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Polypropylene Foams Under CO 2 Batch Conditions: From Formulation And Rheological Modeling To Cell-Growth Simulation

The objective of this work was to study the development of polypropylene (PP) foams with low density (< 100 kg/m 3 ) using a CO 2 batch process. To carry out this study, we used a PP-g-MA that was chemically modified by reactive extrusion to obtain polymer branched structures. Two reagent systems were selected on the basis of chemical reactions with maleic anhydride-the first one is based on the reaction between anhydride maleic and primary amines (MA/NH 2 , triamine, Jeffamine T-403), and the second one is based on ionic interactions from Zn neutralization. Both of these systems have shown that it is possible to obtain branched PP structures favorable to CO 2 foaming and were compared to a commercial, high-melt-strength PP.

We have shown that the branched structure of polymer chains can be defined on the basis of a rheological criterion. It defines the notion of fractal behavior (coupling of relaxation modes), which polymer chains must have for nonlinear behavior (strain hardening). This criterion has been defined by analogy with the sol-gel transition, tan  = 1.

Finally, in terms of modeling and simulation, the plasticizing effect of CO 2 was modeled from the experimental rheological behavior of the PP plasticized with synthetic oil. A theoretical power law was derived and was then introduced in the mass balance equations to predict the cell growth during depressurization.

Introduction

Polymer foams are extremely common in our daily lives. The reason for this is simplepolymer foams have many advantages, they are lightweight (low density) and, depending on their morphology, have excellent thermal and acoustic properties. Therefore, polymer foams are indispensable in many applications, and they also represent an alternative for the development of environmentally friendly solutions. Several types of foam have been developed, the best known are polyurethane or polystyrene foams, whose production is now well controlled, although there are still new ways of development in terms of formulation. Polyolefin foams were developed more recently from the pioneering work of Park and coworkers [START_REF] Cassagnau | achieving ultra low-density polypropylene f[END_REF]. Among polyolefins, polypropylene (PP) foams are undoubtedly the foams with the best properties in terms of thermal resistance because of the melting temperature of PP (T m = 165 °C), which allows them to be used in temperature conditions up to 120 °C, or even 135 °C at peak temperatures. Additionally, polyolefin foams have the advantage of being fully recyclable because of their thermoplastic nature. Because of the nonpolar nature of polypropylene, these foams are completely inert with a high chemical resistance, which is certainly an advantage but can be a handicap if interactions with their surfaces are desired in membrane applications.

Therefore, a polypropylene foam has many advantages in terms of use, but how can their morphology and their properties be controlled? Among the foaming processes, foaming using supercritical fluids, such as CO 2 , is one that, at present, is the subject of further study. Indeed, compared to the usual chemical blowing agents, processes using CO 2 are more innovative and, above all, have the advantage of using no chemical substances. A recent review [2] reports in detail the current issues and challenges in PP foaming and, more particularly, supercritical CO 2 foaming. In fact, this review focuses on the rheological properties that PP must have to control cell growth and the final morphology of the cells.

Many articles in the literature have focused on the extensional rheological properties of PP.

These articles are aimed at branching PP chains to give strain-hardening properties under melt elongation flow. Unfortunately, because PP is a polyolefin, its chemical modification is often limited to the radical grafting of maleic anhydride (MA). This PP-g-MA is then modified to obtain branching by the reaction with amines [3], amino-silane [4], or by ionic interactions [5]. In regard to this same principle of branching, other strategies have been developed, such as the use of a chain extender agent, poly(hexamethylenediamine-guanidine hydrochloride) combined with glycidyl methacrylate-grafted PP [6]. These strategies lead to branched or star structures, which, in any case, are rather poorly defined. In fact, and as shown by Spitael and Macosko [7], branched PPs have strain-hardening properties under extensional flow that lead to the stabilization of growing cells, which prevents cell coalescence.

The objective of this work is to study the foaming, using a CO 2 batch process, of branched PP formulations. In fact, this objective aims to meet two challenges. The first is to define a relevant and target rheological criteria for these formulations for optimal foaming, and the second challenge is to model the cell growth during foaming. For this, we modified the PP-g-MA structure by coupling the chains based on two chain extenders, namely a triamine and Zn neutralization.

Rheological Criteria and Modeling

Linear criteria: As suggested by Schulze et al. [8], even within the linear viscoelastic range, there is sufficient information to generally allow the topological classification of long-chain branched polymers. Moreover, several works in the literature deal with the Van Gurp-Palmen plot [9] to classify these polymers on the basis of their rheological behavior.

Generally, linear viscoelasticity gives sufficient information provided that a relevant criterion is defined; however, when a cell grows in a molten medium, the deformations are bielongated and nonlinear. The question then arises whether it is reasonable to extend a linear criterion to a nonlinear property. Nevertheless, most of the work on polymer foams is limited to reporting or comparing elongated rheological behaviors without defining them quantitatively and is limited to describing a strain-hardening behavior. However, melt strength [4] is a quantitative measure of extensional behavior, but it only represents a singular point of more complex behavior.

Sugimoto et al.

[10] reported that, for plasticized PVC formulations, there was a relationship between the sol-gel transition observed by linear viscoelasticity and the strain-hardening behavior (nonlinear extensional deformation) of these formulations. More precisely, they demonstrated that the phenomenon of strain hardening occurs near the sol-gel transition.

Although this system is very different from branched polymers, it shows that the sol-gel transition can be a relevant criterion that can be used as a target in terms of rheological behavior to optimize polymer formulations for foam ability. As a concept, critical gel was developed by Li et al. [5] to explain the PP foaming behavior based on the Zn neutralization of PP-g-MA.

The sol-gel transition was physically defined by Winter and Mours [11]. For a reactive system, this transition occurs for a random process of growth for elementary subunits leading to the formation of increasingly large clusters-one of which will have the size of the volume under consideration. Therefore, by definition, the notion of gel is a macroscopic notion. At the gel point, the "medium" is no longer a liquid but is not yet a solid. The modes of relaxation are coupled and lead to a power law of the relaxation module:

This law implies the notion of self-similarity of the gel (i.e., the fractal nature of the polymer chains). The parameters S and n depend on the structure of the gel. Additionally, 0 depends on the structure of the precursor polymer. By applying the linear viscoelasticity relationships, the expressions of the distribution of the relaxation times H( ) and the complex shear modulus G*() are then deduced: -Note that if n = 0.5, then H( ) = S( ) -1/2 More precisely, at the gel point we obtain the well-known criterion for tan :

Note that if n = 0.5, then tan  = 1 at the gel point.

Extensional rheology modeling:

The modeling of the transient elongation behavior of branched polymers has been the subject of many studies. Among the models, the K-BKZ model is the best known, but it requires the determination of a damping function [12], [13].
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Where m(t-' is the memory function, C -1 is the Finger strain tensor, b is defined by the first and the second normal stress constant, and h is a damping function.

Actually, at the sol-gel transition, the material is not a liquid, the zero-shear viscosity tends towards infinity. At the gel point, the K-BKZ model can be expressed as:

In consideration of the plasticizing effect of CO 2 during the foaming process, the K-BKZ model can be expressed at any concentration  of CO 2 in the molten polymer. For entangled polymer chains, the variation of the plateau modulus with the plasticizer concentration can be derived from Daoud et al. [14]:  So that, in the present case, the plasticizer concentration dependence of the distribution of relaxation times at the gel point can be assumed as follows:

 and consequently:



The K-BKZ model is then expressed from the plasticized systems derived from bulk conditions (without any plasticizer, Eq. 6):



The memory function used on the model is calculated from the discrete relaxation time spectrum as follows: Equation 12 expresses the balance of the forces submitted to the cell (i.e., gas pressure viscosity and surface tension forces):

Equation 13 is the mass conservation of the gas and the impact of the diffusion on the cell growth.

And Equation 14 corresponds to the diffusion of the gas on the outside layer of the cell.

These equations are generally solved assuming Newtonian fluids. For complex fluids, the viscosity in Eq. 12 must be expressed in terms of strain-rate dependence. Furthermore, the rheological impact of the CO 2 must be taken into consideration on the integral term for the calculation of the stress 10).

Equations 15 and 16 show the strain variation from the K-BKZ model used on the simulation according to Eq. 12.

 - - - - -- -
To model the cell growth, we assumed from an experimental observation the pressure drop rate of 1.5MPa s -1 . Furthermore, the non-influence volume [18] is assumed. It is defined as the volume of polymer that has the same amount of CO 2 at t = 0. This allows us to model the confine effect of the cell. The simulation stops when 90% of the initial volume is occupied by the total of the influence volume of the cells [17], so the simulation stops when there is no more location for new cells and for unstable cells. An unstable cell (a cell that is not big

(15) (16) (12) (13) (14) (15)
enough to compete with an edge-closed neighbor for diffusion) is defined as a cell that has a concentration at the interface gas/polymer above the critical concentration of nucleation (arbitrarily defined as 1% of the initial nucleation rate). So, according to the noninfluence volume, the unstable cells are not taken into account.

Nevertheless, for quick foaming or thermal-control foaming (compensation of the freezing effect induced by the decay of pressure) the model is quite accurate. Yet, for a slow-foaming (more than 5 sec) quasi-static phase (where there is no additional nucleation) it might be unrealistic. To avoid this problem, the growth of the cell will stop after 15 seconds regardless of the noninfluence volume.

Nucleation Simulation

We have assumed that nucleation is only due to the homogeneous part and we have not taken into account the heterogeneous nucleation that could appear due to crystallization.

Nevertheless, due to foam formation at high temperature (180°C) and saturation at high pressure (15MPa), we assumed that the heterogeneous nucleation due to crystallization was negligible (crystallization of PP starts to occur at about 145°C, depending on the cooling rate and the amount of CO 2 ).

So the nucleation rate is modeled by Eq. 17 as a function of the thermodynamic variables, which are the pressure and the temperature as a function of the material parameters, which are the surface tension and the amount of CO 2 dissolved [19].

--In Eq. 17, N is the number of molecules of CO 2 in the volume, M is the molar mass of CO 2 , T is the temperature, and Psys is the pressure outside of the polymer.

The nucleation rate used in the simulation is the nucleation rate at the end of depressurization because of the ignorance at the beginning of the nucleation during depressurization. Actually, it is assumed that cell coalescence does not occur during foaming.

Volume fraction of CO 2

To express the volumetric fraction of CO 2 in the polymer, we used the Sanchez-Lacombe Rheology: Rheological measurements were performed using a rotational rheometer (TA-ARES G2 instruments). The rheometer is used under dynamic oscillation using a parallelplate geometry of a diameter of 25 mm (gap = 1.5 mm). The strain applied is 5% and is set to measure the viscoelastic linear regime of the polymer. The frequency sweep test started at 100 rad s -1 to 0.01 rad s -1 at T = 180 °C. 

Foaming and Batch CO

Results and Discussion

Note that a commercial polypropylene (PPHMS) specifically developed for its ability to be foamed presents a rheological behavior close to the sol-gel transition as previously defined.

Additionally, Fig. 2a shows the variations in the complex shear modulus and tan  versus frequency. Indeed, we notice that in the frequency range (0.1   (rad s -1 )  100) the complex shear modulus behaves according to

n G G      ) ( " ) ( '
and is in agreement with tan   1 so that n  0.5. However, at low frequencies (  0.1 rad s -1 ), the complex shear modulus deviates slightly from the sol-gel transition criteria as the relaxation mechanism appears for a low frequencies. Another important point is the value of modulus S (Eq. 1).

Indeed, the growth of a cell is a complex phenomenon from the creation of a cell (nucleation mechanism). Several forces governing the growth of the cell are involved as soon as it is created (initial time: t = 0 + ): pressure forces, surface forces, and viscous forces. For the cell to grow, the viscous forces must be low, so it is essential that the viscosity of the polymer is low at the very beginning of the cell growth. However, this viscosity must increase with deformation to stabilize the interfacial film and prevent coalescence phenomena. In other (20)

words, a strain-hardening phenomenon of the extensional viscosity is indispensable, but the viscosity at t = 0 + must be low. In terms of the viscoelastic modulus, this means a low S value.

For example, for PPHMS, the curves in In the present study, the zinc acetate concentration (2 wt%) was optimized so that the rheological behavior corresponded to the sol-gel transition as shown in Fig. 4a. The following rheological behavior at the gel point: G() = G() = 1700  0.5 and H( ) -0.5 is observed as shown in Figs 4a and4b, respectively. Furthermore, the K-BKZ model predicts the variation of the transient extensional viscosity (Fig. 4c). Compared to the work of Li et al.

[5], the modeling of the extensional behavior seems to be better, or, at least, the K-BKZ model predicts this rheological behavior better over the whole of this transient variation. This difference also stems from the nature of PP-g-MA and the branched structure it induces through the formation of clusters of ionomers. In fact, Li et al. reported, for their systems, a power law at the gel point with exponents greater than 0.65 and within a relatively narrow frequency window (0.1 < (rad s -1 ) <10). One may then wonder if this gel point criterion is perfectly respected in their case because of the very nature of the ionomer network and the structure of the polymer chains. Furthermore, this foam shows a homogeneous cell morphology with a close cell structure and diameter cell size of 350 m (Fig. 5) with a low density (  30 kg m -3 ). Note that under higher pressure (P = 24 MPa, T = 154 °C) of CO 2 sorption, Li et al. Pa. Moreover, the observation of the morphology of this foam shows an homogeneous foam with a close cell structure and diameter cell size of 350 m (Fig. 7). Furthermore, this foam has a low density (  40kg m -3 ). Finally, we believe that this sol-gel transition criterion is a relevant criterion for the growth of a cell in the early stage of foaming in a molten polymer. Indeed, if the viscoelastic behavior is that of a viscoelastic liquid (tan  > 1), then the growth of this cell will not be stabilized, and a coarse morphology is then expected. On the contrary, if the behavior is that of a viscoelastic solid (tan  < 1), then the cell will be unable to grow because the elastic forces are too high. So the criterion of sol-gel transition in terms of self-similarity of chain relaxation times (H( ) -n ) is relevant for the foamability of thermoplastics. Furthermore, the way to achieve this sol-gel transition does not matter as long as we are close to this criterion (0.8 < tan < 2 ). When applied to the data from the literature [2], [27], [28], this sol-gel transition criterion (tan  close to 1) is validated for the polymers having the best foamability. This linear criterion-determined for the linear viscoelastic experiments-is not sufficient to predict the suitability of a polymer formulation for foaming. Indeed, if we are looking for extremely low density foams (< 100 kg m -3 ) and closed porosity, then the nonlinear behavior is the first criterion. This criterion is more difficult to physically base, in fact, it depends on the structure of the branched chains (short-or long-branched chains)

knowing that the long-branched chains are the most favorable because they allow the highest possible Hencky deformation before rupture of the intercellular film. However, Fig 8

shows that these three branched structures of PP chains (PPHMS, PP-g-MA/triamine, PP-g-MA/Ionomer) have approximately the same extensional rheological behavior. The result of this rheological behavior is a foam of low density (40 kg m -3 ) with a close cell structure and characteristic size of 350 m as shown in Fig. 3, 5, and7. 4c,6c.

Cell Growth Simulation

The cell growth during the pressure drop rate can be simulated from Eq. 12, 13, and 14. As previously mentioned, the plasticizing effect of CO 2 must be taken into account on the variation of the viscoelastic behavior (shear linear and extensional transient behaviors).

Regarding the shear behavior, we used experimental data from the literature [29] obtained for polypropylene. According to Daoud et al.

[14], the viscosity dependence for the plasticized system is:

 

Consequently, we can admit that the shift factor a c reported in the literature for the variation of the viscosity versus the concentration  of CO 2 can also be expressed as: a c (1- Regarding elongation viscosity, we are unable to perform experiments with thermoplastic plasticized with CO 2 . We used plasticized PP samples with commercial oil at the volume concentration  = 0.20 to mimic this plasticizing effect and to test the relevance of the model depicted in Eq. 10. As a result, Fig. 10a and 10b show an excellent prediction of the variations in the complex shear modulus and transient viscosity, respectively, at the plasticizer concentration  = 0.20. Consequently, our model (Eq. 8 for the complex shear modulus and Eq. 10 for the extensional viscosity), describing the rheological elongation behavior of a plasticizing polymer, has been validated on the branched PP-g-MA/triamine system plasticized by a commercial plasticizing oil. In conclusion, the plasticizing effect simulating the influence of the plasticizing action of CO 2 can be predicted at any concentration from the rheological behavior of the pure polymer. Finally, the cell growth (variation of the diameter versus time) has been simulated according to Eq. 12-16 under isothermal conditions (T = 180 °C). This simulation (Fig. 11) shows that the plasticizing effect of CO 2 must be taken into account in the prediction of the cell diameter growth throughout the foaming process in a more realistic simulation of the phenomena involved-from  = 0.33 vol at the beginning of the depressurization to  = 0 at the end of foaming). The curve corresponding to  = 0 has been plotted for comparative purposes only. Furthermore, the nucleation rate calculated from Eq. 17 is 9x10 13 m -3 .s -1 , assuming a surface tension of 1.3x10 -2 N m -1 .

) 4 .
Additionally, we noted that the mean diameter predicted by the simulation is close to the experimentally observed diameter, 350 m. Moreover, this final cell diameter does not depend on the way that the effect of CO 2 is taken into consideration for the rheological behavior. However, let's not forget that we are in isothermal simulation conditions and that the rheological variation with CO 2 will be more decisive in the case of a real process (i.e., a non-isothermal simulation due to a finite cooling time). Finally, we predict from the cell diameter and the cell density (equal to the nucleation rate) a foam density of 15 kg m -3 in the same order of magnitude with the measured foam density of 20 kg m -3 for the PP-g-MA/Triamine branched system.

Figure 11. Simulation of the cell growth from Eq. 12-16 taking into account the CO 2 plasticizing effect. Note that  = 0.33 at t = 0. The dotted line curve ( = 0) was added for a comparative purpose.

Conclusion

This paper had two main objectives: i) to define a rheological criterion for obtaining lowdensity PP foams and ii) to model the rheological elongation behavior to simulate cell growth during CO 2 depressurization. To conduct these studies, a commercial branched polypropylene (PPHMS) was used, and two systems branched by reactive extrusion from PPg-MA were specifically developed. Conceptually, these two systems, namely PP-g-MA/triamine and PP-g-MA/Zinc acetate have already been described in the literature, but in this work we have shown that their formulation can give them a rheological behavior typical and characteristic of the sol-gel transition, G() = G()  0.5 . As a result, PP foams of low density ( < 100 kg/m 3 ) have been developed under CO 2 foaming conditions.

The variation of extensional transient viscosity was successfully predicted from the K-BKZ model, taking into consideration the viscoelastic behavior at the sol-gel transition.

Moreover, this model has been extended to a plasticized system to take into account the plasticizing effect of CO 2 on the polymer viscosity (shear and elongational viscosity) during foaming. Finally, the growth of a cell was successfully simulated. The result shows that, indeed, the strain hardening behavior of the viscosity is extremely important as well as the plasticizing role of CO 2 on the cell growth.
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  To model the cell growth, three equations are generally used in the literature [15]-[17]. Each equation corresponds to a physical phenomenon.

  equation of state for polypropylene as reported in the literature[20],[21]. pressure, density, and temperature, respectively, and M is the molar mass.The volume fraction used is the fraction of polypropylene in a pure state, which can be calculated from Eq. 18 of the Sanchez-Lacombe equation [20], [21],[22].As a result, under the CO 2 sorption conditions at equilibrium (T = 180°C, P = 15 MPa), the CO 2 weight fraction of °0.115 corresponds to a volume fraction of  = 0.33.Experimental PartPP-g-MA:A commercial PP-g-MA from Exxon was used for this study, and the trade name is PO1020. It contains 1.1 wt% of anhydride maleic and has a molar mass Mw  10 4 g mol-1 . Its rheological behavior is Newtonian with a viscosity of 70 Pa.s at T = 180 °C.Branched PP by reactive extrusion: First, a commercial PPHMS from Dow (Borealis WB140HMS) was used as a reference sample because it is commonly used in the industry.Two chemical systems were used to branch the PP-g-MA chains. The first one is a triamine from Huntsman, trade name Jeffamine T-403, whose reaction with maleic anhydride leads to the formation of an imide covalent bond. Because this molecule is trifunctional, it is expected, as described in the literature, to form branched chain structures (Fig.1a). A 4.4 wt% of triamine was added corresponding to a molar ratio of [NH 2 ]/[AM] = 3. The second system is based on the ionic neutralization as described by Li et al.[5]. The ionomer formation (Fig.1b) was obtained from dispersion by extrusion of 2 wt% of zinc acetate in PP-

Figure 1 .

 1 Figure 1. Synthesis of branched PP from PP-g-MA: a) Branching from the reaction with a triamine, b) branching from the formation of ionomer clusters [5].Every branched system was prepared by reactive extrusion using a co-rotative twin-screw extruder (Leistritz, screw diameter: D = 18 mm) with a L/D ratio of 68 and under the following processing conditions: mass flow rate of Q = 3 kg h -1 and the screw speed is N = 300 rpm. The extruder temperature was fixed at 200 °C, except for the first two feeding zones (50 °C and 110 °C). The extrudate was cooled in water and then pelletized at the die exit.

  2 conditions: To foam PP, a batch process is used with the Anton Paar system (reference: mini bench reactor 4567). A sample of 25 mm in diameter and a thickness of 2 mm is saturated with CO 2 for 30 min at 180 °C under the saturated pressure of 150 bars.According to Lei et al[20] and Areerat e al[23], for the sorption conditions, T = 180 °C and P = 15 MPa, a molten polypropylene contains 130g/Kg polymer of CO 2 , which represents 11.5 by weight of CO 2 . Furthermore, assuming that the sorption time is L 2 /D, where L = 2 mm is the characteristic thickness of the sample and D = 5x10 -9 m s -2 [21],[23] is the coefficient diffusion of CO 2 , the equilibrium adsorption is achieved within 15 minutes. The depressurization rate is about 1.5 MPa s -1 until the ambient pressure is reached. The heating is stopped during depressurization to avoid overheating because of the decrease in temperature occurring during the depressurization.Density and cell diameter:The measurement of the foam density was made with a densimeter (Mettler Toledo ML-DNY-43). Then, the foaming ratio is defined as the ratio of the density of the neat polymer ( by the density of the polymer foamed ( .Measurement of the cell diameters was completed by optical microscopy (a magnitude of 40 and 100) observation after cutting a sample with a sharp blade. Note that the cryo-fracture damaged the samples and was not used. The foam images were then digitally analyzed to obtain the mean cell diameter.

  Fig. 2c lead to the value of  E (t = 0 + ) = 8x10 3 Pa.s and S = 3,000 Pa. This strain-hardening behavior is predicted by the KBK-Z model and takes the time relaxation distribution (Eq. 10, Fig. 2b) at the gel point into consideration.

Figure 2 .

 2 Figure 2. Commercial branched PP (PPHMS). Linear and nonlinear rheological behaviors: a) Variation of the complex shear modulus G*() and tan  (); b) Relaxation time spectrum; and c) Transient extensional viscosity  E (t) at three extensional rates. The curves are from the K-BKZ model, T = 180 °C.

Figure 3 .

 3 Figure 3. Morphology of PPHMS foam from optical and scanning electronic microscopy.

Figure 5 .

 5 Figure 5. Morphology of PP ionomer from optical and scanning electronic microscopy.

Figure 4 .

 4 Figure 4. PP-g-MA branched chains from ionomer clusters. Linear and nonlinear rheological behaviors: a) Variation of the complex shear modulus G*() and tan  (); b) Relaxation time spectrum; and c) Transient extensional viscosity  E (t) at three extensional rates. The curves (solid lines) are from the K-BKZ model, T = 180 °C.

  [5] obtained a cell size of 50 m for the PP foam. Chain branching from PP-g-MA/amine reaction. The crosslinking of PP-g-MA chains by triamine (Jeffamine T-3000) has recently been studied in detail by Létoffé et al. [24]. Generally speaking, this anhydride/amine reaction leading to the formation of a stable imide-type covalent bond is widely used in the field of polymer formulation, for example, for the compatibility and nanostructuring of polyamide and polyolefin polymer blends. This reaction is fast and can be achieved using the reactive extrusion process. As mentioned previously, this reaction has been used by Chaudhary et al. [3]) and Guapacha et al. [25] for the branching of PP chains to obtain low-density PP foams. In the present case, we used this reaction for coupling PP-g-MA chains (PO1020) from Jeffamine T-403 (see experimental part). The addition of a trifunctional amine modifies the structure of PP-g-MA through chemical branching, like long-chain branching of PET, which improves the melt-foamability [26]. Figs 6a and 6b show the viscoelastic behavior (complex shear modulus and relaxation time spectrum, respectively) of this kind of branched PP with a good fitting of the KBK-Z model (Fig. 6c) according to the relaxation time distribution at the gel point with S = 1,800

Figure 6 .Figure 7 .

 67 Figure 6. PP-g-MA branched chains with amine reaction. Linear and nonlinear rheological behaviors: a) Variation of the complex shear modulus G*() and tan  (); b) Relaxation time spectrum; and c) Transient extensional viscosity  E (t) at three extensional rates. The curves (solid lines) are from the K-BKZ model, T = 180 °C.

Figure 8 :

 8 Figure 8: Comparison of the extensional rheological behavior of the three branched structures of PP chains. Experiments from Figs 2c, 4c, 6c.

Fig 9 Figure 9 .

 99 Figure 9. Comparison of shift factor for the viscosity between experimental PP at 180 °C (from Raps et al. [29]) and the shift factor model (Eq. 20).

Figure 10 .

 10 Figure 10. Modeling of the viscoelastic behavior of the plasticized ( = 0.20) branched PP (PP-g-MA/triamine system): a): linear viscoelastic behavior, G() and G() and b): transient viscosity at three different extensional rates.
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