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Résumé

Cette thése présente une contribution originale a la compréhension et la maitrise des
mécanismes physico-chimiques qui contrélent ['élaboration d'un nouveau matériau
polymere biphasique de type Super-TPV (thermoplastique vulcanisé) contenant une phase
réticulée par le procédé d’extrusion réactive. La phase caoutchoutique est constituée d’'un
Vinyl-Polydiméthylsiloxane (vinyl-PDMS) de haute masse molaire (gomme silicone) qui est
réticiluée dynamiguement avec une matrice thermoplastiqgue PA12 lors du procédé de mise
en ceuvre a I'état fondu (T=200C). Le premier des quatre chapitres de ce mémoire est
consacré a une étude bibliographique des différents aspects fondamentaux de la
réticulation radicalaire des silicones. Dans le chapitre 2, nous avons étudié le processus de
réticulation radicalaire du PDMS en fonction de la température (T>160C). Le peroxyde de
dicumyle (DCP) a été utilisé comme amorceur de la réaction. L'effet de la température et de
la concentration en DCP sur la cinétique de réticulation et les propriétés viscoélastiques
finales du matériau ont été étudiées. Pour tenter de controler cette réaction de réticulation a
ces températures élevées, le tétraméthylpipéridyloxyde (TEMPO) a été utilisé. Nous avons
ainsi montré que le temps a la transition sol-gel viscoélastique augmente en fonction de la
concentration de l'inhibiteur. La variation du rapport molaire DCP/TEMPO a permis de
définir un rapport molaire optimal et ainsi de contréler le temps d'inhibition et la densité de
réticulation finale. Des études en RMN, DSC et TGA-MS ont montré que le mécanisme a
I'origine de ce temps d’inhibition est le greffage des radicaux nitroxyles sur la chaine
polymere silicone. Dans le chapitre 3, un modele original a été développé avec succes pour
décrire la rhéocinétique de la réticulation radicalaire controlée du PDMS. Cette
modeélisation est basée sur le couplage de la cinétigue des macro-radicaux PDMS
recombinés [R(t)] et la variation des modules complexes de cisaillement (G'(t) et de G"(t)).
Notre modeéle rhéocinétique tient compte de la décomposition de l'initiateur (DCP) et des
macro-radicaux PDMS piégés en présence d'un inhibiteur tel que le TEMPO. Finalement,
dans le chapitre 4 ces études fondamentales ont été développées a I'élaboration d’'un TPV
basé sur la réticulation radicalire de la gomme silicone dans une matrice PA12. Nous avons
alors montré que l'addition du TEMPO permet d’élaborer par un procédé dynamique un

nouveau Super-TPV ayant une structure et une morphologie contrélée.



Abstract

The control of macromolecular structure has recently become an important topic of
polymer science from both an academic and an industrial point of view. Indeed, free-
radical crosslinking of Polydimethyl-vinylmethyl-siloxane (vinyl-PDMS) rubber by
organic peroxide suffers from premature crosslinking at high temperatures, which is
called scorching. Consequently, the basic aim of the investigations described in this
thesis is to widen and explore the network topology—crosslinking kinetics relationships
and find a novel way to control free-radical crosslinking chemistry and topological
parameters of final PDMS networks. The work is primarily focused on the extensive
study of the crosslinking control of PDMS rubber at high temperatures. A novel
composition using 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) and dicumyl peroxide
(DCP) for scorch delay and control of the final network topology of the PDMS has been
proposed. The work specified in this thesis is therefore directed to find a proper
[TEMPOJ/[DCP] ratio provided the development of a new biphasic material such as
PA12/PDMS blend type TPV (Thermoplastic Vulcanizated). For this purpose a new
method based on the relationship between the kinetics of the macro-radicals coupling
[Recce(t)] was derived from a fundamental kinetic model and the viscoelastic changes of
the complex shear modulus (G’(t)w and G”(t)w). The kinetic model takes into account
the initiator (DCP) decomposition and the trapped PDMS macro-radicals in the
presence of a radical scavenger such as TEMPO. As a main result, the rheological
modelling shows that this new method accurately predicts the time variation of complex
shear modulus at any temperature and [TEMPO]/[DCP] ratio. Interestingly, addition of
TEMPO to the TPV novel composition provided the PA12/PDMS blend compatibilization
in the dynamic process and gives a new material having a controlled structure and
morphology. A better insight in understanding the blend composition and the

morphology development relationships is aimed at.
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............... (Then a ploughman said, "Speak to us of Work."

“Work is love made visible. And if you cannot work with love but only with distaste, it is
better that you should leave your work and sit at the gate of the temple and take alms of

those who work with joy. ”

And a man said, "Speak to us of Self-Knowledge."

Say not, "I have found the truth,” but rather, "I have found a truth." Say not, "I have
found the path of the soul." Say rather, "I have met the soul walking upon my path." For
the soul walks upon all paths. The soul walks not upon a line, neither does it grow like a

reed. The soul unfolds itself, like a lotus of countless petals.

Then said a teacher, "Speak to us of Teaching."

And he said: "No man can reveal to you aught but that which already lies half asleep in
the dawning of your knowledge. The teacher who walks in the shadow of the temple,
among his followers, gives not of his wisdom but rather of his faith and his lovingness. If
he is indeed wise he does not bid you enter the house of his wisdom, but rather leads
you to the threshold of your own mind. The astronomer may speak to you of his under
standing of space, but he cannot give you his under standing. The musician may sing to
you of the rhythm which is in all space, but he cannot give you the ear which arrests the
rhythm, nor the voice that echoes it. And he who is versed in the science of numbers

can tell of the regions of weight and measure, but he cannot conduct you thither. ")

Gibran Khalil Gibran (1883-1931), “The prophet”, 1923 United States.
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Introduction

1.1 The research programme

The investigations of this thesis have been carried out in the framework of “co-tutelle
of thesis” between the Claude Bernard Lyon 1 University (FRANCE) and the Laval
University (CANADA).

1.2 Aim of the project

In the case of free-radical crosslinking of rubbers and/or thermoplastics by organic
peroxide, scorching at high temperatures still a problem of major concern. This is the
main reason, which limits the applicability of peroxides-crosslinking, in spite of all their

potential benefits.

Therefore, the basic aim of the investigations described in this thesis is to find a novel
way to control free-radical crosslinking chemistry and topological parameters of final
networks such as the length of the network strands, functionality of cross-links, the
amounts of entanglements and dangling chains. Moreover, the PDMS will be
crosslinked by Dicumyl peroxide (DCP). The advantage of this free radical crosslinking
reaction that it is can be well controlled at the mixing step and at higher temperatures
using an appropriate inhibitor. Furthermore, addition of inhibitor to a new biphasic
material such as PA12/PDMS blend type TPV (Thermoplastic Vulcanizated) provided
the compatibilization in the dynamic process and gives a new material having a

controlled structure and morphology.



Chapter 1

Free radical
Crosslinking Control:

The state of the art

The present chapter introduces various topics and aspects which are relevant for the
work described in this thesis. Free radical crosslinking of polymers and the control at
high temperatures of this complex chemical process are reviewed in this chapter. The

PDMS rubbers and their typical end-use applications are also touched upon.
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1.1 Introduction

Rubbers exhibit large reversible deformabilities with distinctly low elastic modulus
which are incomparable in solid materials due to the entropic elasticity. Such unique
mechanical properties of rubbers originate from the network structure comprising long
and flexible polymer chains obtained by crosslinking reaction [1]. Furthermore,
crosslinking is an exothermic and irreversible chemical process, able to convert a
viscous entanglement of long-chain molecules of polymer into three-dimensional elastic
network [2]. Therefore, the mechanical properties of the networks are drastically
depending on the crosslinking mode [3]. One reason for that is the nature of the
chemical bonds formed between the chains and the functionality of the crosslinks [4].
The other is attributed to the several topological parameters such as the length of the
network strands, the distribution of crosslinks and defects in the amorphous network

structure [5].

1.2 PDMS Rubber

The polydimethylsiloxane (PDMS) is the basic silicone polymer with a backbone of
silicon-oxygen linkages and two methyl groups on each silicon. PDMS is known as one
of the most flexible polymers [6]. The high flexibility of PDMS originates from the
structural features of the Si—O bonds; they have a longer bond length, larger bond angle,
and significantly lower torsional potential than C-C bonds. This leads to a very low
glass transition temperature (-120C) for PDMS [7].

In addition, the polysiloxane molecules can be tailor-made by the chemist to optimise
some properties required by particular applications. Furthermore, the basic polymer
properties are modified by replacing minor amounts of the methyl substituents with
phenyls and/or vinyls. Phenyl groups improve low temperature flexibility without
sacrificing high temperature properties [8]. The incorporation of vinyl groups (less than 1
mol %) as lateral chemical groups in VMQ significantly increases the crosslinking

efficiency with organic peroxides resulting in elastomers with low compression set and
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improved hot oil resistance as compared to polydimethylsiloxanes (MQ) [9]. The vinyl
sites can be placed at predetermined selected positions within the polymer molecules
so that the chemical crosslinks of the network can be controlled. This in turn influences
the mechanical behaviour in beneficial ways such as allowing tougher products to be

made.

Of the available silicone elastomers, methyl silicone (MQ), methyl-vinyl silicone (VMQ),
methyl-phenylsilicone (PMQ), methyl-phenyl-vinyl silicone (PVMQ), and fluoro-vinyl-
methyl silicone (FVMQ); the methyl-vinyl types are most widely used. Depending on the
chemical side groups in polysiloxane, silicone rubbers as classified by ASTM D1418

[10] are shown in Figure 1.

Type Structure ASTM D1418 Classification 8]
Dimethyls {ClH._ Cll'l-: CI|-| : MQ
-0- Sli—(} - Si—ﬂ — 5i—0—

|
CH, CH, CH,

Methyl vinyls fClHj clH . CH, VMQ
-D—Elu-'.:} - E.Ii—:l - |Si—c:|—

CH, CH, CH=CH,

Methyl phenyl vinvls CH, CH, CH, PVMQ

-D-Sli-':l —‘_li—D—li—O-
Cl_,.H._ CH, c#l:cru:?
Methyl vinyls CH, CH, CH, FVMQ

fluoroalkyls

¥ ~0-5i-0 — Si—0 — Si—0—
(Fluorosilicone) | | |

Figure 1. Type and structure of silicones
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The use of vinyl groups in PDMS rubber opened the door for new applications requiring
improved performance and long-term reliability [11]. These features of PDMS are

beneficial for fundamental studies of the free radical crosslinking control.

The unique balance of mechanical and chemical properties of PDMS rubber have

already given it a good position in the market place due to its:

* High temperature resistance,

» Low temperature flexibility,

» Excellent electrical and thermal insulation properties,

» Excellent mechanical properties over a wide range of temperature, and

» Excellent bio-compatibility and chemical inertness.

Therefore, they are used for the production of seals in the automotive and aerospace
industry, packaging in the food industry and implants and devices for medical purposes
[12].

1.3 Characteristics of crosslinking by organic peroxide

The most important characteristics of crosslinking peroxide are its crosslinking
efficiency, f, and its decomposition rate, which is generally expressed by half-life time
(t12) at a particular temperature. The crosslinking efficiency of peroxide is defined as the
number of moles of chemical crosslinks formed per mole of reacted peroxide. The
efficiency of the total crosslinking reaction depends mainly on the type of peroxide and
polymer radicals formed during the process. The relationship between peroxide

structure and crosslinking efficiency has been described by Endstra [13].

The half-life time is the time required for one half of the molecules of a given amount of
peroxide to decompose at a certain temperature. Commonly, the half-life time is

determined by differential scanning calorimetry-thermal activity monitoring (DSC-TAM)
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of a dilute solution of the peroxide in monochlorobenzene [14]. The dependence of the

half-life time on temperature can theoretically be described by an Arrhenius equation

[15]:
kg = AgexpE,/ RT)

(= Ln(2)
1/2 kd

where, kq = rate constant for the peroxide decomposition (s™)
Ao = the collision frequency factor (s™)

E. = activation energy for the peroxide decomposition (J.mol™)
R = 8.3142, gas constant, (J.mol™*.K™)

T = temperature (K) and

ty2 = half-life time (s)

1)

(2)

2500 - . .

2000 -

1500 1

i (S)

~ 41000 -

500 1

0 . .
140 160 180 200

Temperature (°C)

220

Figure 2. Temperature effect on the half-time ty,
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With: Ao = 7.47 x 10" s and E, = 153.5 kJ.mol™ for the dicumyl peroxide (DCP) [16].

At higher temperatures (T=200C) the thermal decomp osition of DCP is fast according
to high activation energy (Figure 2). Indeed, according to Equation 2, t1,(T=140C)=
2411s and ty»(T=200C)= 8s.

1.4 Free radical crosslinking of PDMS

PDMS productions have increased drastically since their discovery in the late 1940s
because of their unique properties [17]. Typically PDMS are produced as linear
macromolecules, which are later crosslinked to get elastomeric materials. Since the
discovery of Wright and Oliver [18] in 1948, the main process to realize such a
transformation involves the decomposition of peroxides in linear PDMS. To achieve this
process, a number of peroxide types and formulations were developed, which overcame
the drawbacks in thermal stability, crosslinking efficiency and handling and safety
aspects of the few existing peroxide types [19]. However, the performance and level of
each peroxide in a particular compound will depend on its decomposition temperature,
level of peroxide used in composition, percentage of active oxygen, half-life and so on
[20]. Generally, the higher the active oxygen in the peroxide, the lower the amount
required to be added in the compound formulation and vice versa.

The most frequently used peroxides (Figure 3) bis-2,4-dichlorobenzoyl peroxide (CIBP),
dicumyl peroxide (DCP) and 2,5-dimethyl-2,5-bis-(tert-butylperoxy)hexane (DBPH) are
classified in two families [21] according to their ability to crosslink just vinyl groups
(called ‘vinyl' specific peroxides) or both methyl and vinyl groups (called ‘general
purpose’ peroxides) [22]. The dialkyl peroxides, e.g., dicumyl peroxide, fall into the
former category, while the diaroyl peroxides such as benzoyl peroxide fall in the latter
category [23]. These peroxides generate acidic decomposition products, and a relatively

long post-cure treatment is required for thick-sectioned articles.
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H,c” ~0—0" “CH, @in—nj\g
Diacyl peroxide Dibenzoyl peroxide
H! H:! HS HE
H,C——0—0——CH, 0-0
H, H, H, H,
Di-t-butyl peroxide Dicumyl peroxide
CH, CH, CH, CH,
HHC+D ~ G_I_E_H+0_0+GHE
z 2
CH, CH, CH, CH,
2,5-Bis(tert-butylperoxy)-2,5 dimethyl hexane

Figure 3. Structures of organic peroxides [24]

The ‘vinyl specific’ peroxides are not acidic, and as a result, post-cure treatment is
relatively short or even not done at all. Thus, for the vinyl specific peroxides, satisfactory
cure density is obtained in vinyl containing silicone rubber (150-200C) [25]. For vinyl
containing polymers, the free radical adds to the vinyl group, while in the case of the
methyl group, a hydrogen atom is abstracted, leaving the free radical attachment to the
silicone [26].

1.5 Mechanism of the PDMS free radical crosslinking

The crosslinking process is based on the fact that the polymeric radicals generated by

the peroxide combine to form carbon-carbon bonds [27]. Different mechanisms have
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been proposed to explain the ‘peroxidic’ crosslinking of the PDMS [28]. In particular,

Dluzneski [29] attributed the difference of reactivity of these two families cited above, to

the inability of alkoxy radicals to abstract a hydrogen from a methyl of the PDMS for

thermodynamic reasons. Therefore, the presence of vinyl functional groups in the

polymer chain enables the free-radical cross-linking of PDMS by dialkyl peroxides [30].

DCP Thermal Decomposition :

CHs CHz
O —%@
(|3H3 CH3z

'AT

CH,

Crosslinking Mechanism :

CH,
(|3H3 \ (!H
Ol -ep—
CH, ( (I:H:i
Or
CH; )
R
tHy
.(i:H
2X (O_Ti_)- —_—
CHy

| o beta
| “scission

Acetophenone

o)
. I
CHy + C—CH,

R
(::H2 *CH,
°(|3H Or c|:H—R
O—Ti—)— (0—|Ti—}
CHs CHj

:STEP 1

: STEP 2

: STEP 3

Figure 4. DCP decomposition and free-radical crosslinking mechanism of vinyl-PDMS
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In this case, the generated peroxide radicals initiate cross-linking by addition to the
double bonds [31].

The different steps of this chemical mechanism are shown in Figure 4. The initiation
step in DCP-induced crosslinking is the thermal decomposition of the initiator to give
two cumyloxyl free-radicals (step 1). Therefore, next step is the addition of cumyloxyl
radicals to a double bond of the polymer molecule (step 2). Two of these polymeric
radicals then combine to form a cross-link that is a more stable bond (higher bonding
energy 347 kJ.mol™") with superior heat aging and oxidation resistance (step 3) [32].
Sometimes, undesired side reactions like disproportionation or 3-chain scission can also

take place during the crosslinking process, also shown in Figure 4.

10° . . . .
—_ 105 4
©
=
O 104-
£
=
©
2 10° 1
i e T=440 0
| Gel Time L
A
0 10 20 30 40 50
Time (min)

Figure 5. Radical crosslinking of vinyl-PDMS initiated by 36 mol.m™ of DCP. Variation
of the storage G’ and loss G" modulus versus reaction time. T=140C and w=1rad. s*
[33]
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From a rheological point of view, during the initial stages of the PDMS crosslinking,
branched molecules of widely distribution sizes and of various architectures are formed
[34]. Their average molecular weight increases with increasing extent of the crosslinking
density (v). The system reaches its gel point (Gp) at a critical extent of reaction at witch
either the weight average molecular weight diverges to infinity (infinite sample) or a first
macromolecular cluster extends across the entire sample (finite sample size) [35].
Consequently, the system loses its solubility, the steady-shear viscosity diverges to
infinity, and the equilibrium modulus starts to rise to finite value. The newly formed
macroscopic network structure starts to coexist with the remaining branched molecules
which are not yet attached. Beyond Gp, the network stiffness continues to increase
steadily with increasing crosslink density until the system reaches completion of the

chemical reaction, showed in Figure 5.

1.6 Free radical Crosslinking Control: Fundamentals Aspects

1.6.1 Scorch delay in free radical crosslinking

Typically, free radical crosslinking of rubbers and thermoplastics shows an increase
in Young’s modulus, the resulting cured materials should have a good compression set
and high processing temperature [36]. However, one difficulty in using thermally
activated free radical initiators, such as organic peroxides, is scorching [37] during
compounding and/or processing prior to the actual phase in the overall process in which
curing is desired. Premature crosslinking, which is called, scorching, usually occurs in a
mold, autoclave or die head of the extruder in which the compositions containing
peroxide is being processed, at elevated temperatures [38]. High temperatures leads to
the partial decomposition of peroxide, thus inducing to the imperfections in the form
(inhomogeneity) and roughness in the surface of the final product caused by gel
particles in the body of the crosslinked product [39]. In addition, excessive scorching
may cause enough of pressure build-up in the process device to require a cessation of

the processing operation entirely. Thus, control of crosslinking reaction cannot be

19



overemphasized. To overcome this disadvantage, several solutions have been

proposed have been discussed and reviewed in literature [40].

For scorch delay, one widely accepted method for minimizing scorch is to choose a free
radical initiator that has a sufficiently high activation temperature so that compounding
and/or other processing steps can be successfully completed prior to the final curing
step [41]. Typical of this class of initiators are those with a high 10-hour half-life
temperature. The disadvantages of this method are longer cure times, and thus lower
throughput. Another method of minimizing scorch is to lower the compounding and/or
processing temperature to improve the scorch safety margin of the crosslinking agent.
This method, however, may have limited scope depending upon the polymer and/or
process involved. In addition, here too curing at a lower temperature requires a longer
cure time and results in lower throughput. Lower temperatures can also increase the
viscosity of the material which in turn can make mixing more difficult, and can increase

the risk of running up against the cristallisation point of the polymer [42].

1.6.2 Nitroxides: How They Work

Since 1980 several researchers [43] have introduced a new concept in the field of
free radical polymerization which can be called the "living character”. To achieve such a
"living character" the classical termination (disproportion or combination) and side
reactions such as transfers must be inhibited while, of course, the propagation is still
occurring. This concept is based on the thermally labile bond in the N-alkoxyamine,
formed between the growing polymer chain and the nitroxide (Figure 6). The controlled
free radical polymerization as first introduced by Otsu et al. [44] is an established way to
prepare polymers with a narrow molecular weight distribution and block copolymer

structure.

It is well documented that carbon-centered radicals can be effectively trapped by free

radical species such as molecular oxygen [45] or nitric oxide [46], with rate constants
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near the diffusion controlled limit, i.e., beyond 10° M*.s™. By way of contrast, the
recombination rates with persistent sterically hindered organic nitroxides are
significantly slower. The kinetic behavior of carbon-centered radicals (R") with 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) has been studied in quite some detail [47]. The
variation in rate constants can be associated with the structure of (R"), ranging from 10°
(1-nonyl) to as low as 10° M™.s™ for sterically hindered species such as triphenylmethyl.
The reversible thermal bond homolysis the chain-propagating carbon centered radical is
released allowing the addition of the next monomer to the chain. At the same time, the

radical concentration is kept low, preventing random termination.

7(% ] ;

TEMPO H-TEMPO TEMPON

m o Vo k@)

TEMPAMINE TEMPOL-benzoat

Figure 6. Structural formula of different piperidine Nitroxides [48]

In 1986, Solomon et al. [49] used nitroxides as stable free radicals in order to react
reversibly with the growing polymeric chain. Since nitroxides cannot initiate the
polymerization an initiator was needed to start the polymerization. Furthermore, the

polymers obtained exhibit a narrow polymolecularity: this is due to high rate constants of
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the coupling reaction between a nitroxide radical and the corresponding intermediate

polymeric radical [50].

The general mechanism of Nitroxyl-mediated free radical polymerization (NMP) is
shown in Figure 7. The key to the success is a reversible thermal C-O-bond cleavage of
a polymeric alkoxyamine to generate the corresponding polymeric radical and a
nitroxide. Monomer insertion with subsequent nitroxide trapping leads to chain-extended
polymeric alkoxyamine. The whole process is controlled by the so called Persistent
Radical Effect (PRE) [51]. The PRE is a general principle that explains the highly
specific formation of the cross-coupling product (R*-R?) between two radicals R* and R?
when one species is persistent (in NMP the nitroxide) and the other transient (in NMP
the polymeric radical), and the two radicals are formed at equal rates (guaranteed in
NMP by thermal C-O-bond homolysis). The initial build up in concentration of the
persistent nitroxide, caused by the self termination of the transient polymeric radical,
steers the reaction subsequently to follow a single pathway, namely the coupling of the

nitroxide with the polymeric radical.
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Figure 7. Mechanism of NMP [52]

First, nitroxide mediated polymerizations of styrene were conducted using conventional

free radical initiators in the presence of free nitroxide and monomer [53]. The TEMPO
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radical was used as the nitroxide component in these initial studies. The alkoxyamine is
formed in situ during the polymerization process. Based on the mechanism depicted in
Figure 7 it is obvious that the equilibrium constant K between the dormant alkoxyamine
and the polymeric radical and nitroxide is a key parameter of the polymerization process.
The equilibrium constant K is defined as kq/k: (kq = rate constant for alkoxyamine C-O-
bond homolysis; k. = rate constant for trapping of the polymeric radical with the given
nitroxide). Various parameters such as steric effects, H-bonding and polar effects
influence the K-value [54]. Solomon and al. [55] demonstrate that at the low
temperatures typically associated with standard free radical polymerizations (40-60C);
TEMPO reacted at near diffusion controlled rates with carbon-centered free radicals,
generated from the addition of initiating radicals to vinyl monomers. The resulting
alkoxyamine derivatives were essentially stable at these temperatures, thus acting as

radical traps.

In addition, the nitroxide radicals have been used for the inhibition of the peroxidative
processes [56]. All radicals taking part in this process may be inactivated by coupling

reactions with the nitroxide radicals.

N—O + R’

Figure 8. Formation of alkoxyamines

These reactions have very low activation energies therefore their rates are almost
diffusion controlled [57]. Nitroxide radicals can deactivate radicals also through this

mechanism thereby acting as chain-breaking antioxidants. These compounds, similarly
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to phenoxy radicals, are very unreactive towards non-radical molecules, but they react
with carbon-centred radicals leading to the formation of alkoxyamines as shown in

Figure 8 for TEMPO, one of the most widely studied aliphatic nitroxides.

1.6.3 Nitroxides for free radical crosslinking control

The control of macromolecular structure has recently become an important facet of
polymer science from both an academic and an industrial viewpoint. This interest is
governed by the realization that control of macromolecular architecture can lead to the
development of new polymeric materials with improved and/or new mechanical and
physical properties. The control of free radical crosslinking reaction provides the
mechanism to fabricate rubbers and/or thermoplastics with a rich variety of topological
characteristics.

Recently, Chaudhary et al. [58] showed that the reaction of carbon-centered radicals
with nitroxides and its derivatives can be a novel means for scorch delay and cure
control in peroxide crosslinking of polyethylene thermoplastic. Moreover, TEMPO
derivatives having functional groups (such as hydroxyl) may be used to introduce
desired attributes into the polymer. The results show that when the 4-hydroxy TEMPO
(h-TEMPO) derivative is used for scorch suppression in peroxide crosslinking of
polyethylene, there may be a loss in ultimate degree of crosslinking. However, stable
organic free radicals comprising more than one nitroxyl not only suppress scorch, but
also enhance the ultimate degree of crosslinking. Furthermore, the addition of 0.25 wt%
of bis(1-oxyl-2,2,6,6-tetramethylpiperidine-4-yl)sebacate (bis-TEMPQO) resulted in
increased scorch at 140C and increased cure at 182 C, in contrast to the use of h-
TEMPO. However, increasing the amount of bis-TEMPO from 0.25 to 1 wt% resulted in
decreased rate and degree of crosslinking at both 140 and 182<C. The gel contents of
the samples crosslinked at 182<C were as follows, and generally increased with higher
ultimate torque: 78 wt% gels without bis-TEMPO; 84 wt% gels with 0.25 wt% bis-
TEMPO; 80 wt% gels with 0.5 wt% bis-TEMPO; and 74 wt% gels with 1 wt% bis-
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TEMPO. It is hypothesized that one end of bis-TEMPO molecules first trapped polymer
radicals (as well as methyl radicals from peroxide decomposition) followed by radical-
trapping with the pendant nitroxyls. At low concentrations of bis-TEMPO, the pendant
nitroxyls were used efficiently, resulting in increased crosslinking of the polymer. At
increased concentrations of bis-TEMPO, the mobility of the polymer-bound nitroxyl was
restricted such that radical trapping was increasingly due to the “free” bis-TEMPO, with
the pendant nitroxyls being used less efficiently, there by resulting in decreased
crosslinking (compared with 0.25 wt% bis-TEMPO). Be that as it may, the use of 1 wt%
bis-TEMPO still yielded the desired combination of fast and high degree of crosslinking
at 182, and increased scorch protection at 140C (unlike h-TEMPO). It is possible
that the amount of peroxide could be decreased in combination with 1 wt% bis-TEMPO,
in order to achieve a fixed degree of crosslinking, which in turn would further enhance

scorch protection at 140<C.

In addition, a model study in hexadecane was conducted to understand the mechanism
of TEMPO effect on free radical crosslinking of LDPE. Figure 9 showed that the
mechanism involves the selectivity of TEMPO for radical termination with carbon-
centered radicals formed after peroxide homolysis and propagation steps before
peroxide-initiated crosslinking. The build up of radical concentration is controlled
through the introduction of the nitroxyls, which are able to trap the early forming radicals
from the peroxide, such as methyl radical. Theoretically, alkyl radical concentrations are
kept low by the TEMPO and propagation is stopped before crosslinking can occur.

Once the TEMPO is consumed, crosslinking proceeds as usual.

Likewise, Robert [59] described in his patent a process for grafting a functional
monomer, in particular maleic anhydride, onto a thermoplastic polymer in presence of a
nitroxide such as TEMPO, the role of which is to avoid crosslinking during the grafting
operation. Moreover, Debaud et al. [60] relates to scorch prevention and, more
specifically, to a composition which comprises a nitroxide and organic peroxide and
which can be used to delay scorching prior to crosslinking of ethylene-propylene-diene
terpolymer (EPDM rubber).
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Figure 9. Reactions of TEMPO in the presence of DCP and an alkane substrate.

1.6.4 Stability of the Alkoxyamine

The thermal stability of bonds formed between the nitroxyl and carbon-centered
radicals has been studied extensively in model systems [61]. The results presented in
the Chaudhary et al. [58] studies indicate that primary and secondary alkoxyamines
should be robust enough to withstand processing and testing conditions at elevated
temperatures for many hours to several days or longer, such that the integrity of grafts

to primary and secondary polymeryl carbons will be maintained. In contrast, grafts to
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tertiary carbons are predicted to be unstable with respect to alkene elimination and this
reaction will occur relatively rapidly under testing/processing conditions. Thus, the
fraction of grafts that occur to tertiary positions will be important in determining the
thermal stability of the alkoxyamine. The primary/secondary/tertiary selectivity will be
strongly dependent on the relative abundance of each type of C-H bond (statistics) as
well as the choice of peroxide used. For polymers with low branching, stable TEMPO
grafts should still be possible. Since tertiary C-H bonds are the weakest, increasing
“selectivity” will enhance the fraction of tertiary-centered grafts. Using an unselective
peroxide (e.g., a fast-acting one that acts mostly through oxy radicals) and polymers,
which are statistically biased toward primary and secondary hydrogen abstraction, may

be beneficial.

1.7 Summary and considerations for our research plan

This survey of the available literature reveals that free-radical crosslinking of rubbers
and/or thermoplastics by organic peroxide suffer from premature crosslinking at high
temperatures. High temperatures lead to the faster decomposition of peroxide. Indeed,
several solutions have been discussed in literature to prevent scorching. Nevertheless,
the control of free-radical crosslinking of the PDMS rubber materials has never been
resolved. Consequently, the molecular understanding of the network topology—
crosslinking kinetics relationships still remains incompletely understood. This is primarily
because conventional rubbers formed by random cross-linking methods have very
obscure structure with a broad network strand length distribution and an unknown
number of dangling chains [62]. The ultimate objective of this part is to find a novel way
to control free-radical crosslinking chemistry and topological parameters of final
networks such as the length of the network strands, functionality of cross-links, the
amounts of entanglements and dangling chains. Moreover, the PDMS will be
crosslinked by Dicumyl peroxide (DCP). The advantage of this free radical crosslinking
reaction that it is can be well controlled at the mixing step and at higher temperatures

using an appropriate inhibitor. Furthermore, addition of inhibitor to a new biphasic
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material such as PA12/PDMS blend type TPV (Thermoplastic Vulcanizated) provided
the compatibilization in the dynamic process and gives a new material having a

controlled structure and morphology.

While TEMPO has been extensively studied as an initiator for living free radical
polymerizations, the use of TEMPO to control free radical crosslinking and that control
of macromolecular architecture to the development of new biphasic polymeric materials
with improved and/or new mechanical and physical properties has never been studied.
Based on these conclusions, the original research described in this thesis will basically

focus on:

1- Exploring the potentiality of TEMPO nitroxide in cross-Linking control of PDMS
rubber at high temperatures (Chapter Il)

2- An experimental and modelling study of rheological behaviour of the free-radical
crosslinking of PDMS rubber in the presence of TEMPO nitroxide (Chapter III)

3- To observe the effects of novel composition like DCP/TEMPO, Lotader and Silica

nanoparticles to influence the crosslinking, compatibilization and morphology
development of new TPV based on PA12/PDMS reactive blends (Chapter 1V)
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Chapter 2

Crosslinking Control of PDMS
Rubber at High Temperatures Using
TEMPO Nitroxide

ABSTRACT:

A novel composition using 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) and dicumyl
peroxide (DCP) for scorch delay and control of the final network topology of
polydimethylvinylmethylsiloxane (vinyl-PDMS) at high temperatures has been proposed.
The evolution of linear viscoelasticity during crosslinking reaction was carried out on
parallel plate geometry rheometer. The rubber was cross-linked with different ratios of
[TEMPOJ/[DCP] in order to control scorch time, which is defined as the time during
which the PDMS rubber can be worked at a given temperature before cross-linking
begins (i.e., the time at which the complex shear modulus suddenly increases). We
showed that scorch delay increases according to the amount of TEMPO acting as an
inhibitor. Nuclear magnetic resonance spectroscopy (*H NMR) has been used to
investigate the effect of TEMPO. This study reveals that the delayed action is the result
of a TEMPO-grafted polymer action formed by reaction between TEMPO and polymer
radicals. Furthermore, polymeric radicals are rapidly trapped by a grafting reaction
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before they are able to form cross-links. The cross-linking density (v) and the number of
junctions (u) have been obtained from the phenomenological network model of Langley
and Dossin and Graessley. In addition, a differential scanning calorimeter (DSC) was
used to characterize the cross-linking reaction. Specific heat data show two exothermic
reactions. These reactions may be associated on one hand to the decomposition of
DCP and TEMPO grafting in vinyl-PDMS and on the other hand to the C-C covalent
bonds creation. The DSC results indicate that the variation of scorch time with the
[TEMPOJ/[DCP] ratio is in reasonable agreement with those obtained from rheological
measurements. Finally, an original method based on DSC experiments was derived to
estimate the density of chemical junctions in PDMS networks. This method is based on
the balance between the enthalpy of created crosslinked bonds and the standard
enthalpy for one covalent carbon-carbon bond. Interestingly, predicted numbers of

chemical junctions are in close agreement with those calculated using viscoelastic data.

This chapter 2 was published in Macromolecules 2009, 42, 8460-8467
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1. Introduction

PDMS rubbers or silicone products maintain its mechanical and electrical properties
over a wide range of temperatures [1]. They are used for the production of seals in the
automotive and aerospace industry, implants and devices for medical purposes, and
packaging in the food industry [2]. PDMS rubbers are made by crosslinking
functionalized polydimethylsiloxane. Commonly, a major curing mechanism frequently
used for PDMS is the generation of polymer radicals through the use of organic
peroxides that subsequently combine to form carbon-carbon bonds [3]. This exothermic
and irreversible chemical process converts a viscous entanglement of long-chain
molecules of polymer into three-dimensional elastic network [4]. The most frequently
used organic peroxides are dialkyl peroxides, such as dicumyl peroxide. Different
mechanisms have been proposed to explain the crosslinking of the PDMS by dialkyl
peroxides [5]. Dluzneski has proved the inability of alkoxy radicals to abstract hydrogen
from a methyl of the PDMS for thermodynamic reasons [6]. Therefore, the presence of
vinyl functional groups in the polymer chain enables the free-radical crosslinking of
PDMS [7]. In this case, the generated peroxide radicals initiate crosslinking by addition

to the double bonds [8]. With this curing mode stable carbon—carbon bonds are formed

[9].

Typically, peroxide-cured PDMS rubbers shows an increase in Young’s modulus, the
resulting cured rubber should have a good compression set and high processing
temperature [10]. However, free-radical crosslinking by peroxide suffers from premature
cross-linking at high temperatures, which is called scorching [11]. High temperatures
leads to the partial decomposition of peroxide, thus inducing to the imperfections in the
form (inhomogeneity) and roughness in the surface of the final product caused by gel
particles in the body of the cross-linked product [12]. Thus, control of crosslinking
reaction cannot be overemphasized. Delayed mechanisms and reactions kinetics have
been discussed and reviewed in literature [13]. In his patent, Robert [14] described a
process for grafting a functional monomer, in particular maleic anhydride, onto a

thermoplastic polymer in presence of a nitroxide such as TEMPO, the role of which is to
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avoid crosslinking during the grafting operation. It should be noted that nitroxides are
mostly used like stable free radicals in the controlled radical polymerization [15].
Nitroxyl-mediated free radical polymerization (NMP) techniques are valued for their
reported ability to prepare polymers with a narrow molecular weight distribution [16] and
block copolymer structure [17]. Solomon and al. [18] demonstrate that at the low
temperatures typically associated with standard free radical polymerizations (40-60<C)
TEMPO reacted at near diffusion-controlled rates with carbon-centered free radicals,
generated from the addition of initiating radicals to vinyl monomers. The resulting
alkoxyamine derivatives were essentially stable at these temperatures, thus acting as
radical traps.

Recently, Chaudhary et al. [19] showed that the reaction of carbon-centered radicals
with nitroxides and its derivatives can be a novel means for scorch time and cure control
in peroxide cross-linking of polyethylene thermoplastics. Although, several solutions
have been proposed in the literature to control scorching and cure process of
thermoplastics. In contrast, control of free-radical cross-linking of rubber materials has
never been discussed. Consequently, the molecular understanding of the network
topology—crosslinking kinetics relationships still remains incompletely understood. This
is primarily because conventional elastomers formed by random cross-linking methods
have very obscure structure with a broad network strand length distribution and an

unknown number of dangling chains [20].

The ultimate objective of this work is to propose a novel way using of nitroxides to
control free-radical cross-linking chemistry and topological parameters of final networks
such as the length of the network strands, functionality of cross-links, the amounts of
entanglements, and dangling chains. A complete investigation about the effect of

TEMPO in this free-radical mechanism is described in this paper.

2. Experimental materials and procedures
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PDMS. PDMS of high molecular weight (PDMS gum) from ABCR was used. The

number-average ( M » =300,00@ mol * ) and weight-average

(MW =650,00@ mol *) were determined by size exclusion chromatography (SEC).

This PDMS contains 0.2% mol of vinyl groups. The molar weight of molecular segment

between two consecutive reactive sites, i.e. between two vinyl sites, is therefore

M, = 37000g.mol 1.

Free-Radical Crosslinking. Dicumyl peroxide (DCP, M =270g mol ™) was used as

the free-radical initiator of the crosslinking reaction, and the nitroxide 2,2,6,6-
tetramethylpiperidinyloxyl (TEMPO, M =156g mol _1) was used as the scorch reactant.

Both products were purchased from Aldrich and used without any further purification. All
experiments were carried out with an identical concentration in DCP: [DCP]=36 mol.m™.
The concentration of TEMPO was calculated in order to have the following molar ratios
(r=[TEMPO]/[DCP)): r=1.2, 1.6, 1.8, 2 and 2.4.

Rheological Measurements. The rheological experiments were carried out on a
rheometrics mechanical spectrometer (RMS800) using a parallel-plate geometry
(R=12.5 mm). The parallel plate system was preheated at the temperature of the
experiment. Then, the sample was put between the plates once the temperature of
regulation was reached. The rheological kinetics of cross-linking were carried out in real
time at only one pulsation (w=1 rad.s™) and at different temperatures T=140, 160, 180
and 200 . At the end of this crosslinking process, a frequency sweep experiment (10°

2<w (rad s1)<10% was performed on the same sample at the same temperature to
determine the equilibrium modulus (Ge:Li)moG'(aJ) ). In all experiments, sample
response linearity with respect to strain amplitude was verified, and nitrogen gas was
used to prevent thermal oxidation. In this type of experiment, we assumed that DCP and

TEMPO were perfectly dispersed in molten polymer at a molecular scale (homogeneous

conditions of reaction).
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Network Characterization. The PDMS network was characterized by the soluble
fraction ( &s ) only. Tetrahydrofuran (THF) was used as good solvent at room

temperature. Specimens taken from the vulcanized sheet were immersed in THF for 72
h at 25 C. Swollen samples at equilibrium were tak en out from the solvent, blotted with
filter paper, and weighed immediately. Samples were subsequently dried in a vacuum
oven for 24 h at 70 € and reweighed. The soluble fraction was then be directly

measured.

Dynamic Scanning Calorimetry (DSC). Differential scanning calorimeter equipment
manufactured by TA Instruments (Q100 system), equipped with Sealed aluminium pans,
was used to measure the heat of crosslinking reactions. The mass of the samples
ranged from 20 to 23 mg. A sealed empty pan was used as a reference. The total heats
of reactions were obtained from isothermal conditions (T=160 ) or nonisothermal

method (Heating rate: T = 2.5°C.min*). All experiments were performed under nitrogen

purge.

NMR. As previously explained, samples with different molar ratio [TEMPO]/[DCP]) were
prepared at 160 € in a rheometer oven. First of al |, uncrosslinked samples (i.e samples
totally soluble) cured up to the scorch time were characterized. The stability of the
TEMPO-polymer graft was studied by analysis of the soluble fraction of cross-linked
sample obtained at the end of the crosslinking reaction. All these samples were
dissolved in Chloroform (CHCI3) for 24 h at 25 €. *H NMR study was performed at

room temperature. Spectra were obtained with an ALS Bruker 300 MHz spectrometer.

Thermogravimetry coupled Gas Chromatogrphy/Mass spectroscopy ( TGA-
GC/MS). TGA coupled with Gas chromatography—mass spectrometry (GC-MS) was
performed with an Agilent 6890 series GC system equipped with an HP-5 ms (5%
phenyl)methylpolysiloxane, ref 19091S-433. Injection and detection by MS were carried

out at 200 . The degradation was measured from th e TGA results.
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3. Results and discussion
3.1. Rheology
Cross-linking of vinyl-PDMS by organic peroxide is believed to be achieved via a

free-radical mechanism, which involves three key steps as shown in Figure 1: (Step 1)

the generation of two cumyloxy radicals by thermal decomposition of the peroxide,
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Figure 1. DCP decomposition and free-radical cross-linking mechanisms of vinyl-PDMS.
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(Step 2) cumyloxyl radicals attack the unsaturated pendant groups (vinyls) in the
polymer chain via addition reaction to generate polymer radicals, and (Step 3) the
polymer radicals produced are quite reactive, so that they can add to another polymer
radicals to form a covalent carbon—carbon crosslink. As a result, the molecular chain
mobility is strongly affected and the storage and loss moduli increase with time as
shown in Figure 2 for T=140 C. At a particular point, the storage and loss moduli cross
each other. It was shown [21] that the gel point of a crosslinking polymer coincides with
the G’-G” crossover only if the power law on both storage and loss moduli followed the
power law G'0G"0w" with n=1/2. According to our previous results, it can be assumed
in the present study that the crossover between G'(t) and G"(t) defines the gel point of a
network based on polymer precursor of high molecular weight. In other words, we admit
the storage and loss moduli are equal over the whole spectrum of frequencies and
proportional to the square of the frequency. Reaching this critical point, named gel point,
the PDMS chains form a three dimensional network. Above the gel point, the density of
the network increases and the storage modulus reaches a steady-state value (Ge= 2.6 X
10° Pa) corresponding to the end of the cross-linking reaction. Interestingly, the loss

modulus passes through a maximum (just above the gel point) and decreases to a

G" -3
constant value (tand = o = 8.¢10 ). A possible explanation of this behavior stands from

the fact that, thanks to the crosslinking reaction, high molar masses polymers are first
formed which results in increases of both the storage and loss moduli. However, beyond

the gel point, the increase of the elasticity is the leading factor, and the network tends to

be more and more perfect so that taNO decreases with higher density network to

finally reach an equilibrium value.

At higher temperatures (T=160 ) the thermal decom position of DCP is fast according
to the high-energy activation of DCP decomposition (E=156 kJ.mol™). Therefore, the
curves at these temperatures cannot capture the initial stage of cross-linking (gelation
process) as one part of DCP is already decomposed during the preparation of the

sample between the plates of the rheometer, estimated to be around 30 s.

39



108 - . . .
G
— 105 { —e— T=140°C ]
<
B g0 _
- ! %
© 108 : —»— T=160°C .
= Gel Time
102 : - - . .
0 10 20 30 40 50
Time (min)

Figure 2. Radical cross-linking of vinyl-PDMS initiated by 36 mol.m™ of DCP. Variation

of the storage G’ and loss G" modulus vs reaction time. T=140 and 160 €. w=1rad. s™.

However, it can be qualitatively observed that the same cross-link density has been
obtained after reaction completion. According to our previous works [22] the present
work shows that the efficiency of DCP does not depend on temperature, at least for
temperature lower than 160 . Obviously, it is clear that the time needed by the

modulus to reach a plateau gets longer as the temperature is lower (Kinetic effect).

The influence of the TEMPO concentration, via the ratio r=[TEMPO]/[DCP], on scorch
time and crosslinking density of PDMS network is shown in Figure 3a,b. From a
qualitative point of view, Figure 3a (r=1.8 for illustrative example) shows that the cross-
linking process is delayed by few minutes. The scorch time is defined in Figure 3b as
the time at which the storage modulus suddenly increases. At 160 °C, the addition of
TEMPO results in an increase of the scorch time from 7.2 min (r = 1.2) to 16.9 min (r=

2.0). Surprisingly, the cross-linking reaction is totally inhibited at higher amount of
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TEMPO (r = 2.4). Although the scorch mechanism has been reported in the literature
[19, 23], such quantitative experiments from TEMPO addition have been never shown in

literature.
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Figure 3a. Variation of the storage and loss modus at the following ratio: r = 0, 1.8 and
2.4

According to a free radical crosslinking mechanism, it can be hypothesized that
crosslinking delay is the result of a TEMPO-grafted polymer action formed by reaction
between TEMPO and the polymer radical. Furthermore, polymeric radicals are rapidly
trapped by a grafting reaction with TEMPO before they are able to form crosslinks by
combination. NMR techniques were employed to clarify chemical bond formation
involved during PDMS crosslinking controlled by TEMPO. Figure 4 compares the NMR
spectrum of virgin PDMS (Figure 4a) and reactive samples (Figure 4b,c). Reactive

sample (Figure 4b) has been obtained upon the following reactive conditions between
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the plates of the rheometer: r = 1.8, curing time= 15 min. From Figure 3a,b (T=160C)

this sample has not reached its gel point and is still soluble.
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Figure 3b. Variation of the storage modulus (r =0, 1.2, 1.6, 1.8, 2 and 2.4). Definition of

the scorch time.

Finally, Figure 4c shows the NMR spectrum of the soluble fraction of the same sample
(r = 1.8) but cross-linked in a Rheometer for 30min. The *H spectrum of the virgin
PDMS sample (Figure 4a) exhibits the expected signals at 7.2 ppm of the chloroform
(CHCI3) and 0 ppm of the tetramethylsilane (TMS). The chemical shifts at 0.2 and 0.8
ppm can be assigned to Si-CHj; resonance. The strong peak at 1.5 ppm shows the
presence of water residue in the sample. Moreover, a broad signal around 2.1 ppm can
be observed and is attributed to CH groups. However, in the *H NMR spectra the peaks
for the terminal (-CH,=CH) double bond should be observed at 5.8 and 6.7ppm [24]; the
absence of this peak is due to the low molar concentration of vinyl groups in the PDMS

sample. The comparison of the *H spectrum (Figure 4b, c) with the spectrum of the
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reference sample (Figure 4a) shows evidence of the TEMPO grafting onto the polymer

chains. Additional resonances can be found in spectrum b and c.
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Figure 4. *H NMR spectrum proving TEMPO grafting onto PDMS (r = 1.8, T = 160 T).
a) Virgin vinyl-PDMS.

b) Reactive vinyl-PDMS sample: curing time 15min, the sample is totally soluble.

c) Reactive vinyl-PDMS sample: curing time 30min. The spectrum corresponds to the

soluble fraction.

The primary indication for grafting in presence of TEMPO is the existence of new
peaks at 2.55 and 3.55 ppm which are attributed to the formation of C-O bonds (-i.e R-
O-CH- and R-O-CH, species). However, the most significant modification is the

presence of oxygen—carbon bonds formed by the addition of the cumyloxyl radicals after
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the peroxide decomposition. The 'H spectrum (Figure 4b, c) shows the additional
resonances in the range from 1 to 1.3 ppm witch are typical of the CH, and CH3; groups
of TEMPO [25]. Therefore, the present *H NMR results prove the presence of TEMPO
onto PDMS chains of reactive samples. Furthermore, these results indicate also the
stability of bonds formed between the nitroxyl and carbon-centered radicals at elevated

temperatures of processing.

From a quantitative point of view, the phenomenological model of Langley [26] and
Dossin and Graessley, [27] which takes into account the contribution of chemical
crosslinks and trapped physical entanglements to prediction of the shear equilibrium
modulus, can be used in the present study. According to the entanglement
interpretation of the topological contributions, a portion of the restrictions on
configurational rearrangements of macromolecules becomes permanently trapped when
a chemical network is formed and therefore is able to contribute to the equilibrium
elasticity [28]. The contributions to the modulus are given by the widely used Langley

equation:

Gg™ITEEEY = G, +T,GR (1)

Here, the equilibrium modulus Ge is given as the sum of the modulus Gen due to

chemical crosslinks and the trapped entanglement term (TeGyc\)] ), where Te (called the

Langley trapping factor) is the proportion of the maximum concentration of topological

. . . 0 .
interactions that contribute to the modulus, and Gy is the plateau modulus related to

— PRT

the entangled molecular weight (G,ﬂ M ). According to the arguments based on
e

the constrained-junction model [29], the term (Ggcn) should equate to the phantom

network modulus [30], onto which contributions from entanglements are added:

Geh = (V - h,u)RT )
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where h is an empirical parameter between zero and one but genarally considered to
be equal to 0. The parameters V (density of strands elastically actives), X (density of
crosslink bonds), and Te for the phenomenological model can be calculated using the

theoretical relations established by Pearson and Graessley [31, 32]. According to these

equations, assuming a tetrafunctional network and from the measurement of the soluble

fraction &g, the parameters vV, / and Te have been calculated (see Table 2) for the

different [TEMPO]/[DCP] ratios. Furthermore, the conversion p of vinyl groups

consumed by the reaction of crosslinking can also calculated by this method. The

rubbery modulus Gﬁ of entangled PDMS chains has been reported in the literature by

Plazek et al. [33] and Valles and Macosko [34] to be 2.0 x 10° Pa at room temperature.
Assuming an entropic elasticity of Gl?] , we finally calculated Gﬁ =29 x 10°Pa at T=

160 <. Finally, the comparison of Geexperimental (Table 1) with Ge computed (Table

2) shows very satisfactory agreement which validates our approach based on the
Pearson and Graessley model.

Table 1. Kinetics and Linear Viscoelastic Parameters of PDMS Networks Cross-
linked at 160 € in the Presence of Different Conce ntrations of TEMPO a

[TEMPOQO] r= Scorch time Gel time Ge tan (0)
(mol.m™) ([TEMPO]/[DCP]) (min) (min) (Pa)

0 0 2.6 x10° 0.008
43 1.2 7.2 8.2 1.7x 10> 0.012
58 1.6 13 15.6 1.3x10° 0.024
65 1.8 14.1 17.7 8.6 x 10*  0.057
72 2 16.9 21.9 5.9x10* 0.1

3 Initial concentration in DCP: [DCP] = 36 mol.m™
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First of all, Table 1 (r = 0, T = 160 ) shows that the conversion of vinyl groups
belonging to the network is close to 83%. Therefore, the DCP efficiency is low for the
cross-linking reaction as it is about 31% (DCP efficiency = (0.83 x 27)/(36 x 2), where 27
is the molar concentration of vinyl function (expressed in mol.m®), 36 is the molar
concentration of DCP which gives two radicals when reacting, and 0.83 is the
conversion of vinyl groups). However, this DCP efficiency is in good agreement with the
literature results. For example, Hulse et al. [35] prove that the overall cross-linking
efficiency for LPE with DCP is between 20 and 40% (at 150 ) of the theoretically
expected value. Moreover, it has been proved that cross-linking of high-consistency
silicone rubbers such as vinyl-PDMS using peroxide leads to formation of peroxide’s
volatile residues such as acetophenone [9]. These breakdown products explain the low
efficiency of DCP. Therefore, we obtained about 62% cumyloxyl and 38% methyl

reactive (CH 3 ) radicals after DCP decomposition. On the other hand, Table 1 shows

that in presence of TEMPO the optimal ratio (r) necessary to cross-link the vinyl-PDMS
is between 2 and 2.4. Consequently, the TEMPO efficiency is about 21% at T = 160 C.

This was unsurprising result, because TEMPO could be involved in coupling reaction

with CH 3 radicals, leading to the formation of methyl-TEMPO [25]. Indeed, the grafting

reaction was comparatively slow, presumably because the diffusion of polymer radicals

is constrained.

Nevertheless, methyl-TEMPO formation is not the only side reaction for the present
system. Figure 3b shows a slowly decreasing of the storage modulus at the earlier
stage of reaction. This phenomenon is clearly shown for r = 2 and 2.4, and from our
rheological investigations it results from polymer chain degradation. Furthermore, this
side reaction was studied by TGA-GC/MS experiments. As a result, Figure 5 shows the
mass spectra of vinyl-PDMS containing 1% wt of TEMPO and cured for 30 min at the
temperature T = 200 €. This analysis proves the formation of major degradation
products of PDMS such as the cyclic volatile oligomer decamethylcyclopentasiloxane
(D5) and the ion fragment trimethylsiloxane (MsT) [36, 37].
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Figure 5. Overlay mass spectra of vinyl-PDMS with 1% of TEMPO at 200 .

Indeed, in the presence of trace of water and metal in polymer, nitroxides can oxidize
the reduced form of metal trace from the syntheses process of the polymer, while they
themselves are reduced to hydroxylamines [38] as shown in Figure 6. Therefore, the
change of nitroxide to a strong base due to the presence of water and catalyst residues
in polymer leads to silanolate formation and depolymerisation of the PDMS chains. This
depolymerisation mechanism has been already studied in the literature. Thomas [39]
and Grassie and Macfarlane [40] described that cleavage of the PDMS backbone by
moisture and contamination by strong bases or acids is the principal mode of
depolymerisation at lower temperatures 120 to 275 °C and is of most concern in normal
operating environments.
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Figure 6. Proposed mechanisms for reduction of TEMPO and depolymerisation of
PDMS [38-40].

Finally, Figure 7 (r= 1.6) shows that the steady-state value of the complex shear
modulus does not seem to depend on the temperature (T = 160, 180 and 200 C) which
is a balance between increase of both the modulus (entropic elasticity) and the defects
with temperature. Then, temperature can be considered to have not effect in the stability
of the nitroxyls graft and thus on the final cross-linking degree. In fact, the thermal
stability of bonds formed between the nitroxyl and carbon-centered radicals has been

studied extensively in model systems [41]. The results presented in these studies
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indicate that primary and secondary alkoxyamines should be robust enough to
withstand processing and testing conditions at elevated temperatures for many hours to
several days or longer, such that the integrity of grafts to primary and secondary
carbons will be maintained. However, it can be noted that scorch delay decreased with
increasing of temperature. The scorch time shifted from 13 min at 160 °C to 3.4 min at
180 °C and to 1.5 min at 200 °C. This is unsurprising results because the kinetics of
TEMPO grafting and chains combination increase with temperature. However from
these results, the activation energy of each process cannot be achieved.
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Figure 7. Temperature dependence (T= 160, 180 and 200 <) of the cross-linking
reaction: Variation of the storage modulus vs time for r= [TEMPO]/[DCP] =1.6

3.2. DSC analysis

The crosslinking reaction consists to create covalent bonds between the

macromolecular chains of polymer. These covalent bonds are obtained by reaction
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between reactive sites and they are formed with releases a quantum of energy, making
crosslinking an exothermic reaction. We propose hereafter to use the differential
scanning calorimetry to investigate the PDMS crosslinking controlled by the addition of
TEMPO. This technique is expected to study the crosslinking process at the molecular
scale and to relate the variation of the crosslinked bonds formed between the
macromolecular chains in presence of TEMPO with the change of the physical

properties of final networks.
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Figure 8. DSC traces showing the total heat of cross-linking reaction obtained for
various r = [TEMPOQO]/ [DCP] ratio at 160 T.

The isothermal DSC scans of (PDMS/DCP/TEMPOQO) curing system at different amount
of TEMPO (r =0, 1.2, 1.4, 1.6, 2 and 2.4) are shown in Figure 8. Interestingly, these
DSC kinetics allowed us to separate the own exothermic heat of C-C bonds creation (or
guantum of energy of formed cross-linked bonds) in a complex system of the other
reactions like the homolytic decomposition of the initiator (DCP) and its addition on the
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polymer chains. Actually, as shown in Figure 8, the addition of TEMPO in the
PDMS/DCP system results in a secondary exothermic peak. This second peak is time
shifted with increasing the TEMPO concentration. Eventually at r = 2.4, this second
peak disappears. These DSC results show the complexity of the present system as two
exothermic phenomena with different apparent enthalpies have been revealed. These
two phenomena can associated to two different reactions. In the absence of TEMPO,
the global reaction is related to DCP decomposition, vinyl sites activation, and C-C
bonds creation (Figure 1).

However, in the presence of TEMPO, the first exothermic peak corresponds to DCP
decomposition, vinyl sites activation, and the grafting of nitroxyl radicals on the
polymeric radicals as shown in Figure 9. This last mechanism prevents the formation of
cross-link bonds. Once all TEMPO
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Figure 9. Mechanism for delayed-action (scorch time) of TEMPO on free-radical

crosslinking of vinyl-PDMS.
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molecules are consumed, the second peak can then arise. This peak is then assigned
to the C-C bonds creation. This hypothesis was validated by the fact that this second
peak disappears with increasing the TEMPO concentration above a critical value (r > 2)
at which the crosslinking reaction is not observed anymore. Moreover, these results are
in perfect agreement with rheology results. Indeed, time corresponding to the second
peak (tpicrz from Table 3) for the various samples coincides well with the scorch time
determined by rheology (Table 2). A small difference is observed between DSC and

rheological data due to the temperature control between the two techniques.

Table 2. Topological Parameters for the Different Samples, as Computed from the

Theoretical Relations Derived by Pearson and Graessley [32]

r ws p Te v (mol.m™) u(mol.m™) Ge (Pa)
0 0.018 0.83 0.58 18.3 10.1 2.3x10°
1.2  0.04 0.513 0.43 10 5.6 1.6 x 10°
1.6 0.06 0.4 0.34 6.9 4 1.2 x 10°
1.8 0.095 0.3 0.24 4.3 2.6 8.5 x 10"
2 0.14 0.231 0.16 2.7 1.6 5.6 x 10*

More precisely, the rheology and DSC results for r = 1.2 are compared in Figure 10.
Both techniques are quite complementary for the kinetic study of this complex reactive
system. At the earlier stages of the reaction, the rheology does not record any variation
of the viscoelastic properties since TEMPO react with polymer radical and then embed
the crosslinking reaction. On the contrary, DSC analysis shows a first exothermic peak
of reaction which is spread out until the starting time (scorch time) of the complex
modulus variation. This result confirms our last hypothesis: the first phase corresponds
to the DCP decomposition, vinyl sites activation, and the addition of nitroxyl radicals on
the polymeric radicals (DSC exothermic peak and no variation of the complex shear
modulus). The end of this inhibition phase is announced by both techniques: strong

variation of the complex shear modulus and evidence of a second exothermic peak.
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Therefore, this second peak corresponds to the network formation through to the

covalent bonds formation (or chemical cross-link) between the PDMS polymer chains.

Generally speaking, DSC experiments in both isothermal and anisothermal modes have
mostly used in the literature to study the kinetics of cure reactions [42]. Several
alternative methods for estimating the cross-linking density with DSC has been
discussed in the literature for thermosets like the epoxy-amine systems. However, in
the case of elastomer cross-linking there is no a significant variation of the heat capacity
during the reaction. Furthermore, the methods generally used are based on the
assumption that the rate of heat generation is proportional to the rate of the cure

reactions [43]. This is questionable for a complex reaction system.
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Figure 10. Comparison of the variation storage modulus and enthalpy of the reaction (r
=1.2T =160 C).
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In their work on the kinetic of vulcanization of a natural rubber compound, Ding and
Leonov [44] described that DSC data were found to be incompatible with the cure meter
test, because the complex vulcanization reaction system is multiexothermal. Therefore,
DSC analysis was never used to calculate the extent of the crosslinking reaction in

terms of crosslinking density.

In the present work, it is assumed that the enthalpy of C-C covalent bonds (Al'I c-c)

can be separated from the other reactions and derived from the total enthalpy AHT as

follows:
AHc_c =AHT -AHgy (3)

Where AH r1 IS the enthalpy of the first reaction including DCP decomposition, vinyl

sites activation, and grafting of nitroxyl radicals on the polymer chains. Therefore, the

chemical crosslink density can be calculated according to the following equation:

— lopolymer AH c-C
AH? “)

U

Where AH? _ is the standard enthalpy to form one mole of C-C bonds. According to

the literature [45], AH (?_C =347kJ mol .

Experimentally, the enthalpy (AHc_c ) was derived as shown in Figure 11, and the

crosslinking density was calculated according to Equ 4. These values are reported in
Table 3. It should be noted that the cross-linking density for r = 0 (TEMPO free) has
been calculated by a linear extrapolation of the values obtained for r = 1.2, 1.6 and 2.
According to Table 2 and 3, chemical cross-link densities calculated from soluble
fraction (Langley and Dossin and Graessley model) and DSC analysis are in good

agreement even if the later underestimated the cross-linking density.
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Table 3. DSC Results at 160 € and Predicted Density of Chemical Junctions
Using the DSC Method

r trz (Min) tpeakrz (MiN) AHc.c (3.97) p (mol.m’®)
0 8.4
1.2 7.1 8.4 1.71 4.8
1.6 10 12.6 1.26 3.6
2 13.4 15.7 0.87 2.5

) From extrapolation of data at r = 1.2, 1.6 and 2

From using the same extrapolation, the total amount of TEMPO necessary to totally
inhibit the cross-linking reaction is then equal to 102 mol.m™. Translating this value in
terms of [TEMPO]/[DCP] ratio leads to r = 2.8. This result is in agreement with the value

observed from rheological measurement r = 2.4 for which no cross-linking reaction was

observed.
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Figure 11. Principle of the experimental method to calculate the enthalpy AH c-c of
cross-link C-C bonds. r=1.2, T =160 T.
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4. Conclusion

The roles of nitroxides such as TEMPO in scorch delay and crosslinking control of
free-radicals cross-linking process have been demonstrated in this study. A remarkably
scorch delay has been found with varying the molar ratio [TEMPO]/[DCP] in the range r
= 0-2.4. First of all, rheological measurements were carried out in order to determine the
linear viscoelastic properties of the PDMS networks. The scorch and gel times, the
equilibrium modulus (Ge), and the soluble PDMS chains fraction were found to be a
function of the concentration of TEMPO. Furthermore, the characterization of the
network features based on the phenomenological model of Langley and Dossin and
Graessley provided that the control of the network topology can be achieved by using
nitroxide TEMPO. In agreement with rheological measurements, NMR microstructural
studies revealed that the cross-linling delayed action in presence of TEMPO is the result
of trapped carbon-centered polymer radicals by nitroxides. As a result, once the

TEMPO is totally consumed, the crosslinking can proceed as usual.

Furthermore, DSC was used to characterize the effect of TEMPO in cross-linking
reaction at the molecular scale. An original result has been shown using this technique
by varying the molar ratio [TEMPQO]/[DCP]. Correlation between DSC and rheometry
experiments proved that the secondary exothermic enthalpy corresponds to the
covalent bonds formation between only carbon-centered polymer radicals and thus the
network formation. According to this result, we developed an original method to
determine the chemical cross-link density in the case of complex cure reaction system
which has multiexothermal heat reaction. The predicted chemical cross-link densities
are in close agreement with those calculated using the phenomenological model of the

viscoelasticity.
Finally, the findings of this study will be an important impact in polymer science from

both an academic and an industrial viewpoint. This interest is governed by the need to
control the network architecture in order to develop new class of elastomer formulations
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with a rich variety of topological characteristics improved and/or new mechanical and

physical properties.

57



References

[1] Chang, C.L.; Don, T.M.; Lee, H.S.J.; Sha, Y.O. Polym. Degra. 2004, 85, 769-777.
[2] Yoo, S.H.; Cohen, C.; Hui, C.Y. Polymer 2006, 47, 6226-6235.

[3] Baquey, G.; Moine, L.; Degueil-Castaing, M.; Lartigue, J.C.; Maillard, B.
Macromolecules 2005, 38 (23), 9571-9583.

[4] Ignatz-Hoover, F.; To, B. H. “Rubber compounding”, New York, 2004.

[5] Dunham, M.L.; Bailey, D.L.; Mixer, R.Y. Ind. Eng. Chem 1957, 49, 1373-1376.

[6] Dluzneski, P.R. Rubber Chem. Technol. 2001, 74, 451-492.

[7] Ciullo, P. A.; Hewitt, N. ‘The rubber formulary”, New York, 1999.

[8] Lucas, P.; Robin, J.J. Adv. Polym. Sci. 2007, 209, 111-147.

[9] Vallat, M.F.; Ruch, F.; David, M.O. Eur. Polym. J. 2004, 40, 1575-1586.

[10] Heiner, J.; Stenberg, B.; Persson, M. Polym Test. 2003, 22, 253-257.

[11] Dorn, M. Adv. Polym. Technol. 1985, 5, 87-91.

[12] Gulmine, J.V.; Akcelrud, L. J. Appl. Polym. Sci. 2004, 94, 222-230.

[13] Ghosh, P.; Katare, S.; Patkar, P.; Caritjers, J.M.; Venkatasubramanian, V.; Walker,
K.A. Rubber Chem. Technol. 2003, 76, 592.

[14] Robert, P.M. EP 0,837,080, A1; 1997.

[15] Lizotte, J.R.; Long, T.E. Macromol. Chem. Phys. 2003, 204, 570-576.

[16] Li, 1.Q.; Howell, B.A.; Koster, R. A.; Priddy, D. B. Macromolecules 1996, 29, 8554-
8555.

[17] Keoshkerian, B.; MacLeod, P. J.; Georges, M. K. Macromolecules 2001, 34, 3594-
3599.

[18] Moad, G.; Rizzardo, E.; Solomon, D. H. Macromolecules 1982, 15, 909-914.

[19] Chaudhary, B.1.; Chopin, L.; Klier, J. J. Polym. Sci. 2007, 47, 50-61.

[20] Gottlieb, M.; Macosko, C.W.; Benjamin, G.S.; Meyers, K.O.; Merrill, E.W.
Macromolecules 1981, 14 (4), 1039-1046.

[21] Winter, H.H.; Mours. M. Adv. Polym. Sci. 1997, 134-165.

[22] Mskani, A.; Chaumont, P.; Cassagnau, P. Rheologica Acta. 2007, 46, 933-943.
[23] Alvarez-Grima, M.M.; Talma, A.G.; Datta, R.N.; Noordermeer, JW.M. PCT/EP
W02006;100214; A1, 2006.

58



[24] Birkefeld, A.B.; Bertermann, R.; Eckert, H.; Pfleiderer, B. Biomat. 2003, 24, 35-46.
[25] Baquey, G.; Moine, L.; Babot, O.; Degueil, M.; Maillard, B. Polymer 2005, 46,
6283-6292.

[26] Langley, N.R., J.D. Macromolecules 1968, 1, 348-352.

[27] Dossin, L.M.; Graessley, W.W. Macromolecules 1979, 12, 123-130.

[28] Patel, S.K.; Malone, S.; Cohen, C.; Gillmor, J.R.; Colby, R.H. Macromolecules
1992, 25, 5241-5251.

[29] Flory, P.J. J. Chem. Phys. 1977, 66, 5720-5729.

[30] James, H. M.; Guth, E. J. Chem. Phys. 1947, 15, 669-683.

[31] Pearson, D.S.; Graessley, W.W. Macromolecules 1978, 11, 528-533.

[32] Pearson, D.S.; Graessley, W.W. Macromolecules 1980, 13, 1001-1009.

[33] Plazek, D.J.; Dannhauser, W.; Ferry, J. D. J. Colloid Sci. 1961, 16, 101-126.
[34] Valles, E.M.; Macosko, C. W. Macromolecules 1979, 12, 673-679.

[35] Hulse, G. E.; Kersting, R. G; Warfel, D. R. J. Polym. Sci. 1981, 19, 655-667.
[36] Ballistreri, A.; Montaudo, G. ; Lenz, R. W. Macromolecules, 1984, 17 (9), 1848—
1854.

[37] Ballistreri, A. ; Garozzo, D. ; Montaudo, G. Macromolecules, 1984, 17 (7), 1312—
1315.

[38] Bar-On, P.; Mohsen, M.; Zhang, R; Feigin, E.; Chevion, M.; Samuni, A. J. Am.
Chem. Soc. 1999, 121 (35), 8070-8073.

[39] Thomas, D. K. Polymer 1966, 7, 99-105.

[40] Grassie, N. ; Macfarlane, I. J. Eur. Polym. J. 1978, 14, 875-884.

[41] Wetter, C.; Jantos, K.; Woithe, K.; Studer, A. Org. Lett. 2003, 5, 2899-2902.

[42] Yousefi, A.; Lafleur, P. G. Polym. Comp. 1997, 18 (2), 157-168.

[43] Kamal, M. R; Ryan, M. E. Adv. Polym. Technol. 1984, 4, 323-327.

[44] Ding, R.; Leonov, A. L. J. Polym. Sci. 1996, 61,455-463.

[45] Vollhardt, K.; Schore, N. E. “Traité de chimie organique”, 4 ed.; De Boeck
Université, 2004.

59



Chapter 3

Rheological Modelling of the Free-
Radical Crosslinking of PDMS
Rubber in the Presence of
TEMPO Nitroxide

Abstract

The aim of the present work is to study the free-radical kinetics of PDMS rubber
crosslinking in the presence of 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) nitroxide. For
this purpose a new method based on the relationship between the kinetics of the macro-
radicals coupling [Rcc(t)] was derived from a fundamental kinetic model and the
viscoelastic changes of the complex shear modulus (G'(t), and G”(t).). The kinetic
model takes into account the initiator (Dicumyl peroxide in the present study)

decomposition and the trapped PDMS macro-radicals in the presence of a radical
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scavenger such as TEMPO. Activation energy E,c and collision frequency factor Aq. for
the bimolecular termination reaction coefficient rate k.. have been derived from the
anisothermal DSC results according to the Kissinger method. Furthermore, it was
observed that addition of TEMPO nitroxide can boost the initiator efficiency. The
concentration variation of the active PDMS carbon-cantered radicals [Rp'(t)]act @nd the
[Rec(t)] with reaction time were predicted using this kinetic model. On the other hand, the
influence of TEMPO concentration in formulation ([N]o) and effect of temperature on
viscoelastic variations are studied. As a main result, the rheological modelling shows
that this new method accurately predicts the time variation of complex shear modulus at
any temperature and [TEMPO]/[DCP] ratio.

This chapter 3 was published in Polymer 2010, 42, 8460-8467
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1. Introduction

Modelling of crosslinking process has recently received a great deal of attention [1].
Actually, modelling of the variation of the viscoelastic properties during crosslinking is of
particular importance from a processing point of view. This modelling requires in-depth
study of chemistry of reaction, kinetic models [2], molecular structure, and changes in
mechanical properties during crosslinking process [3]. However, free-radical
crosslinking of rubber is a very complex chemical process and no known simulation
techniques can directly investigate the changes in physico-chemical properties of the

crosslinked network at molecular scale.

Commonly, a major curing mechanism frequently used for elastomers is the generation
of polymer radicals (through the use of organic peroxides) that subsequently combine to
form carbon-carbon bonds [4]. However, free-radical crosslinking by organic peroxide
suffers from premature crosslinking at high temperatures, which is called scorching [5].
Chaudhary et al. [6] showed that the reaction of carbon-centred radicals with nitroxides
and its derivatives can be a novel mean for scorch suppression, cure control and
functionalisation in peroxide crosslinking of polyethylene thermoplastic. On the other
hand, we investigated in a previous work [7] the effect of TEMPO in free-radical
mechanism of vinyl-PDMS rubber crosslinking initiated by dicumyl peroxide (DCP) and
noted a remarkable scorch delay by varying the molar ratio [TEMPO]/[DCP] in the range
r =0 to 2.4. Furthermore, the characterisation of the network features based on the
phenomenological model of Langley [8] and Dossin and Graessley [9] demonstrated
that the control of the network topology can be achieved by using TEMPO nitroxide.
Nitroxide chemistry has opened a new avenue in the domain of radical chemistry
development for polymers. For example, Robert [10] patented a process for grafting
maleic anhydride onto a thermoplastic polymer in the presence of a nitroxide such as
TEMPO to avoid crosslinking during the grafting operation. More recently, Esseghir et al.
[11] patented a new method of selecting a nitroxide for use as an inhibitor for free-

radical crosslinking of EPDM elastomer.
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The aim of the present work is to introduce a new simple modelling technique for
direct investigation of the variations in viscoelastic properties during randomly
crosslinking process in the presence of TEMPO. This modelling aims to predict the
variation of complex shear modulus (G'(t)w and G”"(t)a) from the kinetics of macro-
radicals coupling. The present study is based on free radical crosslinking of PDMS used
as a model system as described in our previous work [7]. Actually, the presence of vinyl
functional groups in the polymer chain enables the free-radical crosslinking of PDMS

[12] with control over crosslink structure.

2. Experimental procedures
2.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimeter equipment manufactured by TA Instruments (Q100
system), equipped with Sealed aluminium pans, was used to measure the heat of
crosslinking reactions. The mass of the samples ranged from 20 to 23 mg. A sealed

empty pan was used as a reference. The total heats of reactions were obtained from

non-isothermal method (Heating rate: T = 2.5, 5, 10, 15 and 20 T.min™). All

experiments were performed under nitrogen purge.
2.2 Rheological measurements

The rheological experiments were carried out on a rheometrics mechanical
spectrometer (RMS800) using a parallel-plate geometry (R=12.5 mm). The parallel plate
system was preheated at the temperature of the experiment. Then, the sample was put
between the plates once the temperature of regulation was reached. The rheological
kinetics of cross-linking were measured in real time at only one pulsation (w=1 rad.s™)
and at different temperatures T = 160, 180 and 200 . At the end of this crosslinking

process, a frequency sweep experiment (10%<w rad s'<10?%) was performed on the
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same sample at the same temperature to determine the equilibrium modulus

(G, = Iai)rrLG'(w) ).

Dynamic measurements during the non-isothermal conditions (Heating rate: T= 2.5, 5,
10, 15 and 20 T.min') were used to compare with the DSC kinetics results. In all
experiments, sample response linearity with respect to strain amplitude was verified,
and nitrogen gas was used to prevent thermal oxidation. In this type of experiment, we
assumed that DCP and TEMPO were perfectly dispersed in molten polymer at a

molecular scale (homogeneous conditions of reaction).

3. Kinetic modelling
3.1. Mechanism assumptions

Free radical crosslinking is a process of chemically producing network by creation
of a carbon to carbon crosslinking bond between polymer chains. PDMS that contain
vinyl groups can be crosslinking by dialkyl peroxides such as dicumyl peroxide. The
different steps of this chemical mechanism are shown in Figure 1. The initiation step in
peroxide-induced crosslinking is the thermal decomposition of the initiator to give two
cumyloxyl free radicals (reaction (1)). In the case of vinyl-PDMS, the radical addition
predominates over abstraction route [13]. Therefore, next step is the addition of
cumyloxyl radicals to a double bond of the polymer molecule (reaction (2)). The polymer
radicals hence produced are quite reactive, so that they combine to other polymer
radicals to form a covalent carbon-carbon crosslinks (reaction (4)) [4]. Nevertheless, we
revealed in our last study [7] that in presence of inhibitor molecule like TEMPO nitroxide,
the polymer radicals are rapidly trapped by a grafting reaction before they are able to
form crosslink. As shown in reaction (3), primary and secondary alkoxyamines (-C-O-N-
) was formed between the nitroxyl and carbon-centered radicals (inactive PDMS macro-

radical).
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From a modelling point of view, several assumptions are necessary to reduce the

number of parameters in the kinetic modelling of this complex crosslinking process:

1. The peroxide and nitroxide molecules are homogeneously distributed in the polymer.
Furthermore, the reactions are not diffusion controlled [14]; so, the reaction rates for
DCP decomposition and PDMS crosslinking were assumed constant during the course
of the reaction,

2. All cumyloxyl free-radicals produced from DCP decomposition have the same
dissociation energy,

3. The reactivity of cumyloxyl free-radicals on the vinyl function of the PDMS is
supposed to be constant,

4. The side reactions [7] coming from the DCP molecules decomposition are negligible,
5. Inhibition involving primary radicals is negligible; i.e. TEMPO is capable of reacting
and destroying only the PDMS carbon-centered radicals,

6. Side reactions in the presence of TEMPO nitroxide, such as degradation of PDMS [7]

are negligible.

According to these assumptions, the experimental results are then analyzed by the

simplified reactions scheme as described in Figure 1.
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Figure 1. Controlled free-radical crosslinking mechanism of vinyl-PDMS used in this

simulation.
3.2. Kinetic equations

According to Figure 1, the initiation step may include the formation of the initiated
radicals and its reaction with pendent vinyl groups. Where RO’ represents the cumyloxyl
radicals (primary radicals) and kq is the coefficient rate for the initiator decomposition,

which governs the previous process. The factor 2 refers to the formation of two free
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radicals for each decomposed molecule of initiator. For the first order kinetics, the rate

of the initiator decomposition can be expressed as [15]:

d[pcp]
ot

Where kq can be simply derived from an empirical Arrhenius law:

kg = AOEXD(_ E%T) )

Where A, represents the collision frequency factor and E, is the activation energy for
the initiator decomposition reaction, with: Ag= 7.47x10" (s) and E, = 153.5 (kJ.mol™)
for DCP [16].

~kq[DCP(t)] M

Reordering the above equation and integrating between the time at which the
initiator is added t = 0 and the testing time t; we obtain:

| DCP(t) | =[DCP], exp(~kit) @)

Where [DCP]Jp is the initial concentration of DCP att = 0. In the present study, [DCP]o
= 36 x 10 (mol.L™!). [DCP(t)] represents the residual concentration of the initiator at a

reaction time t.

The coefficient rate of reaction (2), ks, is in the range of 10° to 10" (L.mol™.s™) [17]
which is high enough as compared with kg (2.3 x 10° s at T = 160 T); so it can be
supposed that the primary radicals produced in reaction (1) at a time t can be
transformed immediately and completely into PDMS carbon-centered radicals in
reaction (2). Moreover, in the presence of inhibitor like TEMPO, we showed [7], that the
polymeric radicals are rapidly trapped by a grafting reaction before they are able to form

crosslinks. Assuming that TEMPO is an efficient radical scavenger, i.e TEMPO is
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capable of reacting with polymer macro-radicals only, its decomposition rate can be

expressed as following:

d[N .
% = —kn [Rp (t)]act INO) (4)

Where [N(t)] is TEMPO concentration, k, is the coefficient rate of reaction (3), [Rp (t)]act
is active PDMS carbon-centered radicals’ concentration and k, is the coefficient rate of

side reaction between the primary initiator radicals and TEMPO.

In addition, assuming bimolecular combination of backbone radicals [18], the rate of
chain recombination (or crosslinking rate) described by reaction (4) is calculated

according to the following equation:

d[Rp(t)]aCt - Zd[RCC(t)] — _kC [R' (t)]z (5)
dt dit b Pt
Where k. is the rate for the disappearance of active PDMS macro-radicals by

bimolecular termination and [Rcc(t)] is the concentration of crosslink covalent bonds.

According to the crosslinking mechanism in Figure 1, the increases rate of active

PDMS macro-radicals in the presence of TEMPO can be expressed as:

d[ R (t ’
I d(t ) =2fk,[DCPM)] - k,[ R, )] . [N®)] -k [R®)]|

The parameter f in Equ 6 is called the efficiency of initiator [19].
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Moreover, we assumed that during scorch phase the bimolecular termination of
PDMS macro-radicals is totally quenched (Kec([Rp'(t)]act)® = 0), 0 [Rp'(D)]act iS constant;
and therefore quasi-steady-state approximation (QSSA) [20] is applied to Equ 6
(d[Rp ()]ac/clt = 0) :

d

d|N .
[t ] k, [Rp(t)]act [ N(t)] =-2fk, [DCP(t)] )

By substituting Equ 3 into Equ 7, it can be shown that the rate of inhibitor consumption

is independent of the time variation of its concentration:

—L 1= 2fk,[DCP] exp(-kt) ®)

d[N]
dt

By integrating Equ 8 with the initial conditions ([N(t = 0)] = sx[N]o); the nitroxide

concentration obeys the following equation :

[N@®] =(sx[N],)-2f [DCP],[1-e0p(-k1)]

The parameter s in Equ 9 is called the efficiency of nitroxide (TEMPO). It is defined as:

a [C'O' N] formed
TN @

Therefore, we can define scorch time (t) as the time at witch [N(t=t,)] = 0. Accordingly

and using Equ 9, we obtain:
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t =—in1- [N,
" kg 2a[DCP], (11)

With (a = f/s) is the initiator and inhibitor efficiency ratio. After depletion of the inhibitor
(IN(t=t)] = 0), active PDMS macro-radicals can combine and the crosslinking reaction

occurs. Under such conditions and according to Equ 6, [Ry'(t)]lact increases at a rate of :

2
act (12)

d R;)(t) act — :
[ - | =2fk,[DCPt)] -k, [ R, ®)]

After initiation, the active macro-radicals concentration decreases according to the
termination rate law (Equ 5). According to Equ 12, the rate of active radical is not
constant over the crosslinking process. Consequently, the steady state principle does
not hold true (d[Ry'(t)]ac/dt # 0). In order to find the time-dependent concentration
[Rp’(D]act, the non-linear differential Equ 12 was integrated with the initial value of [Ry'(t

=1t)]act = 0 tofinally obtain for t>t,:

Kee
x tanlﬁ( 2kcckd[DCF’(t)])llz(t—tr )}

{Zf k, [DCP(t)] TZ

[Rfo (t)] = (13)

act

Following this and by substituting Equ 3 into Equ 13, the general kinetic law for [Rp’(t)]act
is then derived:
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{Zf k,[DCP]. exp(—kdt)T2
K

|:R;’ (t):|act = *

(14)

xtanh[( 21 k k, [DCP], exp(~kqt)) " (t -t )}

Finally, using the mass conservation, the concentration of chemical bonds [Rcc(t)] is

determined as :

act ) (15)

Ret]=v2{R0] -

With [Ry'(t)]wt is the concentration of the total macro-radicals generated without taking
account the competition between initiation and chains recombination reactions.

Integrating Equ 12 between t, and t with kec([Rp'(t)]act)* = O gives :

[R;) (t)]vot = 2 [DCP], (Exp(~ kqt, )~ Exp(-kgqt)) (16)

By substituting Equ 16 and Equ 14 into Equ 15, the kinetic model for this controlled
crosslinking reaction and hence for the network growth prediction at the molecular scale

can be expressed as following:
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[zf [DCP], (exp(kit,) —exp(—kdt))] -
21k, [DCP], exp(-kt) ]’
k. (17)

tanh[( 2k, k, [DCP], exp (k) (t-t, )}

X >

[R.(1)] =5

4. Results and discussion

4.1. Effect of TEMPO on the initiator efficiency

The scorch time (t;) is also defined as the time at which the active polymer macro-
radicals suddenly increase. From a viscoelastic point of view, the scorch time is defined
[7] as the time at which the storage modulus suddenly increases (See ahead in Figure
9). The Equ 11 was derived from the assumption that the efficiency f of initiator is
constant, regardless of the other crosslinking conditions. However, f can be affected by
the crosslinking conditions such as temperature, crosslinking density and concentration
of initiator and/or inhibitor [21]. Reordering Equ 11, we express the variation of the
initiator and inhibitor efficiency ratio (a = f/s) vs [N]o and [DCP]p :

. [N,
Toehh- ot ] a0
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Figure 2a.

Figure 2b.
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Figure 2. Dependence of the initiator efficiency and scorch time on TEMPO
concentration. T=160C

a) The linear lines are the best fit of experimental data according to Equ 19 (c; = 5.2
and ap= 0.69) and Equ 20 (c; = 2.34 and fo= 0.31). Here ‘a’ is efficiency ratio and ‘f' is
initiator efficiency.

b) Comparison of computed and experimental values of the scorch time: Dashed line

a = f/s according to Equ 19; Dotted line a = constant =fy/sg

Figure 2a shows the dependence of a on [N]o from the experimental variation of t, at
T=1607C. The results shown in Figure 2a prove that a is not constant but linear-
dependent on the amount of TEMPO. Consequently, the linear extrapolation of the
values obtained for r = 1.2, 1.6, 1.8 and 2 (see Table 1) allows us to determine the

dependence of a on the initial concentration of TEMPO:

a=c [N +ao 19)
Where, ap=0.69 and c; = 5.2 (mol™.L).

According to Equ 19 and initial conditions ([DCP],=36 x 10°mol.L™ and fo= 0.31[7]
for r = 0 (TEMPO free)), the inhibitor efficiency s must be equal to 0.45. Subsequently,
from Equ 19 and with the calculated value for s, the dependence of f on the initial

concentration of TEMPO can be predicted by the following equation:

f=c O[N]+ fo (20)
Where fy = 0.31 and ¢, = 2.34 mol™*.L.

As a result, Figure 2a shows that initiator efficiency increases from 0.31 to 0.485
with [N]o (TEMPO concentration, see Table 1). This result is in agreement with the
experiment results of Zhang and Ray [22]. Indeed, these authors proved that addition of

stable radicals can boost the initiator efficiency.
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Moreover, Figure 2b shows the TEMPO concentration dependence of t, at T=160<C.
The experimental results do not agree well with the linear relation of t; vs [N]o; i.e., the
experimental scorch time is higher than the predicted one from of Equ 11 (with f = f, So
= 0.21 according to our previous work [7]). However, Figure 2b shows that the
predicted times t; are in close agreement with experimental results using Equ 11 with a=

f/s as defined in Equ 19.

Table 1. Comparison between the experimental and the calculated values of

scorch time, efficiency of TEMPO and initiator.

[N]o r tr exp tr cal a=fls f [Rec u?
(10°.mol.L™) (min) (min) mol.m®  mol.m?
0 0 0 0 0.689 0.31 11.1 10.1
43 1.2 7.2 7.7 0.926 0.417  5.07 5.6
58 1.6 13 12.2 0.966 0.435  2.96 4
65 1.8 14.1 15.3 1.029 0.463  1.97 2.6
72 2.0 16.9 20.4 1.078 0.485  1.02 1.6

NB: [R¢] is the total concentration of crosslinked bonds when the reaction is completed.
Initial concentration of DCP: [DCP], = 36 x 10 mol.L™ and T=160<C.

3 s retrieved from ref. [7]
4.2. Determination of k .. using anisothermal DSC data

During crosslinking reaction the long chains of the polymer chemically crosslink.
Each covalent C-C bond formed between the macromolecular chains of polymer
releases a quantum of energy. One of the methods mostly used in the literature to
determine the enthalpy and kinetic parameters of this crosslinking reaction is thermal
analysis by differential scanning calorimetry (DSC) at anisothermal mode [23]. The
dynamic mode allowed us to estimate k.. as a function of the temperature. Indeed,

reaction rate depends on time and temperature. Kissinger [24] was one of the first
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researchers who evaluated the kinetic parameters of a chemical reaction from the
anisothermal DSC using peak temperature-heating rate data, with the following

equation:

. E.[ 1 AR
2 — —ac _ C
Ln(T /T2 ) = T Ln| 2= o1
p ac

Where T is heating rate and R is the ideal gas constant. The kinetic parameter Aq.
represents collision frequency factor and E,. is activation energy for the bimolecular
termination reaction (crosslinking reaction). Kissinger's method assumes that the
maximum reaction rate occurs at peak temperatures (Tpeax). Therefore, by plotting
Ln(T/szeak) versus 1/Tpeak according to Equ 21, E,c can be then obtained from the

slope of the corresponding straight line and Ao corresponds to the ordinate at origin.

-0.05 -

-0.06

0.07

Heat Flow (w/g)

-0.08

0.09 =0

120 140 160 180 200

Temperature (°C)

Figure 3. DSC curves showing the total heat of crosslinking reaction obtained for
various values of r at a heating rate of 2.5 C.min . Where r = [TEMPOQ]/[DCP].
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The anisothermal DSC scans of (PDMS/DCP/TEMPO) curing system at different
amount of TEMPO (r=0, 1.2, 1.6, 1.8 and 2) are shown in Figure 3. Confirming our last
original results with isothermal mode [7], these dynamic DSC kinetics allowed us to
separate exothermic peak of C-C bonds creation from the other reactions like the
homolytic decomposition of the initiator (DCP) and its addition on the polymer chains.
Furthermore, the addition of TEMPO in the PDMS/DCP system results in a secondary
exothermic peak, as shown in Figure 3. This peak is assigned to C-C bonds creation.
This hypothesis is validated by comparison of the rheological and DSC results in
anisothermal mode for r =1.2 as shown in Figure 4. The end of the inhibition phase is
observed by both techniques; i.e., strong variation of the complex shear modulus and
evidence of a second exothermic peak. As a result, this peak temperature corresponds
exactly to the network formation through the chemical crosslink reaction between PDMS

polymer chains.

106 . . .
—— G'(r=1.2) - -0.05
—+— AH(r=12)
9 E o -] —
105 | T=25°C.min B
- 0.08 2
< T %
0 ™
10¢ - 5
Tt i --007 I
10° - - - -0.08
120 140 160 180 200
Temperature (°C)

Figure 4. Comparison of the variation of the storage modulus and enthalpy of the

reaction (r =1.2) under anisothermal condition T = 2.5 C.min ™.
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Experimentally, the peak temperature of the termination reaction shifts to higher
temperatures with increasing the heating rate. This is probably because the reaction
takes place very rapidly at higher curing temperatures. More precisely, the dependence
of Ln(T /T?peak) 0N (1/Tpeak) is plotted and the linear variation of Tpea With the heating
rate is observed to be in agreement with the Kissinger assumption based on the linear
relation between peak temperature and heating rate. Consequently, E;c and A were
calculated according to Equ 21. The dependence of k.. on the temperature can be

expressed using the Arrhenius law:

E
Kee = AOCEXp(_ & RT) (22)

Where, Ay = 2.68 x 10 s and E,. = 87300 J.mol ™.

4.3. Kinetics of chemical network growth

The influence of the experimental conditions ([DCP]o, [N]o, a and T) on the cross-
linking reaction kinetics and network growth, has been studied at the molecular scale
according to this newly developed kinetic model. Note that in the following part
equations 19 and 20 were used to derive a and f respectivly for use in Equ 14, 16 and
17.

According to Equ 14 (T = 160 ), the time-concentration variation of a ctive PDMS
carbon-centered radicals [Ry'(t)]act is plotted in Figure 5a. Without TEMPO (r=0), the
initiation reaction occurs instantaneously and PDMS macro-radicals concentration
increases to an optimal value followed by continuous decrease as the termination
reaction is faster than initiation. In the presence of TEMPO, scorch time is highlighted
and increases with increasing the TEMPO concentration (i.e. the ratio r). From a
modelling point of view, the active chains are created and instantaneously inactivated

by TEMPO addition reaction during this inhibition phase. The residual concentration of
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DCP after the complete consumption of TEMPO can initiate other polymers chains so

that the generation of [R,’(t)]act can be observed as shown in Figure 5a.

Figure 5a
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Figure 5b
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Figure 5. Time dependence of PDMS crosslinking reactions for various values of
r=[TEMPO]/ [DCP]. T= 160C; [DCP] o = 36x10>.mol.L*

a) Variation of active carbon-centered radicals

b) Variation of crosslinked bonds concentration versus crosslinking time

c) Variation of crosslinking rate

On the other hand, the optimal [Ry’(t)]act values for t > t, decrease with increasing the
initial TEMPO concentration. Actually, this result was expected from our previous work
[7]. We proved that the crosslinling delayed action in the presence of TEMPO is the
result of trapped carbon-centered polymer radicals by nitroxides. Furthermore, TEMPO
interacts with the macro-radicals from vinyl-PDMS during scorch phase to produce non-
reactive species. Consequently, the bimolecular termination reaction is completely
prevented ([Ry'(t < t)]ac= 0). One TEMPO has completely reacted, the macro-radicals

coupling (crosslink formation) starts in respect of the residual concentration of [Ry'(t >
tr)]act-

To show the key effect of TEMPO on the curing process, Figure 5b compares the
concentration variation of the crosslinking covalent bonds [Rcc(t)] with the reaction time
(according to Equ 17 at T= 160<C) for different initial concentrations of TEMPO. It can
be clearly seen how the TEMPO influences the scorch time, the crosslinking reaction

rate and final concentrations of crosslinking bonds ([Rc]).

During the inhibition stage, TEMPO inactivate the primary PDMS macro-radicals and
prevent the radical coupling [Rec(t < t))] = 0. Therefore, if we accept that the TEMPO is
completely consumed during the scorch period and that the crosslinking reaction does
not begin until the TEMPO s totally consumed, the bimolecular termination reaction
starts but it is slows down due to lower concentration of initiator. Kinetically, the
reduction in the concentration of active PDMS macro-radicals shown in Figure 5a by
TEMPO slows down the crosslinking rate (d[Rcc(t)]/dt) according to Equ 5. According to

these results, Figure 5b demonstrated that TEMPO is a very powerful inhibitor for free-
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radical crosslinking of PDMS and that the crosslinking kinetics are entirely in agreement

with the kinetic scheme in Figure 1.

According to Figure 5c, the rate of the crosslinking reaction d[Rcc(t)]/dt predicted
from Equ 5 may be very low initially. This results explain the difference between kinetics
of [Rp' ()]t , [Rp (D)]act and [Rec(t)] at the beginning of the macro-radicals coupling phase.
It should be noted that kq = 2.3 x 10° s and ke = 0.8 (L.mol™.s™) at T=160T, and the
slow kinetic start of the chains recombination may be the result of the competition
between the initiation and the bimolecular termination reactions. Thereafter, d[Rcc(t)]/dt
gradually increases to a maximum rate before decreasing with the decrease of [Rp (t)]act
at the end of crosslinking phase. Interestingly, we obtain the maximal values of [R¢c] =
0.5 x [Rpit at the end of the numerical computations (see Table 1), such as [Rpliot =
22.2 x 10°.mol.L™* and [Re] = 11.1 x 10°3.mol.L ™ forr = 0 at T= 160 TC.

Furthermore, the comparison of the predicted final [Rc], i.e. when the reaction is
completed, with our last results of uy (density of chemical crosslink bonds) [7] computed
by using Pearson and Graessley model (presented in Table 1) shows a very satisfactory
agreement which validates our kinetic hypothesis. On the other hand, the dependence
of the computed final concentrations of crosslinking bonds [R¢] and total macro-radicals
[Rpliot versus [N]o at T = 160T is shown in Figure 6. It can be observed that optimal
values of [Ry'lot and [Rec] are linearly dependent on the initial TEMPO concentration.
According to linear extrapolation of [Rcc], the total amount of TEMPO necessary to
totally prevent the crosslinking reaction ([Rec] = 0) is then equal to 79 x 10=.mol.L™%.
Translating this value in terms of [TEMPO]/[DCP] ratio leads to r = 2.2. This result is in
agreement with the value observed from rheological measurement r = 2.4 for which no
crosslinking reaction was observed. In addition, these numerical results confirm our

prediction using the DSC technique in the last experimental work [7].
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Figure 6. Dependence of the final concentrations of crosslinking bonds, [R¢c], and total

macro-radicals, [Rp ot On the initial concentration of TEMPO at T=160<C.

Finally, it can be concluded from the variation of kqy and k.. with temperature that our
model is able to predict the variation of [R(t)] (including inhibition time) for any
temperatures and any ratio. However, this temperature dependence is not plotted here
for brevity and clarity. The temperature dependence will be checked in the next part on

the variation of the viscoelastic properties versus time for different values of r.

4.4. Rheo-Kinetic modelling

The main objective of this work is to predict the changes of viscoelastic properties of
PDMS during a free-radical crosslinking process controlled by the addition of TEMPO.
We have established in the previous part that the kinetic model is capable to predict
peroxide decomposition [DCP(t)], active PDMS carbon-centred radicals [Rp (t)]act » and

crosslink formation [Rec(t)]. Then, rheo-kinetic modelling aims to predict the time
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variations of the complex shear modulus (G'(t), and G"(t),). This can be achieved from
the variation in crosslinking bonds formation [Rcc(t)] derived from Equ 17. However, at
present we cannot theoretically predict the relationship between complex shear
modulus and [Rcc(t)]; excepted when the reaction is completed (prediction of the
equilibrium modulus). As far as we know, such kind of work for free-radical crosslinking
process has never been reported in the literature from the standpoint of quantitative
analysis. We solved this task by carrying out some experiments of crosslinking with
different initial concentrations of DCP and TEMPO at T=160 <. Furthermore,
combining Equ 17 (kinetic model) and the experimental variation of complex shear
modulus with the reaction time, we can experimentally express the variation of complex

shear modulus versus radical coupling [Rec(t)] through a master curve.

From a numerical point of view, kinetic model was implemented through Matlab
Figure 7 plots the variation of the complex shear modulus versus the crosslinking bond
concentration [Re(t)] for r = 1.2 at T = 160 T, by using experimental variation of
complex shear modulus and kinetic equation 17. We used this curve as reference and
the time dependence of complex shear modulus was predicted for any temperature and

any initial DCP or TEMPO concentrations.

Figure 8 shows the prediction of storage modulus G'(t),, for different [TEMPO]/[DCP]
ratio at T=160C. As expected, the addition of TEMPO results in the increase of the
predicted scorch time t.. In addition, all simulations exhibit a plateau after a long period
of time which expresses the completion of crosslinking reaction. The frequency sweep
experiment proved that this plateau is the equilibrium modulus Ge. However, it is clear
that the time needed by the modulus to reach a plateau gets longer as TEMPO
concentration increases. Furthermore, it can be seen that the rheo-kinetic model
predicts a decrease in equilibrium storage modulus (Ge) as TEMPO input increases.
As far as we know, such kind of results has never been reported in the literature from a

guantitative viewpoint.
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Figure 7. Variation of the complex shear modulus versus the effective concentration of
crosslinking bonds [R¢c] at T = 160 €. This curve was used as reference f or modelling

developments.

However, Figure 8 shows that the model slightly overestimates the equilibrium storage
modulus for r =1.8 and 2. This result can be explained by the fact that the Rheo-kinetic
model overestimates the effect of physicals entanglements for lower equilibrium storage
modulus. Actually the time variation of complex shear modulus for r = 1.2 was used as
reference curve. So the rheological model includes the trapped physical entanglements.
Nevertheless, the probability of such trapping is expected to decrease with decreasing
the crosslinking density; whereas the model takes into account a constant probability
whatever the final crosslinking density. Moreover, Figure 8 shows a slowly decrease of
the experimental storage modulus at the earlier stage of reaction. This phenomenon is
clearly shown for r=2. This significant decrease in complex modulus may be attributed

to PDMS degradation in the presence of TEMPO nitroxide. This behaviour can not be
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predicted here because the complex degradation mechanism (detailed in our previous

work [7]) was not investigated in the present kinetic model.
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Figure 8. Modelling of the time variations of storage modulus for different ratios: r = 0,
1.2, 1.8, 2. (T=160T). Solid curves are obtained f rom simulations, while patterned lines
are drawn from experimental data.

Comparison of the predicted storage and loss modulus with rheometer data for
different [TEMPO]/[DCP] ratio at T=160C is shown in Figure 9a and b. From a
gualitative point of view, the viscoelastic variation of G'(t),, and G”(t), was remarkably
predicted by the rheo-kinetic model. Interestingly, Figure 9b shows that at higher
amount of TEMPO (r=2.4), the rheo-kinetic model predicted that the crosslinking
reaction was totally prevented.
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Figure 9a.

Figure 9b.
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Figure 9. Modelling of the time variation of the complex shear modulus for different
[TEMPOJ/[DCP] ratios (T = 160 C): Solid curves are obtained from simulations, while

patterned lines are drawn from experimental data. a) r = 0 and r=2.0, b) r=1.8 and r=2.4

Finally, Figure 10 shows that the rheo-kinetic model predicts well the variation of
storage modulus versus time at different temperatures (T=160, 180, and 200<C) for
r=1.6. As experimentally observed, the rheo-kinetic model predicts that the scorch time
decreases with the increase in temperature. For example, the model predicts that t,
shifted from 12.2 min at 160 € to 2.2 min at 180 °C and crosslinking becomes
“instantaneous” at 200 <. Finally, as expected from our hypothesis, the model predicts
that the equilibrium modulus does not depend on the temperature. This behaviour is not
observed for the experimental variation due to side reactions which can occur at the

higher temperatures (T> 170<C) according to Mskani et al [15].
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Figure 10. Modelling of the time variation of the storage modulus for different
temperatures at r = [TEMPO]/[DCP] = 1.6. Solid curves are obtained from simulations,

while patterned lines are drawn from experimental data.
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5. Conclusion

In this study, a new rheological modelling method was developed to predict the
variation of complex shear modulus for PDMS network formation under free radical
crosslinking reaction controlled by TEMPO. This new method is based on the
relationship between the kinetic of the macro-radicals coupling [Rcc(t)] derived from a
fundamental kinetic model and the viscoelastic variation of complex shear modulus
(G'()w and G’(t),). Owing to the complexity of crosslinking chemistry, a simplified

reactions scheme was used to establish the fundamental kinetic model.

First of all, a kinetic model was derived in order to predict the crosslinking process
including decomposition of the peroxide [DCP(t)], active PDMS carbon-centered
radicals [Rp(t)]act creation, inhibition reaction time t, and the crosslinking bonds
formation [Rc(t)]. The influence of formulation conditions such as ([DCP]o,
[TEMPOJ/[DCP] and Temperature) on the crosslinking reaction kinetics and the network
growth, has been studied at the molecular scale according to this kinetic model. It was
observed that the addition of TEMPO nitroxide can boost the initiator efficiency. On the
other hand, the Kissinger DSC method was used to calculate the activation energy E,c
(87300 J.mol™) and the collision frequency factor Ao (2.68 x 10*° s) for the bimolecular

termination reaction rate kec.

Finally, the rheological modelling shows that this new method precisely predicts the time
variation of the complex shear modulus at any temperature and [TEMPO]/[DCP] ratio.
Although, this modelling has been developed for PDMS rubber, it can easily be

extended to any rubber crosslinking via radical chemistry in the presence of nitroxide.
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Chapter 4

Morphology Development in Novel

Composition of Thermoplastic
Vulcanizates Based on
PA12/PDMS Reactive Blends

Abstract

The main objective of the present work was to tailor a new thermoplastic vulcaniste
(TPV) composed of Polyamide 12 (PA12) as the thermoplastic phase and Polydimethyl-
vinylmethyl-siloxane (PDMS) as the rubber phase. The PDMS was crosslinked by
dicumyl peroxide (DCP). Interestingly, addition of 2,2,6,6-tetramethylpiperidinyloxyl
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(TEMPO) to the TPV provided the compatibilization of the PA12/PDMS blend in the
dynamic process and gave a new material with control structure and morphology. The
Electron microscopy (SEM and TEM) studies revealed that adding silica nanoparticles
and Lotader in PA12 and PDMS phases, respectively, led to a drastic reduction in R, of
the PDMS particles from 16.5 ym (virgin blend) to nearly 0.6 ym for the PA12/PDMS
reactive blend. Therefore, a stable co-continuous morphology was obtained for the new
TPV based on 60-40 wt.-% of PDMS-PA12 blend.

This chapter 4 was published in Macromolecular Materials and Engineering Journal
2011, 296, 1-12.
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1. Introduction

The development of new thermoplastic vulcanizates (TPVs) [1-3] has been a very
active area in the field of polymer processing, because dynamic vulcanization [4] can be
used to obtain desired thermoplastic/rubber blends with controlled structure and
morphology. Depending on the structure and the nature of the dispersed phase, one
may tailor a wide spectrum of TPV material properties [5]. Furthermore, TPVs have
several advantages over the traditional crosslinked elastomers, since functional
performances similar to those of thermoset elastomers can be obtained using the
classical processing tools of polymer melts, while being at the same time recyclable as
thermoplastics [6]. However, conventional TPV based on polypropylene (PP) matrix and
a vulcanized ethylene propylene diene monomer (EPDM) rubber phase have found
limited use in automotive underhood applications that require continuous use
temperatures exceeding 135C and oil resistance [7]. To satisfy these needs, Dow
Corning developed in early 2004 a new family of TPV called “Super-TPV” based on
vulcanized silicone rubber particles dispersed in a variety of engineering-thermoplastic
matrixes [8]. The Super-TPV class designed to replace higher-cost thermoset rubbers
and upgrade the performances of conventional TPVs in more extreme applications,
notably in automotive underhoods and industrial parts subjected to high temperatures
(135 to 170C) in the presence of oils and greases. Recently, Super-TPV class was
broadened by the introduction of new members from Zeon Chemicals and DuPont
Engineering Polymers [9]. These new Super-TPVs are based on a continuous
morphology of polyamide thermoplastic matrix and dynamically vulcanized polyacrylate
(ACM) elastomer [10]. In this context, blends of thermoplastic polymers with
polydimethylsiloxane (PDMS) silicone rubber are of particular interest and a new Super-
TPV with some synergism of physico-chemicals and mechanical properties can be

obtained.
Indeed, PDMS is widely used in a variety of industrial niches because of its well

known unique properties [11]. Its structure is composed of highly flexible O-Si-O bonds

in the main chain, with methyl groups attached to a silicon atom [12]. Hence, their
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physical and chemical properties combine both inorganic and organic characteristics.
Because of this peculiar molecular architecture, PDMS has excellent low and high
temperature retention of mechanical properties, excellent aging, dielectric properties,
and thermal stability [13], but it has low resistance to oil and solvents [14]. In the present
investigation, a blend of PDMS and Polyamide 12 (PA12) has been chosen to prepare a
new Super-TPV material with controlled dispersed or co-continuous morphology. PA12
has excellent solvent and oil resistance, in particular acid and alkali resistance, and
excellent environmental stress cracking resistance at elevated temperatures [15].
However, the PDMS low solubility parameter makes it highly immiscible and
incompatible with the majority of organic polymers such as PA12 [16]. This immiscibility
leads to a PA12/PDMS blend with coarse morphologies, causing fast deterioration of
the blend properties due to thermodynamically driven phase separation. Moreover,
PDMS tends to migrate toward the surface due to its low surface free energy (around 19
mN/m at 20 °C). This effect results in a surface covered by a hydrophobic liquid PDMS
that causes undesired adsorption of hydrophobic contaminants and poor surface

properties [17].

Usually, a high interfacial tension [18] between the phases in immiscible polymer blends
leads to coarse and unstable morphologies [19], which can be overcome by addition or
in-situ formation of compatibilizers that act as interfacial agents [20]. The physical and
mechanical properties of the blends can be greatly improved by using such
compatibilizers, which reduce the interfacial tension between the two phases, increase
the surface area of the dispersed phase, promote adhesion between the phase
components, and stabilize the dispersed phase morphology [21]. Likewise, a new
concept of compatibilization by using solid nanoparticles has been recently introduced.
The work of Bousmina and coworkers [22-28] summarizes well the questions that arise
when trying to identify the mechanisms involved in the refinement of the morphology by
nanofillers. Actually, several phenomena can lead to morphology changes: (i) reduction
in the interfacial energy, (ii) inhibition of coalescence by the presence of a solid barrier
around the minor polymer drops, (iii) changes in the viscosity of the phases due to the

uneven distribution of the filler, (iv) immobilization of the dispersed drops (or of the

95



matrix) by the creation of a physical network of particles when the concentration of the
solid is above the percolation threshold, and (v) the strong interactions of polymer
chains onto the solid particles inducing steric hinderance. For instance, Elias et al. [29]
have investigated the role of hydrophobic and hydrophilic silica nanoparticles on the
morphology stabilization in immiscible PP/PS blend and concluded that the mechanism
of morphology stabilization of PP/PS blend by hydrophilic silica was the reduction in the
effective interfacial tension, whereas hydrophobic silica particles act as a rigid layer
preventing the coalescence of PS droplets. Martin et al. [30] investigated the influence
of silica nanoparticles on the uncrosslinked PP/EPDM blends and showed that silica
nanoparticles stabilized the blends morphology and affected their relaxation behaviour.
In the same line, Maiti et al. [31] studied the distribution of silica nanoparticles in nitrile
rubber (NR) and epoxidized natural rubber (ENR) blends and found that silica
nanoparticles migrated preferentially to the ENR phase and stabilized the blend
morphology by preventing the coalescence of the droplets, making this morphology
thermo-mechanically stable. It was argued that the reasons for the preferential migration
of silica to ENR phase included the low viscosity of the ENR and physical interactions
between the epoxide group of ENR and the silanol group of silica. Another study by
Thareja and Velankar [32] showed that the addition of fumed silica nanoparticles in
PDMS/PIB blends can induce clustering of the drops and consequently stabilize
droplets coalescence. Actually, the mechanism by which silica nanopatrticles stabilize
the morphology against coalescence is not fully understood yet. Most of the authors
concluded that the fillers act as physical barriers due to their accumulation at the
interface, which prevent the coalescence of the dispersed phase [33]. More recently,
Fenouillot et al. [34] investigated theoretically the competition between thermodynamic
wetting of the silica nanoparticles by the polymeric phases and kinetic control of the filler
localization and linked the effect of the filler particles to the rate of the mixing process.
This aspect is believed to be a specificity of filled polymer blends and is known to have
a drastic and sometimes predominant effect on particle localization and therefore finely
tuned morphologies in immiscible polymer blends can be obtained, where the particles

do not occupy their equilibrium position.
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On the other hand, only few studies have addressed the compatibilizion of PDMS based
blends. Kole et al. [35] showed that the incompatible nature of 50/50 silicone PDMS and
EPDM rubber blends was overcome by the introduction of silane-grafted ethylene-
propylene copolymer (EPR), which interacts with both components. In such ternary
blends (matrix, dispersed phase and compatibilizer), a core-shell morphology can be
observed [36]. For example, PP and polyamide 6 (PA6) (70-30 wt%) blend showed very
coarse morphology and poor mechanical properties, but by using the reactive
compatibilizer, SEBS-g-MA, PA6 was encapsulated by SEBS-g-MA and the final
mechanical properties were enhanced [37]. Maric et al. [38] attempted to exploit
amine/anhydride, amine/epoxy and carboxylic acid/epoxy reactions to compatibilize
PDMS blends with both PA6 and polystyrene (PS). Recently, Santra et al. [39] showed
that EMA can compatibilize the low-density polyethylene (LDPE) and PDMS rubber
blend. They also showed [14] that blends of ethylene-methyl-acrylate (EMA) copolymer
and PDMS rubber are miscible throughout the composition range. The miscibility has
been inferred to a specific chemical reaction between the pendant vinyl group of the
PDMS rubber and the a-H of the ester group of the EMA copolymer. To the best of our
knowledge, no work has been reported in the open literature on PDMS rubber and
PA12 polymer blends.

In addition to the PA12/PDMS incompatibility, free-radical crosslinking of PDMS by
organic peroxide suffers from premature crosslinking at high temperatures, which is
called scorching [40], due to a fast decomposition of peroxide at elevated temperatures
[41]. This renders the dispersion of PDMS rubber within the PA matrix difficult to obtain
due to the fast crosslinking of PDMS that segregates in large elastic phase, that makes
the dispersion and compatibilzation quite impossible and one obtains a phase
separation and degradation of the PDMS in the form of a macroscopic powder at the
beginning of the compounding process.Thus, the control of cross-linking reaction at the
mixing step and at higher temperatures cannot be overemphasized. A tricky route to
overcome the difficulties is to control and delay the peroxide decomposition kinetics by
using peculiar specific species used in controlled radical polymerisation process. In fact,

in our previous experimental and modeling studies [41, 42], the effect of 2,2,6,6-
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tetramethylpiperidinyloxyl (TEMPO) on the control of the free-radical kinetics of vinyl-
PDMS rubber crosslinking initiated by dicumyl peroxide (DCP) at high temperatures was
investigated. The results showed that trapped PDMS macro-radicals in the presence of
a radical scavenger such as TEMPO can be a novel route for controlling the kinetics of
PDMS crosslinking after its adequate dispersion within the PA matrix. Consequently, we
decided to add TEMPO in order to make the PDMS crosslinking kinetics compatible
with the melting temperature of PA12 (T=180C) and with the mixing process time to
tailor a new TPV with a controlled network morphology of the rubber phase.

Obviously, the complex nature of TPV process requires a fundamental
understanding of the mechanisms that govern the chemical reactions in polymeric melt
phases and the role of the key process parameters on the final properties of the
developed TPV [43, 45]. Additionally, understanding the relationships between
morphology and blend composition is therefore quite important to control the final
mechanical properties of the tailored TPV [46]. Accordingly, the main objective of the
present work is to investigate the state of dispersion/distribution of PDMS rubber
particles in PA12 thermoplastic matrix for the development of a new TPV material with

controlled structure and morphology.
2. Experimental section
2.1 Materials

Polymers: PA12 homopolymer was used as thermoplastic phase and PDMS of high
molar mass (PDMS gum) containing 0.2 mol-% of vinyl groups was used as rubber

phase. The molar mass of molecular segment between two consecutive reactive sites,
i.e. between two viny! sites is therefore: M, =13,000y mol *. Finally, the terpolymer

(Lotader 3410) of ethylene (E), butyl acrylate (BA) and maleic anhydride (MAH) was
used as compatibilization agent of the PA12/PDMS blend. This terpolymer contains
18% of BA and 3% of MAH as potential functional groups. The main characteristics of

these polymers materials are reported in Table 1.
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Free-Radical Crosslinking: DCP was used as the free-radical initiator of the
crosslinking reaction and the nitroxide 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) was
used as the inhibitor. Both products were purchased from Aldrich Chemicals and used
without any further purification. All experiments were carried out with identical
concentration of DCP: [DCP], = 36 x 10 (mol.L™"). The concentration of TEMPO was
calculated in order to have the following molar ratio (r = [TEMPO]/[DCP] = 1.6) [41,42].

Table 1. Some characteristics of the formulation components.

Material Trade Tm Ty MnXx10°  no(180C) Density Supplier
Name () (C) (g.mol®)  (Pas) (g.cm?)
Silicone rubber PDMS -42 -123 300 5700 0.98 ABCR
gum
Polyamide Rilsan 180 39 25 11000 1.01 Arkema
PA 12 12
Compatibilizing Lotader 91 -50 290 1720 0.94 Arkema
agent 3410
Hydrophilic Aerosil 2.2 Degussa
Silica A 200 Corp.

2.2. Compounding Process

The blends made of polymers, Lotader and silica nanopatrticles, were prepared using
a Haake Plasticorder fitted out with an internal mixer (Haake Rheomix R600 of 50 cm?®)
fitted with two contra-rotating rotors. The mixing chamber can be regulated in
temperature and the rotor speed can be well controlled. The thermocouple located in
the mixing chamber indicates the temperature of the molten blend. Consequently, the
variation of both the torque and the melt temperature during the TPV processing can be

monitored in real time during mixing.
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The following processing conditions were used: Polyamide 12 (or filled PA12 with
Silica) was kept molten for 3 min in the internal batch mixer at 180C and 85 rpm.
PDMS and Lotader were then added and mixed. The Lotader concentration was varied
from O to 6.-wt%. For the reactive blends (with DCP and TEMPO), the PDMS was
mixed at room temperature with the initiator and the inhibitor before its addition to the
molten PA12. The blend was then removed from the chamber and the samples were
then compression molded into 1.5 mm-thick sheets for 3 min at 200C and then left to
cool to room temperature. All samples were stored at room temperature prior to testing.
The same operating conditions were also used for the new tailored PA12/PDMS (40/60
wt.-%) TPV. Table 2 sums up the seven most relevant blends which have been studied

in this work.

2.3. Morphology

The morphology of the blends was first observed using a Hitachi S800 Scanning
Electron Microscope (SEM). The samples were cryo-fractured in liquid nitrogen to avoid
any plastic deformation and morphology alteration. The PDMS phase was selectively
extracted in solvent for 7 days at room temperature. The fractured surfaces were then
sputter-coated with thin gold conductive layer. The morphology was also examined by
transmission electron microscopy (TEM) using a Philips CM120 microscope. Samples,
taken in triplicate throughout the whole material, were ultra-microtomed into 50-100 nm
thin films at -110C using a crystal blade to ensur e that no phase deformation occurred
(as these sample preparations were realised below both the PA12 and PDMS glass

transition temperatures).

The droplet size was determined by using digital image analysis. The radius of each
droplet (R;) was calculated from the corresponding area (A;) taking approximately 100
particles for each analyzed sample. The 3D average particle size was obtained by
performing the Schwartze-Saltikov correction method [47]. The correction was done by

first dividing the particle size into 15 linear size ranges and by characterizing each size
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Table 2. Blend designations and compositions.

Blend PA12 PDMS Lotader Silica r= Preparation
Wt-% Wt-% wt-%  wt-%  ((TEMPO]
/[DCP])

1 80 20 0 0 0 Virgin blend

2 80 20 0 6 0 Non reactive blend of PA12 (pre-
mixing with 6 wt-.% of Silica) anc
PDMS

3 80 20 3 0 0 Non reactive blend of PA12 and PDNIS
(pre-mixing with 3 wt-.% of Lotader)

4 80 20 3 6 0 Non reactive blend of PA12 (pre-
mixing with 6 wt-.% of Silica) anc
PDMS (pre-mixing with 3 wt-.% o
Lotader)

5 80 20 3 6 1.6 Reactive blend of PA12 (pre-mixing
with 6 wt-.% of Silica) and PDMS (pre -
mixing with 3 wt-.% of Lotader and
r=1.6 of [TEMPO]/[DCP] molar ratio)

6 40 60 6 10 0 Reactive blend of PA12 (pre-mixing
with 10 wt-.% of Silica) and PDM$
(pre-mixing with 6 wt-.% of Lotade-
and 1wt-.% of DCP)

7 40 60 6 10 1.6 Reactive blend of PA12 (pre-mixing

with 10 wt-.% of Silica) and PDM$
(pre-mixing with 6 wt-.% of Lotade-
and r=1.6 of [TEMPO]/[DCP] mola-

ratio)

range with midpoint of the range. The particle size was then multiplied by a matrix of

coefficients resulting from a set of equations to get the real particle size distribution in

three dimensions. The number average radius (Rn) and the volume average radius (Ry)

were calculated based on the real particle size distribution by Equ 1 and 2, respectively:
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R = iZ(NV)i (1)

E(Nv)i R’ @

with (N,); is the number of particles having radius R;. Finally, the size polydispersity d
was characterized by d = R/R.

3. Results and discussion

3.1 Nonreactive Blends

Thermoplastic vulcanizates are complex systems that, when formulated and processed
correctly, result in materials that show significant processing advantages over thermoset
rubber. The first key requirement that has been identified in the preparation of the new
silicone-based TPV is that PA12/PDMS blend should be compatibilized. Furthermore,
the morphology shown in Figure 1 and 2a, clearly shows that the PDMS disperses
coarsely in the PA12 phase. The volume droplet radius of the PDMS particles is about
16.5 um (see Table 3). From a qualitative point of view, samples 1 and 2 (7 and 10 min
of mixing) showed PDMS drops dispersed in PA12 matrix. According to the
compositions of these blends, this trend is in total agreement with all semi empirical
models predicting the morphology of two immiscible polymers blends [48]. For longer
times of mixing (15 and 25 min of mixing, after the torque stabilization), the morphology
is characterized by a mixture of larger droplets and domains with irregular shapes due
to coalescence of the PDMS patrticles.
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Figure 1. Change of the two-phase blend morphology versus times of mixing for the
Blend 1 (PA12/PDMS: 80/20) mixed at T =180C and 85 rpm.

Table 3. Average radius ( R, and R,) and size polydispersity ( d) of PDMS droplets
in PA12 matrix.

PA12/PDMS (80/20 wt.-%) R, (um) R, (um) d
Blend 1 Fig. 29 8 16.5 2
Blend 2 Fig. 2H 7 15 2.1
Blend 3 Fia. 22 7.5 16 2.1
Blend 4 Fig. 29 4.5 5.5 1.2
Blend 5 Fig. 4) 0.45 0.6 1.3
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Another interesting observation is that addition of silica nanoparticles or Lotader
separately does not affect the blend morphology, with an average PDMS patrticles size
of about 15 ym similar to the virgin blend mixed under the same conditions (see Table
3). However, when both silica nanoparticles and Lotader are added altogether in the
non reactive PA12 and PDMS phases, respectively, the coalescence is inhibited and
the average particle size was divided by approximately a factor 3, shifting from 15 to 16
um to 5.5 ym with a narrower size distribution (see Table 2). Obviously, only the
combined addition of silica with the terpolymer is at the origin of this fine morphology. In
this first part, the objective was to investigate how the presence and the localization of
silica and Lotader in this biphasic blend influence the morphology development.
Thereafter, we use this novel composition to develop a new PA12/PDMS-based TPV

with controlled morphology.
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Figure 2. SEM micrographs of the cryofractured surfaces of the non-reactive blends
(PA12/PDMS: 80/20) mixed at T =180 and 85 rpm. a) Blend 1, b) Blend 2, c¢) Blend 3,
d) Blend 4. See Table 2.
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3.2 PA12/PDMS Reactive Blends: Towards TPVs

Keeping in mind that the new TPV is obtained via a dynamic vulcanization process, the

selective cross-linking of the PDMS rubber phase must be achieved only after a well-
mixed and compatibilized PA12/PDMS blend with high rubber content. In fact, the

reactive mixture cannot be processed without adding a crosslinking inhibitor. Actually,

the radical crosslinking kinetics of the PDMS phase at high temperature (T=180C) is

faster than the PDMS/PA blending kinetics. In our previous experimental and modeling
work [41,42] the effect of TEMPO nitroxide for the control of the free-radical kinetics of

vinyl-PDMS rubber crosslinking initiated by DCP at high temperatures was investigated.

The results revealed that in presence of inhibitor molecules like TEMPO nitroxide, the

PDMS macro-radicals are rapidly trapped by a grafting reaction before they are able to

form crosslinks.
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Figure 3. Temperature dependence (T = 160, 180, and 200 ) of the PDMS cross-

linking reaction: Variation of the storage modulus versus time for r = [TEMPO]/[DCP] =

1.6 andr=0.
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According to a free radical crosslinking mechanism [41], primary and secondary
alkoxyamines (-C-O-N-) was formed between the nitroxyl and carbon-centered radicals
(inactive PDMS macro-radical). Furthermore, polymeric radicals are rapidly trapped by a
grafting reaction with TEMPO before they are able to form crosslinks by recombination.
As a result, a remarkably scorch delay and crosslinking density control have been found
with varying the molar ratio [TEMPO]/[DCP] in the range r =0 to 2.4.

From a qualitative point of view, Figure 3 (r=1.6 for illustrative example) shows that the
cross-linking process is delayed by few minutes at high temperatures. The addition of
TEMPO results in an increase of the scorch time from 0 min for r = 0 (Tempo free) [42]
to 13 min at 160%C, 3.4 min at 180T and to 1.5 min at 200C for r = 1.6. Moreover,
Figure 3 shows that the steady-state value of the complex shear modulus (G’) does not
seem to depend on the temperature (r=1.6). Therefore, the temperature can be
considered to have not effect on the final cross-linking density in presence of the
inhibitor. The addition of TEMPO to the PA12/PDMS reactive blend (at 180C) favors
the mixing and the compatibilization of the blend during the inhibition step (scorch
delay). Thereafter, cross-linking of the PDMS can occur under intensive blend mixing
(curing process). The concentrations of the inhibitor (TEMPO) and the crosslinking
agents (DCP) added in the reactive mixtures were optimized according to our previous
works (r=[TEMPO]/[DCP]=1.6) [41,42].

Subsequently, we used this strategy for the PA12/PDMS reactive blend. Figure 4 shows
that the reactive blend is characterized by a fine morphology with crosslinked PDMS
rubber particles dispersed in the PA12 matrix. SEM and TEM images (Figure 4.a, b,
respectively) show a core-shell morphology, with a PDMS dark core phase (extracted
phase) encapsulated by the silica nanoparticles (shell). SEM micrographs (Figure 4.a))
show that the sharp interface between PA12 and PDMS has been replaced by a thick
PA12/Silica/PDMS interphase of about hundred of nanometers in dimensions.
Interestingly, adding silica nanoparticles and Lotader in PA12 and PDMS phases
respectively, lead to a drastic reduction in R, of the PDMS particles to about 0.6 ym
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(Table 3). This occurs only by the combined addition of silica and Lotader in the present

reactive system.

a) SEM micrographs

Figure 4. Morphology of the Blend 5 mixed and sheared at T =180C and 85 rpm.
a) SEM micrographs, b) TEM micrographs.
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To understand the effects of Lotader and silica nanoparticles on this PA12/PDMS

reactive blend compatibilization, we studied each system mechanism separately.
3.2.1 Role of the Silica Nanopatrticles: Wetting Coefficient Analysis

At equilibrium, the localization of the silica particles is governed by thermodynamics.
Silica particles can be distributed non-homogeneously and two situations are to be
distinguished: (i) the particles are distributed mainly and homogeneously in one of the
two phases and (ii) the particles are confined at the interface between the two polymers.
This distribution can be predicted qualitatively by comparing surface tension of the three
components. Difference between interfacial tensions imposes the place where the silica
will be localized after stopping the mixing. According to Young’s equation, it is possible
to find the equilibrium position of the filler by evaluating the wetting coefficient w; [49],

defined as follows:

_Vs-27Vsa
a).l. =
N2 @)

Where vysi.iis the interfacial tension between the silica particle and the polymer i and yi»

is the interfacial tension between the two polymers. When w; > 1, the silica is present
only in polymer 1. For value of w; < -1, the particles are only found in polymer 2. For

other values of w;,, the silica is concentrated at the interface between the two polymers.

The interfacial tension can be evaluated from the surface tensions of the components.
Two main approaches can be used depending on the type of surfaces: the harmonic
mean or well-known the Wu equation, and the geometric mean or well-known the
Owens and Wendt [50] equation. The Wu equation (Equation 4) is valid between low-
energy materials and the Owens and Wendt equation (Equation 5) is valid between a

low-energy material and a high energy material. The Wu equation:

d p,P

Z0%
Vie=ntV2— glygd’f pl 2p
ity i )5

(4)
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And the Owens and Wendt equation:

Y12= V1t Vo~ 2\/1’?1’(2]' ‘2\/V1pyzp (5)

Where the exponents d and p stand for the dispersive and the polar contributions,
respectively. The blends have been prepared at 180°C. As surface tension is
temperature dependent, a way to estimate y at other temperature is the application of

the relationship suggested by Guggenheim [51]:

y=yO)L-T /Ty )0 6)

The values of y(0) and T, have been taken from literature. According to Equation 6, the
surface tension decreases with temperature. The calculation of the interfacial tension
requires the values of the polar and the dispersive contributions to the surface tension.
These are commonly given in the literature at room temperature. Assuming that the
temperature dependence of each contribution follows the same law as for the surface
tension; it is then possible to use Equation 6 to estimate y?and v at the temperature of
mixing (T=180%C). For silica particles, the surface tension was estimated at 180T using
the rate dy/dT which is assumed to be constant in the interval of the used temperature
[29].

The values of the surface energy of polymers in the melt state have been extrapolated
from literature values at 20C as detailed below [52,53] and are summarized in Table 4,
with the simplifying hypothesis that the polarity is independent of temperature. The
computed interfacial tensions at 180 T were evaluated based on the Equation (4 and

5) and given in Table 5.
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Table 4. Surface tension data of the components of the blends at 20C.

Material Dispersive Polar Total Temperature
surface surface surface v(0) coefficient
Energy Energy Energy (mN.m™) dy/dT
va (MN.m™) vy MN.m™)  y (mN.m™) (mMN.mK™)
PA12 35.9 4.9 40.8 59.8 -0.065
PDMS 19 0.8 19.8 33.9 -0.048
Hydrophilic 29.4 50.6 80 109.3 -0.1
silica A200

According to results shown in Table 5, the PA12/PDMS blend has a high interfacial
tension, which is responsible for the immiscibility of the components.

Table 5. Interfacial tensions and wetting coefficient at 180 T calculated using

harmonic and geometric mean equations.

Material Interfacial tension Interfacial tension
according to harmonic according to geometric
mean equation (MN.m™) mean equation (MN.m™)
PA12/PDMS 8.4 4.6
PA12/A200 41.4 25.9
PDMS/A200 48.4 38.8
WpPDMS -0.83 -0.67

For this PA12/PDMS blend and at the temperature T = 180C, we then found wppums

value between -1 and 1. According to this result, the silica should be located at the
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interface between PA12 and PDMS and in the PA12 matrix at the thermodynamic
equilibrium.

These results are in agreement with the morphologies showed in Figure 4. Actually,
image analysis of the micrographs in Figure 4 proves that the hydrophilic silica is
located in the PA12 phase and at the interface between PA12 and PDMS phases
(interphase thickness 100-200 nm). In addition, the presence of silica nanoparticles
reduces significantly the coalescence phenomena and the PDMS domain size is
decreased by approximately ten times (see micrographs in Figure 2b and 4b). The
existence of the silica layer interphase stabilizes the blend morphology due to inhibition
coalescence by the solid shell surrounding the individual PDMS drops. This assumption
agrees with the work of Vignati and Piazza [54], Vermant et al. [55] and Sinha-Ray et al.
[22-28] who argued that leaving steric hindrance or surface rheology effect is the most

probable mechanism of morphology stabilization.

3.2.2 Role of the Lotader copolymer

A proposed chemical mechanism has been reported in Figure 5. Maleic anhydride from
Lotader reacts with the amine (NH,) end group of PA12 [56] forming PA12-grafted-
Lotader copolymer (STEP 1) and reduces the interfacial tension between PDMS and
PA12. On the other hand, the Lotader and the PDMS rubber have been found by Santra
et al. [14, 39] to be miscible throughout the composition range. Indeed, the formed
PA12-grafted-Lotader preferentially situated between the PA12 and the PDMS phase,
reacts with the PDMS (STEP 2) and reduces the interfacial tension in the polymer
blend.
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Figure 5. The reaction scheme for the Lotader effect in PA12/PDMS blends

compatibilization.

3.3 Tailoring a new TPV

According to the above studies, the formulation of PA12/PDMS blend containing 60 wt.-
% of PDMS rubber have been developed. Figure 6 shows the variation of the torque

versus the time of mixing for the new TPV (Blend 7), compared with the reactive

formulation without TEMPO (Blend 6). From a qualitative analysis, it is clear that the
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curves for Blends 6 and 7 show different behaviours. Without TEMPO, the curve for the
blend 6 shows instantaneous increases of the torque after the addition of PDMS to the
molten PA12 phase. In fact, the rapid process of PDMS crosslinking at this temperature
(T = 180 ) leads to a significant elasticity of the PDMS phase before its mixing and
compatibilization with the PA12 phase. As a result, the mechanical degradation of the

PDMS in the form of a macroscopic powder is observed.

20 I 1 I 1

/ Phase Inversion

Blend 7
Blend 6

-
(8]

Torque (N.m)
o

T ~—rpoms
1 Crosslinking
1
5 - 1 .
1 ) Crosslinking Control and
I PA12/PDMS Blend Compatibilization
l I
D i 1 1 T 1 T
0 5 10 15 20 25

Time (min)

Figure 6. Variation of the torque versus mixing time for Blend 6 and Blend 7 at T=180TC
and 85 rpm.

The addition of TEMPO in the PA12/PDMS leads to a quite different process and
consequently a different material. The curve for the blend 7 shows that the crosslinking
of the PDMS phase is delayed by few minutes (=3 min). Interestingly, this delay time is
close to the scorch time obtained for r = 1.6 at 180 € in our previous work [41].
Consequently, the addition of TEMPO to the PA12/PDMS reactive blend (at 180C)
ensures the good mixing and compatibilization of the blend during the scorch period
prior the crosslinking reaction.

114



It is also worth to notice that the torque curve passes by an maximum, generally
associated with the phase inversion in the case of the TPV formulation [46]. This is in
fact induced by the increase in the elasticity of the PDMS major phase, which
considerably changes the blend viscoelasticity. Such phase inversion corresponds to
the moment when the two phases interpenetrate to form a co-continuous morphology
[43]. Finally, a stable co-continuous morphology was obtained for the new TPV as

shown in Figure 7.

PDMS domain
before
extraction

PA12

Figure 7. Morphology of the new TPV tailoring in the internal mixer at T=180C and 85

rpm, correspond to the Blend 7 in Figure 6. SEM micrographs.

The general mechanical properties obtained for this new TPV are encouraging. For
example, the elongation at break for such TPV is close to 100%. Furthermore, the
mechanical properties could be improved in a second step with optimization of the

mixing process conditions, the extent of crosslinking and the time of mixing.
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4. Conclusion

In this study a new TPV based on PDMS and PA12 blend (Super-TPV) compatiblized
by Lotader and silica nanoparticles, was prepared by dynamic vulcanization. First, we
investigated non-reactive and reactive blends of PA12 (80 wt.-%) as the matrix
component and PDMS (20 wt.-%) as the dispersed phase. In the reactive case, PDMS
was crosslinked by DCP. Interestingly, the addition of TEMPO to the PA12/PDMS
reactive blend (at 180 C) delayed the crosslinking reaction for about 3 min, period of
time during which the mixing and the compatibilzation processes may be completd
before the crosslinking of the PDMS phase. Therefore, an in situ chemical reaction at
the interface reduced the size of the PDMS dispersed drops. Furthermore, reaction
between maleic anhydride and amine end group occured readily during mixing of the
Lotader and PA12. Therefore, and as expected the in situ-formed PA12-grafted-Lotader
copolymer plays a role in reducing the PA12/PDMS interfacial tension. However, the
reduction in the dispersed phase particles size cannot be explained only by this grafting
reaction. The fine morphology comes from the miscibility between Lotader and PDMS,
combined with the morphology stabilization by the silica nanoparticles. Typically, the
volume droplet radius significantly decreases from 16.5 ym (virgin blend) to nearly 0.6
um for the PA12/PDMS filled reactive blends (80-20 wt.-%).

Actually, it is shown that addition of hydrophilic silica nanoparticles prevents the
coalescence of the PDMS droplets imparting the blend with a core-shell morphology
containing PDMS droplets (core) encapsulated by silica nanoparticles (shell) in PA12
matrix. Depending on the mixing strategy, the Silica nanoparticles are either at least
partially located at the interface between the two polymers and in the PA12 phase. The
localization of the silica nanoparticles is determined by the interactions between the filler
and the polymers. In addition, SEM and TEM micrographs analysis proved that the
hydrophilic silica is located at the interface between PA12 and PDMS phases. For the
latter case, electronic microscopy micrographs showed that the interface between PA12
and PDMS has been changed by thick PA12/Silica/PDMS interphases of about hundred
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of nanometers. Finally, in the case of TPV formulation based on 60 wt.-% PDMS, the

addition of TEMPO led to a stable and fine co-continuous morphology.
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Summary

Survey of the available literature reveals that free-radical crosslinking of rubbers
and/or thermoplastics by organic peroxide suffer from premature crosslinking at high
temperatures. High temperatures lead to the faster decomposition of peroxide. Indeed,
several solutions have been discussed in literature to prevent scorching. Nevertheless,
the control of free-radical crosslinking of the PDMS rubber materials has never been
resolved. Consequently, the molecular understanding of the network topology—
crosslinking kinetics relationships still remains incompletely understood. This is primarily
because conventional rubbers formed by random cross-linking methods have very
obscure structure with a broad network strand length distribution and an unknown

number of dangling chains.

Therefore, the basic aim of the investigations described in this thesis is to find a novel
way to control free-radical crosslinking chemistry and topological parameters of final
networks such as the length of the network strands, functionality of cross-links, the
amounts of entanglements and dangling chains. Moreover, the PDMS will be
crosslinked by Dicumyl peroxide (DCP). The advantage of this free radical crosslinking
reaction that it is can be well controlled at the mixing step and at higher temperatures
using an appropriate inhibitor. Furthermore, addition of inhibitor to a new biphasic
material such as PA12/PDMS blend type TPV (Thermoplastic Vulcanizated) provided
the compatibilization in the dynamic process and gives a new material having a
controlled structure and morphology.
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A general introduction is given in Chapter 1. Various topics and aspects which are
relevant for the work described in this thesis are introduced. Free radical crosslinking of
polymers and the control at high temperatures of this complex chemical process are
reviewed in this chapter. The PDMS rubbers and their typical end-use applications are

also touched upon.

The work is primarily focused on the extensive study of the crosslinking control of
PDMS rubber at high temperatures. Therefore, the roles of nitroxides such as TEMPO
in scorch delay and cross-linking control of free-radicals cross-linking process have
been investigated in Chapter 2. A remarkably scorch delay has been found with varying
the molar ratio [TEMPOJ/[DCP] in the range r=0-2.4. First of all, rheological
measurements were carried out in order to determine the linear viscoelastic properties
of the PDMS networks. The scorch and gel times, the equilibrium modulus (Ge¢), and the
soluble PDMS chains fraction were found to be a function of the concentration of
TEMPO. Furthermore, the characterization of the network features based on the
phenomenological model of Langley and Dossin and Graessley provided that the
control of the network topology can be achieved by using nitroxide TEMPO. In
agreement with rheological measurements, NMR microstructural studies revealed that
the cross-linking delayed action in the presence of TEMPO is the result of trapped
carbon-centered polymer radicals by nitroxides. As a result, once the TEMPO is totally
consumed, the cross-linking can proceed as usual. Furthermore, DSC was used to
characterize the effect of TEMPO in cross-linking reaction at the molecular scale. An
original result has been shown using this technique by varying the molar ratio
[TEMPOJ/[DCP]. Correlation between DSC and rheometry experiments proved that the
secondary exothermic enthalpy corresponds to the covalent bonds formation between
only carbon-centered polymer radicals and thus the network formation. According to this
result, we developed an original method to determine the chemical cross-link density in
the case of complex cure reaction system which has multiexothermal heat reaction. The
predicted chemical cross-link densities are in close agreement with those calculated

using the phenomenological model of the viscoelasticity.
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The work specified in this thesis is therefore directed to find a proper [TEMPO]/[DCP]
ratio for PA12/PDMS biphasic material, in order to maximize the degree of PDMS
crosslinking and the scorch delay. For this purpose, in Chapter 3 we introduced a new
rheological modelling method developed to predict the variation of complex shear
modulus for PDMS network formation under free-radical crosslinking reaction controlled
by TEMPO. This new method is based on the relationship between the kinetics of
macro-radicals coupling [Rcc(t)] derived from a fundamental kinetic model and the
viscoelastic variation of complex shear modulus (G'(t), and G’(t),). Owing to the
complexity of crosslinking chemistry, a simplified reactions scheme was used to
establish the fundamental kinetic model. First of all, a kinetic model was derived in order
to predict the crosslinking process including decomposition of peroxide [DCP(t)], active
PDMS carbon-centred radicals [Rp.(t)]act Creation, inhibition reaction time t, and the
crosslinking bonds formation [Rec(t)]. The influence of formulation conditions such as
(IDCP]o, [TEMPO]/[DCP] and Temperature) on the crosslinking reaction kinetics and
network growth, has been studied at the molecular scale according to this kinetic model.
It was observed that the addition of TEMPO nitroxide can boost the initiator efficiency.
On the other hand, the Kissinger DSC method was used to calculate the activation
energy Eac (87,300 J.mol™) and the collision frequency factor Ag. (2.68 x 10*° s%) for the
bimolecular termination reaction rate k.. Finally, the rheological modelling shows that
this new method precisely predicts the time variation of the complex shear modulus at
any temperature and [TEMPO]/[DCP] ratio. Although this modelling has been developed
for PDMS rubber, it can easily be extended to any rubber crosslinking via radical

chemistry in the presence of nitroxide.

Interestingly, addition of TEMPO to the TPV novel composition provided the
PA12/PDMS blend compatibilization in the dynamic process and gives a new material
having a controlled structure and morphology. A better insight in understanding the
blend composition and the morphology development relationships is aimed at in
Chapter 4. Furthermore, we investigated non reactive and reactive blends of PA12 (80
wt%) as the matrix component and PDMS (20 wt%) as the dispersed phase. In the

reactive case, the PDMS was crosslinked by Dicumyl peroxide (DCP). Interestingly, the
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addition of TEMPO to the PA12/PDMS reactive blend (at 180 ) delayed the
crosslinking reaction for about 3 min and provided to mix and compatibilize the blend
during the inhibition phase. Therefore, an in-situ chemical reaction at the interface
reduced the volume droplet radius of the PDMS dispersed phase. Furthermore, reaction
between Maleic Anhydride and Amine end group occurs readily during mixing of the
Lotader and PA12. Therefore, the in situ-formed PA12-grafted-Lotader copolymer
played a role in reducing of the PA12/PDMS interfacial tension and increasing the
depressiveness of PDMS. Nevertheless, the size reduction of the dispersed phase
cannot be explained solely by this grafting reaction. The miscibility between Lotader and
PDMS, in addition with the morphology stabilization by the silica nanoparticles, may
yield to the fine morphology. Typically, the volume droplet radius significantly decreases
from 16.5 ym (virgin blend) to nearly 0.6 ym for the PA12/PDMS filled reactive blends
(80-20 wt%). In fact, it is shown that addition of hydrophilic silica nanoparticles
suppresses the PDMS droplets coalescence. The blend showed a core-shell
morphology containing PDMS droplets (core) encapsulated by silica nanoparticles
(shell) in PA12 matrix. Depending on the mixing strategy, the hydrophilic Silica
nanoparticles are either at least partially located at the interface between the two
polymers and in the PA12 phase. The localization of the silica nanocharges is
determined by the interactions between the filler and the polymers. In addition, SEM
and TEM micrographs analysis proved that the hydrophilic silica was located at the
PA12/PDMS interface. For the latter case, electronic microscopy micrographs showed
that the interface between PA12 and PDMS has been changed by PA12/Silica/PDMS
interphases of a hundred of nanometers thick. We then concluded that silica
nanoparticles act as a rigid layer preventing the coalescence of PDMS droplets. The
above studies (containing 20 wt% of PDMS) allowed to optimize the formulation of a
reactive blend and to develop the new TPV. The phase inversion seems to take place at
a gel content of around 60% wt of PDMS, and a stable co-continuous morphology was
obtained for the new TPV based on 60 wt% of PDMS and 40 wt% of PA12. Accordingly,
thermoplastic/Rubber blends stabilized by solid particles open interesting technological

perspectives.
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Finally, while TEMPO has been extensively studied as an initiator for living free
radical polymerizations, the use of TEMPO in this thesis to control free radical
crosslinking of PDMS rubber and that control of macromolecular architecture to the
development of new PA12/PDMS biphasic polymeric materials with controlled structure
and morphology has been an original way in TPV tailoring. The findings of this thesis
will be an important impact in polymer science from both an academic and an industrial
viewpoint. This interest is governed by the need to control the network architecture in
order to develop new class of rubbers formulations with a rich variety of topological

characteristics improved and/or new mechanical and physical properties.
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