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Abstract:

The objective of this study is to investigate the ability of TPV (materials based on PP/EPDM blend) to
foam under CO, batch conditions. The EPDM phase, which is dispersed into the PP phase, was
dynamically crosslinked either by a phenolic resin (Resol) or by a radical peroxide (dicumyl peroxide).
The results show an influence of the crosslinking chemistry-on the extensional viscosity of the TPV.
Regarding radical chemistry, the peroxide induces polypropylene degradation by B-scission reaction
during the dynamic crosslinking process. As a result, the ability of the TPV to deform under extensional
flow (Hencky deformation at break < 0.5) is greatly reduced. On the contrary, the Resol-based TPV has
demonstrated a non-linear viscosity behaviour (strain hardening) and a great ability to deform (Hencky
deformation at break > 1.5). This unexpected result for a non-homogeneous system can be explained
by the confinement of the PP phase between EPDM nodules which gives to the PP chains a gel
rheological behaviour. In addition, the influence of the addition of carbon black filler has also been
studied. Finally, the relationship between extensional viscosity and physical foaming has been
investigated. As for a homogeneous polymer, the extensional viscosity has been proved to be a key
factor to estimate the foaming behaviour of complex systems like TPV. Hence, the importance of non-

linear viscosity for a multi-phasic polymer to ensure foaming ability has been demonstrated.



Introduction

In order to reduce plastic consumption, foams are being more and more used. Firstly, polystyrene and
polyurethane have been developed and now are well understood. More recently, foams with
nanoscale cell size have been developed from nanostructured polymethylmethacrylate (PMMA), they
exhibit enhanced properties due to this nanoscale morphology, e.g., high thermal insulation, superior
to air due to the Knudsen effect [1]. To be as eco-friendly as possible, foams research has focused on
physical foaming because it is harmless to human and environment, unlike chemical foaming which
can produce chemical species and pollute the foam reducing its recyclability. In fact, chemical blowing

agent such as azodicarbonamide can be decomposed [2][3][4].

Due to the growing interest in designing greener polymer foams, the interest in foams based on
thermoplastic elastomer (TPE) and thermoplastic vulcanizates (TPV) is increasing too. Thermoplastic
vulcanizates (TPV) are a family of TPE although the rubber phase is dynamically crosslinked [5]. This
induces a fine dispersion of crosslinked rubber particles on the thermoplastic matrix [6]. TPVs have
highly improved mechanical properties as long as the rubber part is sufficiently crosslinked and
therefore behave like a vulcanized rubber, but due to the thermoplastic phase, they can be processed
just as thermoplastics [6][7]. These unique properties make them a greener and recyclable rubber. A
widely used family of TPV is composed of a dispersed EPDM vulcanized phase and a polypropylene
matrix [8][9]. Many physical foaming agents have been investigated like water, N, or CO, [3][6].
Supercritical CO, seems to be the most suitable agent for foaming TPV because of its high solubility in

polymer and more particularly on polypropylene and EPDM [10].

The TPV and TPE foaming has been studied and it has been reported that low density foam with fine
cell dispersion could be achieved [6][11]. In literature, using CO; as a foaming agent has been proven
to be effective, but the elasticity of the polymer has a major role in the resulted foam. As the
crosslinking level of the elastomeric phase influences the elasticity of the global polymer blend this

would influence the foaming behaviour, a too crosslinked rubber induces a poor foaming capacity [12].

The significance of the strain hardening on the foamability is well known, especially for
polypropylene[13] [14] [15-18], however, the influence of the non-linear extensional viscosity has not
been investigated in many details for complex blend such as TPV. Nevertheless the importance of non-
linear viscosity on TPE foaming has already been demonstrated by increasing the branching level [19]
which resulted on increasing the strain hardening. Thus, the addition of filler on polymer matrix (having

poor foamability) has proven to be a way of improving their ability to foam by create the strain



hardening phenomena [20][21]. These results indicate the importance of the macroscopic rheology

and specifically strain hardening for the ability to foam complex polymer blend.

The rheological behaviour of TPV and its relationship to foaming has not been fully investigated [3]
despite the necessity to understand how TPV foaming occurs to know how to design the polymer
depending on its specific application. So, this work is focused on the influence of the crosslinking

chemistry on the foaming and elongational viscosity and the relationship between them.

Experimental part.

Polymers and formulations

Polymers and chemical products used in the present study have been described in detail in our
previous works ([22,23]). Firstly, the polypropylene used is an isotactic homopolymer purchased from
TotalEnergies having a Melt Flow Index of 1.8 g/10min (measured at 2.16 kg/230°C) and molar masses

» = 70 000g/mol and M,, = 380 000 g/mol with the reference PPH3060. The EPDM used is provided
by ExxonMobil Chemical (EPDM Vistalon 8600). The molar composition of the terpolymer are specified
on previous works ([22,23]) which is 71.6 mol% ethylene, 26.4 mol% propylene and 2 mol% of ENB.
The molar masses are M, = 69 000 g/mol and M,, = 203 000 g/mol. Paraffinic oil used blended with
EPDM is the Nypar 330 (Nynas) having a density at 15 °C of 0.875 kg/m?3, fraction of oil depends on the
blend of polymers studied, 60 phr for pure EPDM and 122 phr for EPDM/PP blend. Crosslinking
reactions of EPDM are made using two different crosslinking agents: an organic peroxide, dicumyl
peroxide provided by Aldrich (99% purity) abbreviated in our work as DCP and an activated octyphenol-
formaldehyde resin (Nures 2055, Newport Industries) its abbreviation in this work is Resol. The carbon

black is provided by Lehvoss (N550) with a specific surface area of 40 m?/g.
TPV preparation:

TPV samples were prepared using the same method as described in our previous work [23]. First the
EPDM, parafinic oil and the filler (carbon black) are mixed in a batch mixer (Haake Rheomix 600) at 60
°Cand 50 rpm for 5 minutes in order to homogenize the blend. Then, the polypropylene phase is added
and the blend is mixed for 5 more minutes with no change of temperature. Then, the temperature is
set up to 180°C to crosslink the EPDM phase. The vulcanization time depends on the crosslinking agent

nature.

The samples used for rheological measurement and foaming stage are made through compression

molding at 180°C for 10 mn for DCP crosslinked systems and 20 min at 200°C for Resol systems.



Table 1: TPV samples composition. v* is the crosslinking density determined in ref [22] for pure
crosslinked EPDM. Cs are the compression set values. For all TPV samples, EPDM: 100 phr, PP: 75 phr
and oil plasticizer: 122 phr.

*
Reference (p:;s;:\:m (ohofot carb(z?rr?mk ity Sl I ot
TPV R1 7/2.30 40 71 56+2
TPV R1CB 7/2.03 41 40 71 55+1
TPV D1 4/1.33 40 83 56+2
TPV D1CB 4/1.17 41 40 83 50+1

Rheological measurements

The experiments were carried out using an ARES (TA instrument) rheometer under inert atmosphere

(nitrogen). A plate-plate geometry (diameter = 8 mm, sample thickness = 2 mm) was used.

Elongation measurements were performed on an ARES-G2 rheometer (TA instrument) using the
extensional viscosity fixture (TA instrument). The experiments were conducted at 180°C for 3 different

strain rates: 0.01s?%,0.1s?%, 15,
Foaming process

The foaming of the TPV samples was carried out on discs of 2 mm thick and 25 mm in diameter. The
foaming process was performed on a Paar Instrument system (reference: mini bench reactor 4567)
and divided in two phases. The first one consists in a pressure saturation of the PP phase at 180 °C
(above its Tm= 165°C). Then, the temperature is set at 130 °C. Once the equilibrium temperature and
pressure are reached, the samples are left in place for 45 minutes. The global time of the saturation
process is about 2 hours. Under these conditions, the solubility of CO; in PP and EPDM phase is
respectively 7.9 wt% and 4.4 wt% of CO, [10]{24][25]. The depressurisation is made at a rate of
1.5 MPa/s.

SEM and TEM observations

Two sample preparations are made: i) for the lower density foams (p < 300 kg/m?3), a high sharp blade
is used at ambient temperature to avoid the destruction of the foam morphology under ultra-
microtom at low temperature (- 90 °C), ii) for higher density foams (p > 300 kg/m?), ultra-microtomy is

used at — 90 °C using liquid nitrogen. SEM observations are made using a Hirox SH4000M SEM.



TEM observations are made on a Philips CM 120 TEM (transmission electron microscope) at 120 kV
after being ultra-microtomed with a Leica UC-7 at — 160 °C using liquid nitrogen. Samples are about 70

nm thick.

Density measurement

First, the thickness of the sample is measured and a square of 10 x 10 mm?is cut of the foam. Then the

extracted part of the foam is weighted using a laboratory scale (sensibility of 0.1 mg).

Results and discussions

The influences of the chemistry nature and the crosslinking density on the morphology and mechanical
properties of the EPDM network have been deeply studied in our previous work [22]. The morphology
of PP/EPDM blend is shown in Fig 1 depending on the crosslinking agent. Except for the location of the
carbon black (into the PP phase for DCP crosslinking and in the EPDM phase for Resol crosslinking), no
PP/EPDM morphological difference is observed. From these observations we can assume that the
morphology does not depend on the crosslinking chemistry (as long as the crosslinking level are close)
or at least it is difficult from these images to observe any significant influence. Regarding the
crosslinking density of each formulation, and/or the elastic equilibrium modulus (= 3.10° Pa [22]), the
rubber phase is too crosslinked to be able to foam [12][24]. Foaming of pure crosslinked EPDM samples
with each content and type of crosslinker was performed to verify the literature conclusion that a high
level of crosslinking prevents physical foaming. As expected, none of the crosslinked EPDM samples
has demonstrated ability to foam under the foaming conditions. Furthermore in literature, it is
assumed that TPV foaming is only induced by the PP phase foaming [26,27] which is confirmed by

these preliminary results.

Fig 1:TEM morphology of TPV filled with 12% carbon black. a) TPV/DCP and b) TPV/Resol.

The rheological behaviour of TPV has been studied in the literature [3,7,14,19] and these studies have

lightened the influence of the crosslinking density, the viscosity of both PP and EPDM on the rheology



of the TPV. The viscoelastic behaviour (apparition of strain hardening) of the polypropylene and/or
EPDM does not necessarily induce the same extensional properties [7] of the resulting TPV. So, the
viscoelastic behaviour of the TPV depends on the interaction of both polymers and not only on the
rheology of the matrix and/or the rubber phase. However, it has been shown that the rheological
behaviour of the polypropylene phase modifies the foamability of the TPV [28]. Furthermore, Li et al
[29] worked on the TPV rheology with different fractions of EPDM, and concluded that the rheological

behaviour of the blend tends to be closer to the rheology of pure crosslinked EPDM.

From the literature, the non-linear rheology of TPV does not come from the only rheological behaviour
of the polypropylene phase. Thus, the addition of branched PP, that has demonstrated strain
hardening, will not necessary induce the same rheology on the TPV [7]. So, the rheological behaviour
of complex blend such as TPV is multifactorial, and not only due to the thermoplastic phase. In Fig 2,
the extensional viscosity has been compared, depending on the crosslinking system containing filler

(12 w% of carbon black), highlights two drastically different behaviours.
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Fig 2: Extensional viscosity under three different strain rates for TPV crosslinked using Resol (square
dot: v*= 71 mol/m?) and DCP (round dot: v*= 83mol/m?)

The extensional viscosity of TPV/Resol samples exhibits strain hardening behaviour unlike the TPV/DCP
samples. In addition, the linear viscosity of both TPV are different, indeed a difference on the value of
the linear viscosity behaviour at low deformation (0.1 s*) is observed (Resol =4.10* Pa.s; DCP = 1.5

10%Pa.s ). This difference between these two systems is probably due to the degradation of the PP by



B-scission induced by the DCP as the elasticity of the EPDM phase are the same for both systems (table
1).

To go further, the extensional viscosity of the TPV/Resol, shown in Fig 3, proves that carbon black has
little or no influence on the extensional rheology of these samples. Actually, it was proved that the
carbon black has no influence on the foaming for TPV/Resol system. This could be explained by the

location of carbon black, in the crosslinked EPDM phase which is a non-foaming phase as stated before.
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Fig 3: Extensional viscosity for TPV crosslinked with Resol, full symbols correspond to TPV filled with
carbon black, open symbol corresponds to unfilled TPV

Furthermore, CB particles which are located in the EPDM phase do not influence the
extensional viscosity of the TPV as the EPDM phase can be viewed as solid domains dispersed

in the PP matrix.

Regarding TPV/DCP, it can be observed that the presence of carbon black fillers at the
PP/EPDM interface (Fig 1) does not impact the extensional viscosity (Fig 4). However, and
compared with Fig 1, the use of DCP as crosslinking agent drastically changes the extensional
rheological behaviour. Then, compared to TPV Resol samples, there is a clear decrease of the
maximal Hencky deformation at break (< 0.5) and a non-strain hardening behaviour is

observed.
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Fig 4: Extensional viscosity of TPV/DCP samples unfilled (open symbols) and filled (full symbols) with
carbon black

As assumed before, the degradation of the polypropylene by B-scission reaction, due to the use of
radical crosslinking chemistry, would explain the difference observed between our two system. This
phenomena is well known and described in the literature [30,31]. In another work, we were able to
selectively separate the PP chains by the Soxhlet extraction method. As result, the corresponding
values of PP molar mass (Table 2) demonstrates the importance of DCP on the degradation of PP chain
compared to Resol. However, it can be noted that the polypropylene molar mass has been decreased
in the case of TPV/Resol. In this case the chain scission comes from the thermal oxidative degradation

under processing.

Table 2: molar mass of the PP phase extracted by soxhlet from TPV samples

Polymer Mn (g mol?) Muw (g mol?) Mw/My (PPH3060)
PP (PPH3060) 70000 380000 1

PP (TPV/Resol-12wt% CB) 30000 200000 0.5

PP (TPV/DCP-12wt% CB) 20000 75000 0.2

This result indicates that the viscosity/molar mass of the polypropylene is the first order parameter

that determines the extensional viscosity of the TPV.



Furthermore, it must be pointed out that neat PP used in this work does not show any strain hardening
properties as it is constituted of linear chains. In addition, it is well known that filled polymers above
filler percolation exhibit strain softening even if the pure polymer matrix has a strain hardening
behaviour. So, the TPVs should exhibit strain softening behaviour or at least no strain hardening. In
TPV, the EPDM domains form a 3D network and due to the high volumetric fraction of EPDM (EPDM
represent ~60% in volume of the TPV) the PP macromolecular chains are constrained by the
elastomeric nodules. As a result, the physical interactions in the EPDM interphase volume create a high
degree of connectivity of the PP chains leading to a broadening of relaxation modes. In other words,
temporary physical entanglements become permanent entanglements due to the confinement that
actually defines the chain interconnectivity. This interconnectivity by the chain confinement depends
on the volume fraction and diameter of the dispersed phase [32] as schematically shown in Fig 5.
Finally, the 3D network of EPDM domains resulting in the confinement of PP chains lead to a
phenomena that is analogous to the grafting chain or part of PP chains just as silane (Bis[3-
(triethoxysilylpropyl)] tetrasulfide) grafting on silica blend with butane rubber leads to strain hardening

[33].

TPV/Resol TPV/DCP
EPDM S ’Z\\r A
EPDM
Interconnectivity of PP chains Shorter PP chains/ No entanglements
Gel behaviour Liquid behaviour

Fig 5: Scheme of the chain interconnectivity by interphase confinement between crosslinked EPDM
domains. In the case of TPV/Resol the confinement leads to chain interconnectivity (permanent
entanglements) whereas in the case of TPV/DCP, the [-scission leads to shorter polymer chains and

therefore untangled chains

So, the PP entanglement with EPDM at the interface and confinement induced by EPDM domains can
explain the strain hardening apparition in TPV/Resol samples. On the other hand, this phenomenon
disappears for TPV/DCP samples because the PP chains have been degraded and are too short to
induce this specific rheological behaviour. Finally, the relationship between extensional viscosity and

foamability for neat polymers can be extended to complex and heterogenous system like TPV.



The strain hardening phenomenon and the maximal Hencky strain at break have been proven to be a
relevant criterion to predict the ability to foam for neat polymer[13][15-18]]. Based on these
extensional rheological results, the TPV/Resol samples (strain hardening) are expected to have a great
ability to foam, in contrast to TPV/DCP samples which are expected to exhibit low foaming ability.
Foam morphology of TPV/DCP (Fig 6) and TPV/Resol samples (Fig 7) demonstrate the relationship
between foaming and extensional rheology even for complex and non-homogenous system in
agreement with our extensional result. The importance of strain hardening is confirmed by the foam

morphologies and the density of TPV/Resol samples (with or without carbon black) compared with the

TPV/DCP sample as shown in Fig 8.

Fig 7: SEM observations of TPV/Resol foams. a): unfilled (0% CB) and b): filled with 12 wt%CB.

As expected for TPV/Resol samples, the foams obtained demonstrates a closed cell morphology with

low-density (p = 300 kg/m?) whereas the density of the DCP system is around 600 kg/m3.

On the other hand, it could be expected that the presence of nucleating agent (carbon black in our

case) enhances the foamability as the filler increases nucleation [34]. However, the addition of carbon



black on TPV does not improve the foamability of the TPVs (Fig 8). This indicates the major influence

of rheological behaviour (strain hardening) on the foam expansion.

To conclude, the nature of the crosslinking chemistry of the EPDM has an influence on the foaming
behaviour of the TPV even though the PP is the foaming polymer since EPDM is not able to foam at

this level of crosslinking density.
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Fig 8: Density of both TPV/Resol and TPV/DCP foamed with and without carbon black (grey column:
no filler, black full column: filled with 12wt% carbon black) compared with unfoamed TPV system.
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Conclusions:

In this work, we have studied how the chemical nature of the crosslinking agent used during the
dynamic crosslinking of EPDM influences the extensional viscosity and consequently how it affects the
foaming ability of TPV samples. Due to the very high level of crosslinking density of the EPDM phase,
only the polypropylene phase can foam under CO; batch conditions. The two TPV systems (TPV/Resol
and TPV/DCP) with close crosslinking densities show distinct extensional viscosity due to the
crosslinker-induced modification of the polypropylene chains. In fact, the results show the limitation
of DCP as a crosslinking agent due to the B-scission degradation reaction of the polypropylene chains.
On the contrary, strain hardening appears for TPV/Resol whose physic origin can be explained by the

confinement of the polypropylene chains between the EPDM domains.

Thus, this work demonstrates the relationship between extensional viscosity, strain hardening
precisely, and foaming ability of TPV. This type of behaviour is observed only for TPV/Resol. Indeed, a
high strain hardening behaviour and a Hencky deformation show a high foaming ability even for these

inhomogeneous two-phase systems. The addition of carbon black does not modify this behaviour.



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

(16]

C. Forest, P. Chaumont, P. Cassagnau, B. Swoboda, P. Sonntag, Polymer nano-foams for insulating
applications prepared from CO2 foaming, Progress in Polymer Science. 41 (2015) 122-145.
https://doi.org/10.1016/j.progpolymsci.2014.07.001.

X.Y. Mei, Y.G. Zhou, H.L. Sun, B. Bin Dong, C.T. Liu, L.S. Turng, Evaluating the gas-laden ability of polymer
melt under atmospheric conditions using a modified torque rheometer, Journal of Cellular Plastics
(2021). https://doi.org/10.1177/0021955X21997351.

W. Zhai, J. Jiang, C.B. Park, A review on physical foaming of thermoplastic and vulcanized elastomers,
Polymer Reviews (2021) 1-47. https://doi.org/10.1080/15583724.2021.1897996.

R. Banerjee, S.S. Ray, Foamability and Special Applications of Microcellular Thermoplastic Polymers: A
Review on Recent Advances and Future Direction, Macromolecular Material and Engineering 2000366
(2020) 1-49. https://doi.org/10.1002/mame.202000366.

N. Ning, X. Li, H. Tian, Y. Hua, H. Zuo, P. Yao, L. Zhang, Y. Wu, G.H. Hu, M. Tian, Unique microstructure of
an oil resistant nitrile butadiene rubber/polypropylene dynamically vulcanized thermoplastic elastomer,
RSC Advances 7 (2017) 5451-5458. https://doi.org/10.1039/c6ra24891h.

S.G. Kim, C.B. Park, B.S. Kang, M. Sain, Foamability of Thermoplastic Vulcanizates ( TPVs ) with Carbon
Dioxide and Nitrogen, Cellular Polymers, 25 (2006) 19-33.

N. Ghahramani, K.A. lyer, A.K. Doufas, S.G. Hatzikiriakos, Rheology of thermoplastic vulcanizates ( TPVs
),Journal of Rheology, 64 (2020) 1325-1341.

G. Martin, C. Barres, P. Sonntag, N. Garois, P. Cassagnau, Morphology development in thermoplastic
vulcanizates (TPV): Dispersion mechanisms of a pre-crosslinked EPDM phase, European Polymer Journal
45 (2009) 3257-3268. https://doi.org/10.1016/j.eurpolym;.2009.07.012.

N. Ning, S. Li, H. Wu, H. Tian, P. Yao, G.H. HU, M. Tian, L. Zhang, Preparation, microstructure, and
microstructure-properties relationship of thermoplastic vulcanizates (TPVs): A review, Progress in
Polymer Science 79 (2018) 61-97. https://doi.org/10.1016/j.progpolymsci.2017.11.003.

W.L. Kong, J.B. Bao, J. Wang, G.H. Hu, Y. Xu, L. Zhao, Preparation of open-cell polymer foams by CO2
assisted foaming of polymer blends, Polymer 90 (2016) 331-341.
https://doi.org/10.1016/j.polymer.2016.03.035.

Kim, S.G., Park, C.B., & Sain, M.M. (2008). Foamability of Thermoplastic Vulcanizates Blown with Various
Physical Blowing Agents. Journal of Cellular Plastics, 44, 53 - 67.
https://doi.org/10.1177/0021955X07079224.

M. Shimbo, T. Nomura, K. Muratani, On Foaming Process of Vulcanized Rubber Using Physical Blowing
Agent, Third Int. Conf. Axiomat. Des. (2004) 1-6.

B. Rainglet, Y. Chalamet, V. Bounor-Legaré, K. Delage, C. Forest, P. Cassagnau, Polypropylene foams
under CO2 batch conditions: From formulation and rheological modeling to cell-growth simulation,
Polymer 218 (2021) 123496. https://doi.org/10.1016/j.polymer.2021.123496.

P. Spitael, C.W. Macosko, Strain hardening in polypropylenes and its role in extrusion foaming, Polymer
Engineering Science 44 (2004) 2090-2100. https://doi.org/10.1002/pen.20214.

Y. Li, Z. Yao, S. Qiu, C. Zeng, K. Cao, Influence of molecular structure on the rheological properties and
foamability of long chain branched polypropylene by “one-pot” reactive extrusion, Journal of Cellular
Plastics 57 (2021) 433-449. https://doi.org/10.1177/0021955X20943108.

Z. Xu, Z. Zhang, Y. Guan, D. Wei, A. Zheng, Investigation of extensional rheological behaviors of
polypropylene  for  foaming, Journal of Cellular Plastics 49 (2013) 317-334.
https://doi.org/10.1177/0021955X13477431.



(17]

(18]

(19]

[20]

[21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

X. Zhang, X. Wang, B. Dong, G. Zheng, J. Chen, C. Shen, C.B. Park, Synergetic effect of crystal nucleating
agent and melt self-enhancement of isotactic polypropylene on its rheological and microcellular foaming
properties, Journal of Cellualr Plastics 57 (2021) 101-121. https://doi.org/10.1177/0021955X20969553.

Y. Zhang, J.S. Parent, M. Kontopoulou, C.B. Park, Foaming of reactively modified polypropylene: Effects
of rheology and coagent type, Journal of Cellular Plastics 51 (2015) 505-522.
https://doi.org/10.1177/0021955X14566209.

R. Jiang, S. Yao, Y. Chen, T. Liu, Z. Xu, C.B. Park, L. Zhao, Effect of chain topological structure on the
crystallization, rheological behavior and foamability of TPEE using supercritical CO2 as a blowing agent,
Journal of Supercritical Fluids. 147 (2019) 48-58. https://doi.org/10.1016/j.supflu.2019.02.006.

A. Rizvi, Z.K.M. Andalib, C.B. Park, Fiber-spun polypropylene / polyethylene terephthalate micro fi brillar
composites with enhanced tensile and rheological properties and foaming ability, Polymer 110 (2017)
139-148. https://doi.org/10.1016/j.polymer.2016.12.054.

A. Rizvi, A. Tabatabaei, M.R. Barzegari, S.H. Mahmood, C.B. Park, In situ fibrillation of CO2-philic
polymers: Sustainable route to polymer foams in a continuous process, Polymer 54 (2013) 4645-4652.
https://doi.org/10.1016/j.polymer.2013.06.023.

C. Le Hel, V. Bounor-Legaré, A. Lucas, A. Thevenon, P. Cassagnau, Elasticity recovery of crosslinked EPDM:
influence of the chemistry and nanofillers, Rheological Acta. 60 (2021). https://doi.org/10.1007/s00397-
020-01246-0.

C. Le Hel, V. Bounor-Legaré, M. Catherin, A. Lucas, A. Thevenon, P. Cassagnau, TPV: A new insight on the
rubber morphology and mechanic/elastic  properties, Polymers. 12 (2020) 1-15.
https://doi.org/10.3390/polym12102315.

H. Zheng, G. Pan, P. Huang, D. Xu, W. Zhai, Fundamental Influences of Crosslinking Structure on the Cell
Morphology, Creep Property, Thermal Property, and Recycling Behavior of Microcellular EPDM Foams
Blown with Compressed CO2, Industrial Engineering Chemical Research 59 (2020) 1534-1548.
https://doi.org/10.1021/acs.iecr.9b05611.

W.L. Kong, J.B. Bao, J. Wang, G.H. Hu, Y. Xu, L. Zhao, Preparation of open-cell polymer foams by CO2
assisted foaming of polymer blends, Polymer 90 (2016) 331-341.
https://doi.org/10.1016/j.polymer.2016.03.035.

S.G. Kim, C.B. Park, M. Sain, Foamability of thermoplastic vulcanizates blown with various physical
blowing agents, Journal of Cellular Plastics 44 (2008) 53-67.
https://doi.org/10.1177/0021955X07079224.

Z. Xiu, S. Ling, S. Hyo, D. Jin, D. Suk, J. Kuk, Microcellular foams of thermoplastic vulcanizates ( TPVs )
based on waste ground rubber tire powder, Materials letters 62 (2008) 4396—4399.
https://doi.org/10.1016/j.matlet.2008.07.039.

P. Spitael, C.W. Macosko, A. Sahnoune, EXTENSIONAL RHEOLOGY OF POLYPROPYLENE AND ITS EFFECT
ON FOAMING OF THERMOPLASTIC ELASTOMERS(2002).

S. Li, H. Tian, B. Zhang, H. Guo-hua, C. Liu, Nonlinear and linear viscoelastic behaviors of thermoplastic
vulcanizates containing rubber nanoparticle agglomerates, Polymer 181 (2019).
https://doi.org/10.1016/j.polymer.2019.121793.

H. Azizi, I. Ghasemi, M. Karrabi, Controlled-peroxide degradation of polypropylene: Rheological
properties and prediction of MWD from rheological data, Polymer Testing ,27 (2008) 548-554.
https://doi.org/10.1016/j.polymertesting.2008.02.004.

B.R. Sheng, B. Li, B.H. Xie, W. Yang, J.M. Feng, M.B. Yang, Influences of molecular weight and crystalline
structure on fracture behavior of controlled-rheology-polypropylene prepared by reactive extrusion,



Polymer Degradation and Stability 93 (2008) 225-232.
https://doi.org/10.1016/j.polymdegradstab.2007.09.011.

[32] F. Avril, R. Rahmé, M. Doux, D. Verchere, D. Sage, P. Cassagnau, New polymer materials for
steel/polymer/steel laminates in automotive applications, Macromolecular Material Engineering 298
(2013) 644—-652. https://doi.org/10.1002/mame.201200058.

[33] M. Yrieix, J.C. Majesté, Correlation of silane grafting density with rheological properties of silica filled
rubber: Coupling of flow and temperature, European Polymer Journal 94 (2017) 299-310.
https://doi.org/10.1016/j.eurpolym;.2017.07.016.

[34] J.Ding, J. Shangguan, W. Ma, Q. Zhong, Foaming behavior of microcellular foam polypropylene/modified
nano calcium carbonate composites, Journal of Applied Polymer Science 128 (2013) 3639-3651.
https://doi.org/10.1002/app.38416.



