time of PDMS
for various peroxides was determined. Testing conditions were maintained at 180°C for 60 minutes
and at a frequency of 1.67 Hz. The rotational angle
of the disk was 5°.

2.3.2. Morphology study
The morphological study of final TPV samples and
dispersion of PDMS and PA12 phase was carried
out using a Scanning Electron Microscope (LEO
435 VP, Carl Zeiss SMT, Jena, Germany). At first,
the sample was taken over a sticky surface made by
conductive carbon cement on a SEM sample holder.
After that the samples were cut with the ultramicrotome UC 7, Leica, Wetzlar, Germany and then
it is platinum coated (layer thickness 15 nm) using a
sputter coater (BAL-TEC SCD 500 Sputter Coater).
The morphology has been characterized by energy
dispersive X-ray spectroscopy (EDX) via mapping
of carbon, silicon, nitrogen, oxygen distribution in
the sample. EDX delivers information about morphology without etching. Morphology study of the
TPVs was also carried out by atomic force microscope (Bruger, Icon, Germany). Testing has been performed in the tapping mode. Tip stiffness was 40 N/m
and tip radius was 10 nm.
2.3.3. Mechanical properties
Tensile tests were carried out according to DIN
53504/S2/50 on dumb-bell shaped specimens using
an universal tensile testing machine Zwick Z010 at
a constant cross-head speed of 50 mm/min. E-modulus was determined in between 0.20 to 0.40% of
strain.
2.3.4. Dynamic mechanical thermal analysis
(DMTA)
Dynamic mechanical thermal analysis (DMTA) of
the samples was carried out using an Eplexor 150N
DMTA (Gabo Qualimeter, Ahlden, Germany). Tests
were carried out at a frequency of 10 Hz under static
strain of 0.50% and dynamic strain of 0.10%. The
samples were first cooled to –150°C and then subsequently heated at a rate of 3 K/min over a range
of temperature from –150 to 200°C.
2.3.5. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG) of the neat components
and the blends of PDMS/PA12 was measured by
using a thermogravimetric analyzer (TGA Q5000,
TA Instruments, USA) at a heating rate of 10 K/min
under nitrogen atmosphere.
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2.3.6. Melt rheological study
The rheological measurements of silicone rubber
and polyamide were carried out by an Advanced
Rheometric Expansion System (ARES) rheometer
(Rheometric Scientific Inc, USA). The torque transducer had a torque range from 0.02 to 2000 g·cm.
Parallel plate geometry was applied to the formerly
pressed plates with 2 mm thickness and 25 mm diameter. Frequency range was selected between 0.1 to
100 rad/s and strain controlled dynamic frequency
sweep test was applied. The measurements were
done in N2 atmosphere at a temperature of 190°C.
During each experiment, the temperature maintained at the desired value by constant heating of
the sample under nitrogen atmosphere.
2.3.7. Overall cross-link density
The overall crosslink density of silicone rubber was
determined on the basis of equilibrium solventswelling measurements in toluene by the application of the well-known Flory-Rehner equation at
room temperature (Equation (1)):
1n 1 PA2
PA 2 5 2

1 ln11 2 Vr 2 1 Vr 1 xV2r
VS ~
1Vr 2 1>3 2 0.5Vr

(1)

where ! – number of moles of effectively elastic
chains per unit volume of PDMS [mol/ml] (crosslink
density), PA – PA12, Vs – molar volume of solvent
(toluene) [cc/mol], which is 105.74 cc/mol, " –
polymer-swelling agent interaction parameter,
taken as 0.45 for both PDMS and toluene at 20°C
[33], Vr – volume fraction of rubber in the swollen
network and Vr can be expressed as Equation (2):
Vr 5

1
Ar 1 1

(2)

where Ar – ratio of the volume of absorbed toluene
to that silicone after swelling.

3. Results and discussion
3.1. Curing characteristics
Cure curves of PDMS cross-linked by different peroxides (1 wt%) at 180°C are shown in Figure 1.

Figure 1. Cure curves of PDMS by different peroxides
(1%) at 180°C

From the cure curve it is clear that at 180°C, DCP
itself is faster curing peroxide for PDMS than
PMTO and CHP. Scorch safety time (t2), optimum
curing time (t90), maximum torque and delta torque
values for the three different peroxides are given in
the Table 3. From Table 3 it can be observed that at
180°C, scorch safety time and optimum curing time
of PDMS for DCP is 0.33 and 0.90 minutes respectively. On the other hand, after using TEMPO, though
scorch safety time and optimum curing time of
PDMS for DCP were found to increase the crosslinking efficiency becomes lower which is clear from
the Figure 1. From Table 3 it can be seen that maximum torque value for (DCP+TEMPO) comes down
to 0.541 Nm which is near to half of the torque value
(1.079 Nm) of DCP only, whereas the optimum curing time of (DCP+TEMPO) becomes 4.18 minute
which is five times (0.90 minute) more than that of
DCP only. It indicates that by using TEMPO the
scorch safety time can be increased while the crosslinking efficiency of the peroxide would be reduced
at the same time.
From Figure 1 it can be noticed that at 180°C PMTO
is very slow curing peroxide for the PDMS and its
state of cure is also poor. Optimum curing time of
PDMS for PMTO is 28.20 minutes which is much
higher than that of DCP. For CHP, though the optimum curing time is 18.20 minutes, higher than DCP,

Table 3. Curing characteristics of PDMS by three different peroxides at 180°C
Peroxides
DCP
DCP+TEMPO
PMTO
CHP

t2
[min]
0.33
1.80
4.50
3.80

t90
[min]
0.90
4.18
28.20
18.20

Minimum torque
[Nm]
0.088
0.076
0.066
0.073
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Maximum torque
[Nm]
1.079
0.541
0.512
0.168

Delta torque
[Nm]
0.991
0.465
0.446
0.095
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Table 4. Curing characteristics of PDMS by three different peroxides at 200°C
Peroxides
DCP+TEMPO
PMTO

t2
[min]
0.40 = 24 s
1 =60 s

t90
[min]
1.11 = 66 s
7.80 = 468 s

but the maximum torque is 0.168 Nm only. On the
other hand, from Table 3, it can be observed that the
delta torque values for (DCP+TEMPO) and PMTO
are 0.465 Nm and 0.446 Nm respectively whereas
for CHP the delta torque value is 0.095 Nm only. This
clearly implies, though CHP gives better scorch
safety than DCP but its cross-linking efficiency is
very poor. It means CHP is not the suitable peroxide
for the cross-linking of PDMS. Curing characteristics of peroxide mixed PDMS at 200°C has been
given in Table 4. From Table 4 it can be observed
that curing characteristics of peroxide mixed PDMS
follow the same trend. Only time has become 1/4th
at 200°C. On the other side the curing characteristics of (DCP+TEMPO) and PMTO are comparable.
Therefore, for the next part of the study (DCP+
TEMPO) and PMTO have been pursued to develop
and characterize the corresponding TPVs.

3.2. Mixing curve
Table 5 demonstrates the formulation of the TPVs
which have been studied in this investigation. Mixing curves of the TPVs of PDMS and PA12 have
been shown in Figure 2. From this, it can be observed
that cross-linking efficiency of (DCP+TEMPO) is
higher initially than that of PMTO as it shows very
low scorch safety and low optimum curing time. On
the other hand, cross-linking efficiency of PMTO is
little bit less than (DCP+TEMPO), but it gives much
better scorch safety during the preparation of TPV.
Therefore, in (DCP+TEMPO) cross-linked TPV
torque raises maximum but due to faster decomposition of DCP the rate of fall of torque is also very
rapid and within one minute torque has fallen down
from 31.56 Nm down to 19.31 Nm. As a result poor
Table 5. Detailed description of the TPVs made from
PDMS/PA12 by different peroxides
Sample code
Si_PA_D_T
Si_PA_P
Where Si:
PA:
D:
T:
P:

PDMS
[wt%]
50
50

silicone rubber (PDMS)
Polyamide (PA12)
DCP
TEMPO
PMTO

PA12
[wt%]
50
50

Peroxides
DCP+TEMPO
PMTO

Minimum torque
[Nm]
0.068
0.063

Maximum torque
[Nm]
0.502
0.515

Delta torque
[Nm]
0.434
0.452

Figure 2. Mixing curves of TPVs cross-linked by different
peroxides

dispersion of the rubber phase has taken place in
(DCP+TEMPO) cross-linked TPV which has been
discussed later in the morphology study. But for
PMTO cross-linked TPV, the rate of fall of torque is
not so fast like (DCP+TEMPO) cross-linked TPV.
Even after few minutes torque has fallen down from
30.76 to 25.56 Nm. This implies proper dispersion
and distribution of the rubber particles. Therefore
from the two curves it can be observed that, at high
temperature due to faster decomposition of DCP in
presence of TEMPO also, cross-linking efficiency
of (DCP+TEMPO) becomes lower and state of
cross-linking is also becomes poor. Due to that reason torque falls down steeply. On the other side,
due to high thermal stability of PMTO, its state of
curing is much better than (DCP+TEMPO) which
correlates with the higher torque value during TPV
preparation.

3.3. Morphology study
Morphology study of two thermoplastic vulcanizates was performed and shown in Figure 3. From
the SEM photomicrograph of the two TPVs, it is
clear that for the (DCP+TEMPO) cross-linked TPV,
cross-linking of the rubber phase has not been taken
place fully and wider distribution has not taken
place also. (DCP+TEMPO) cross-linked TPV suffers from the faster decomposition of DCP even
after the addition of TEMPO, due to the rise of temperature during mixing. Even after addition of
TEMPO also scorch safety of DCP increases not so
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Figure 3. SEM photomicrographs of TPVs cross-linked by a) DCP+TEMPO, b) PMTO

Figure 4. Silicon mapping of TPVs cross-linked by a) DCP+TEMPO, b) PMTO

much which is clear from Table 3. In (DCP+
TEMPO) cross-linked TPV, initially the cross-linking rate of DCP was higher but due to the faster
decomposition of DCP at high temperature dispersion and distribution of the rubber phase has not
taken place properly which results in a co-continuous phase morphology rather than in the dispersed
phase one, as shown in Figure 3a.
On the other hand, PMTO is new, high temperature
peroxide which extends the temperature range of
cross-linking. Scorch safety time and optimum curing time for PMTO is very high which is shown in
Table 3. As a result, faster decomposition of PMTO
has not taken place, even after the rise of temperature during mixing. Therefore, though the rate of
cross-linking of PMTO is little bit lower than that of
(DCP+TEMPO), dispersion and distribution of the
rubber phase has taken place properly which results
dispersed phase morphology in the final TPV. However, from Figure 3b it can also be observed there is

more or less wider distribution of the cross-linked
rubber particles in the polyamide matrix and the
particle size of the rubber phase varies in the 1–
4 "m range. The same picture can also be observed
from the silicon mapping of the consequent TPVs
which is shown in Figure 4.
Similar morphology was observed from the atomic
force microscopy (AFM) picture of a TPE and TPV
system which is shown in Figure 5. From the top
view of the TPE and TPV it is clearly seen that in
case of TPE the two phase forms the co-continuous
structure and there is no peak and hills, which can
be seen from the Figure 5a. But for the picture of
TPV it can be easily observed that the rubber phase
is properly cross-linked and that is why rubber phase
has appeared as peaks and hills in the Figure 5b.

3.4. Mechanical properties
Mechanical properties of the various TPVs are
given in Table 6. From the mechanical properties of
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Figure 5. Top view image of a) TPE and b) TPV (PMTO cross-linked)
Table 6. Mechanical properties of the TPVs of PDMS/PA12
Young’s
Tensile Elongation
Hardness
Sample code modulus, Et strength at break
[Shore D]
[MPa]
[%]
[MPa]
Si_PA_D_T
649±47
19.6±1.9
51±8
39±3
Si_PA_P
785±30
26.5±0.6
127±6
59±4

the TPVs it can be clearly observed that TPV crosslinked by PMTO gives better result from tensile
strength, elongation and hardness point of view.
Tensile strength of PMTO cross-linked TPV is
26.5 MPa whereas for the (DCP+TEMPO) crosslinked TPV it is 19.6 MPa. Elongation at break of
the PMTO cross-linked TPV is 127% whereas for
the (DCP+TEMPO) cross-linked TPV 51% only.
On the other hand, hardness of PMTO cross-linked
TPV is 59 Shore D whereas for (DCP+TEMPO)
cross-linked TPV it is 39 Shore D. Tension set of
PMTO cross-linked TPV samples is 21%. Due to
co-continuous phase morphology in (DCP+TEMPO)
cross-linked TPV, mechanical properties of (DCP+
TEMPO) cross-linked TPV are poor whereas
mechanical properties of PMTO cross-linked TPV
are superior because of dispersed phase morphology and wider distribution of the rubber particles.
This implies that in presence of PMTO, rubber phase
gets fully cross-linked in PMTO cross-linked TPV
which correlates with the higher value of overall
cross-link density which has been shown later.

3.5. Dynamic mechanical thermal analysis
(DMTA)
Storage modulus of the two thermoplastic vulcanizates are shown in Figure 6. It can be observed that
at relatively low temperature the storage modulus

Figure 6. Storage modulus (E!) of TPVs as a function of
temperature

(E') of both the TPVs are almost same. The rubbery
plateau region is found between –45 to + 55°C.
From Figure 6, it can be noticed that in the rubbery
plateau region storage modulus of PMTO crosslinked TPV are higher than that of the (DCP+
TEMPO) cross-linked TPV. This clearly indicates
the higher degree of cross-linking in PDMS rubber
phase in PMTO cross-linked TPV over (DCP+
TEMPO) cross-linked one. Even at higher temperature the storage modulus value of PMTO crosslinked TPV is found higher than the (DCP+TEMPO)
cross-linked TPV. Therefore, mechanical properties
and overall cross-link density of the PMTO crosslinked TPV were found superior to the (DCP+
TEMPO) cross-linked one. Storage modulus and tan#
values of all the TPVs were shown in the Table 7.
Figure 7 illustrates the tan# plot as function of temperature and demonstrates that there are two major
transitions: the Tg of PDMS at around –120°C and
that of PA at around +55°C. Another transition is at
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Table 7. Storage modulus (E!) and tan # values of TPVs

Table 8. TGA data of PDMS, PA12 and TPVs

E"·102 at 25°C
Sample code
[MPa]
Si_PA_D_T
6.19
Si_PA_P
9.02

Initial
50% weight loss Residue at
decomposition
temperature
600°C
Sample code
temperature, Ti
[°C]
[%]
[°C]
PDMS
476
584
43.900
PA12
380
415
0.045
Si_PA_D_T
410
436
15.250
Si_PA_P
432
465
17.980

tan #
at –120°C
0.075
0.073

tan #
at 55°C
0.154
0.115

around –50°C, which is the ductile brittle transition
temperature of the PDMS. It can also be clearly
observed that the Tg of PA12 has been shifted from
55°C to the higher value for the TPVs due to interaction between the two phases. The lower tan#
value of the PMTO cross-linked TPV at Tg of silicone rubber, indicates the higher cross-linking of
the PDMS rubber phase and lesser damping characteristics of the TPVs.

only. But considering the percentage residue at
600°C, it can be clearly stated that at 600°C PA12
decomposes fully and that is why percent residue is
very less, whereas at 600°C the percent residue for
PDMS is 43.9%. It indicates that at higher temperature say 600°C also decomposition of PDMS does
not take place fully and for PDMS there is always
higher percentage of residue because of presence of
silica filler into the PDMS. Amongst the TPVs, Ti is
the highest for the PMTO cross-linked TPV. Similarly 50% weight loss temperature and % residue at
600°C for the PMTO cross-linked TPV are 465°C
and 17.98% respectively, which are 436°C and
15.25% for the (DCP+TEMPO) cross-linked TPV.
Thus it can be concluded that the thermal stability
of PMTO cross-linked TPV is higher and this has
been taken place due to the higher cross-linking
efficiency of the PMTO at higher temperature.

3.6. Thermogravimetric analysis (TGA)
Thermogravitograms and derivatograms of neat
PDMS, PA12 and TPVs are shown in the Figure 8a
and 8b respectively and the data are presented in
Table 8. From the table, it is clearly observed that
the initial decomposition temperature (Ti) of PDMS
is at 476°C, whereas for the PA12 it is rather low at
380°C. Similarly the 50% weight loss temperature
for PDMS is 584°C whereas for PA12 it is 415°C

3.7. Melt rheological study
Complex modulus (G*) as a function of frequency
at 190°C for TPVs are shown in the Figure 9. From
the figure it can be clearly observed that with increasing frequency the complex modulus (G*) of the TPVs
is increasing. But the increase in complex modulus
is maximum in the case of TPV which is crosslinked by PMTO. The complex modulus (G*) values
at a frequency of 100 rad/s and the complex viscos-

Figure 7. Tan$# of TPVs as a function of temperature

Figure 8. a) Thermogravitograms and b) derivatograms of PDMS, PA12 and TPVs
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the maximum value of complex viscosity (%*)
which is 69.09·103 Pa·s, higher than the (DCP+
TEMPO) cross-linked TPV. So it can be concluded
that maximum cross-linking also has been taken
place by the TPV which is cross-linked by PMTO
and that has been supported also through the determination of overall cross-link density of the TPVs
discussed next.

Figure 9. Complex modulus (G*) of TPVs as a function of
frequency at 190°C
Table 9. Complex modulus (G*) and complex viscosity
($*) of TPVs
Sample code
Si_PA_D_T
Si_PA_P

G*·105at 100 rad/s
[Pa]
2.55
2.94

$*·103 at 1 rad/s
[Pa·s]
62.50
69.09

ity ($*) values at a frequency of 1 rad/s are given in
the Table 9. From the table also it is clear that the
TPV, cross-linked by PMTO has given the maximum value of complex modulus (G*) which is
2.94·105 Pa, higher than the (DCP+TEMPO) crosslinked TPV.
From the Figure 10 it is seen that complex viscosity
($*) of TPVs decreases as a function of frequency,
indicating typical pseudoplastic behaviour. It can
also be demonstrated that higher cross-linking has
taken place in the TPV cross-linked by PMTO.
From the figure it is clear that complex viscosity
($*) of the PMTO cross-linked TPV is higher than
the (DCP+TEMPO) cross-linked TPV throughout
the frequency range. So from the Table 9 also it is
clear that the TPV, cross-linked by PMTO has given

3.8. Overall cross-link density
From the Figure 11 it is clearly observed that the
overall cross-link density (!+PA) of the PMTO crosslinked TPV is higher than that of the (DCP+TEMPO)
cross-linked TPV. For the TPV which are crosslinked by (DCP+TEMPO), (!+PA) value is
17.1·10–4 mol/mL. On the other hand, it can be
clearly seen that the (!+PA) value of the PMTO
cross-linked TPV is 56.8·10–4 mol/mL higher than
that of the (DCP+TEMPO) cross-linked TPV. This
also implies that in presence of PMTO, cross-linking of the rubber phase has been taken place in the
PMTO cross-linked TPV whereas for the (DCP+
TEMPO) cross-linked TPV cross-linking of the
rubber phase has not taken place properly.

Figure 11. Overall cross-link density of the TPVs

4. Conclusions

Figure 10. Complex viscosity ($*) of TPVs as a function of
frequency at 190°C

A detailed study has been made in this investigation
to develop a novel TPV based on PDMS and PA12.
For the development of TPV three structurally different peroxides (DCP, PMTO and CHP) have been
explored and out of these three peroxides PMTO
cross-linked TPV gave superior properties from all
respective points of view. During dynamic vulcanization PMTO gives a better scorch safety than the
other two peroxides. That is why during dynamic
vulcanization the dispersion of the rubber particles
also takes place properly and the domain size also
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becomes smaller. This is supported by SEM, EDX
studies and AFM as well which clearly show that
the finer dispersion is only achievable in case of
PMTO cross-linked TPV. Moreover, there is evidence that the co-continuous non-reactive blend
morphology has been changed into a dispersed one
with cross-linked PDMS-domains embedded in the
PA12 matrix. Accordingly mechanical properties of
the PMTO cross-linked TPV are superior than the
(DCP+TEMPO) cross-linked TPV. This can again
be attributed to the presence of fine dispersed crosslinked PDMS domains in case of the dynamic vulcanization with PMTO. This is reflected also in the
dynamic mechanical properties, both in the solid as
well in the molten state, where the PMTO based
TPV always showed a higher storage modulus in
junction with lower tan # values. These findings
indicate also higher overall cross-link density of the
PMTO cross-linked TPV in comparison to the (DCP+
TEMPO) based one. Accordingly the thermal stability of the PMTO based TPV is also higher, as
substantiated by TGA-investigations. Considering
all the results, it can be concluded that for further
development of PDMS/PA12 based TPV, PMTO is
a suitable peroxide.
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