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A systematic experimental investigation of the coupling between the extensional flow and the crystallisation of a commercial grade polypropylene is presented. A modified Sentmanat extensional device allows one to generate a uniaxial extensional flow in the absence of gravity sagging and monitoring its effect on the kinetics of crystallisation via in-situ visualisation of the sample in polarised light. As compared to the shear induced crystallisation, a three fold increase of the kinetics of the extension induced crystallisation is found. The study is complemented by a post mortem analysis of the crystalline morphology by small angle X ray scattering (SAXS) and wide angle X ray scattering (W AXS).

The phenomenon of flow-induced crystallization (FIC) has been widely studied in the literature [START_REF] Eder | Crystallization processes in quiescent and moving polymer melts under heat transfer conditions[END_REF][START_REF] Mchugh | Flow induced crystallization in polymers In Rheo-physics of multiphase polymeric systems[END_REF], [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF].

Beyond a critical shear rate the shear-induced crystallization (SIC) shows an acceleration of the kinetics manifested through an increase in the number of nuclei [START_REF] Lagasse | An experimental study of the kinetics of polymer crystallization during shear flow[END_REF] [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF], [START_REF] Hadinata | Comparison of shear-induced crystallization behavior of PB-1 samples with different molecular weight distribution[END_REF]. The flow also impacts the microstructure by orienting it along its direction which sometimes leads to the formation of a highly oriented microstructure called shish-kebab Janeschitz-Kriegl and Ratajski (2005) [START_REF] Wang | Flow-Induced Crystallization of Polymers: Molecular and Thermodynamic Considerations[END_REF], [START_REF] Roozemond | Flow-induced crystallization of isotactic polypropylene: Modeling formation of multiple crystal phases and morphologies[END_REF].

In the case of polypropylene which is a polymorphic polymer the flow may also lead to the formation of the β-phase in addition to the classical α-phase, [START_REF] Koscher | Effets du cisaillement sur la cristallisation du polypropylène : aspects cinétiques et morphologiques[END_REF]. In addition, some authors show that the processing conditions accelerate the associated crystallization kinetics Sentmanat et al. (2010),Derakhshandeh and[START_REF] Derakhshandeh | Flow-induced crystallization of high-density polyethylene: The effects of shear and uniaxial extension[END_REF], [START_REF] White | Extensional-flow-induced crystallization of isotactic polypropylene[END_REF]. These kinetics are of primary importance for the process simulation. Thus, appropriate models need to be developed and used in order to describe various processing settings. The modification of the microstructure and the kinetics of crystallization under flow need to be accounted for in order to simulate polymer processing operations.

While crystallization in quiescent conditions is easily modelled by the well known formalism of [START_REF] Avrami | Kinetics of Phase Change. I -General Theory[END_REF], [START_REF] Avrami | Kinetic of Phase Change II -Transformation-Time Relations for Random Distribution of Nuclei[END_REF], [START_REF] Avrami | Granulation, Phase Change, and Microstructure -Kinetics of Phase Change III[END_REF], the flow induced crystallization remains elusive and new models need to be developed.

Schneider [START_REF] Schneider | Non-Isothermal Crystallization -Crystallization of Polymers -System of Rate Equations[END_REF] suggests taking into account the flow from a differential approach or the work of Peters [START_REF] Roozemond | Flow-induced crystallization of isotactic polypropylene: Modeling formation of multiple crystal phases and morphologies[END_REF] or that of [START_REF] Boyer | Thermodynamics and Thermokinetics to Model Phase Transitions of Polymers over Extended Temperature and Pressure Ranges under Various Hydrostatic Fluids[END_REF] may explain the presence of different crystalline phases.

The extension is the dominant flow during many polymer processing operations including melt blowing, extrusion and fibre spinning, [START_REF] Muke | Extensional rheology of polypropylene melts from the Rheotens test[END_REF], [START_REF] Sentmanat | Miniature universal testing platform: From extensional melt rheology to solid-state deformation behavior[END_REF], [START_REF] Stary | Deformation regimes, failure and rupture of a low density polyethylene (LDPE) melt undergoing uniaxial extension[END_REF]. Unlike shear flows, extensional flows are clearly more complex and their laboratory implementation is rather non trivial.

Quite often, one can not generate a purely extensional flow but a mixture of shear and extension. Several devices used to study the response of polymeric materials to extensional flow were then developed: the Rheometrics Melt Rheometer (RME) by [START_REF] Meissner | A new elongational rheometer for polymer melts and other highly viscoelastic liquids[END_REF], the Münstedt Tensile Rheometer (MTR) by [START_REF] Münstedt | Elongational behaviour of a low density polyethylene melt -II. Transient behaviour in constant stretching rate and tensile creep experiments. Comparison with shear data. Temperature dependence of the elongational properties[END_REF], or the Sentmanat Extensional Rheometer (SER) [START_REF] Sentmanat | Miniature universal testing platform: From extensional melt rheology to solid-state deformation behavior[END_REF] and the Filament Stretching Rheometer (FISER) [START_REF] Bach | Growth of non -axisymmetric disturbances of the free surface in the filament stretching rheometer: Experiments and simulation[END_REF], [START_REF] Szabo | Filament stretching rheometer: inertia compensation revisited[END_REF], [START_REF] Ianniruberto | Melts of linear polymers in fast flows[END_REF]. Among these devices, only the SER tool is commercially available and can be easily mounted on any rotational rheometer.

As opposed to the case of shear flow, there exist very few studies of the coupling between crystallisation and the extensional flow. This might be explained by the fact that in order to study the crystallisation a number of modifications of the extensional devices are needed. As an example, Bischoff White and coworkers have studied the extension induced crystallisation using a modified F ISER device, [START_REF] White | Extensional-flow-induced crystallization of isotactic polypropylene[END_REF]. They observe an acceleration of kinetics of crystallisation for extensional rates exceeding a critical value. Other studies l propose the construction of new extensional setups inspired by the SER, [START_REF] Liu | Extensional rheometer for in situ x-ray scattering study on flowinduced crystallization of polymer[END_REF], [START_REF] Liu | Extension-induced nucleation under near-equilibrium conditions: The mechanism on the transition from point nucleus to shish[END_REF], [START_REF] Tian | Extension flow induced crystallization of poly(ethylene oxide)[END_REF], [START_REF] Tian | Confined crystallization in end-linked PEO network under uniaxial extension[END_REF]. A heating system using ionic liquid combined with optically transparent walls allows an in-situ analysis of the crystaline microstructure during extension. However, these studies do not address the coupling before the microstructure and the kinetics of crystallisation.

There exist few studies dealing with this coupling [START_REF] Hadinata | Elongation-induced crystallization of a high molecular weight isotactic polybutene-1 melt compared to shear-induced crystallization[END_REF], An in-situ chracterisation of the crystallisation process by means of polarised light imaging of the sample undergoing an extensional deformation is presented in Sec.

A systematic investigation of the impact of the extensional conditions on

the crystalline micro-structure by means of wide angle X-ray scattering (WAXS)

and small angle X-ray scattering performed post mortem is presented in Sec.

3.3.3. The paper closes with a summary of the main findings and of the central conclusions of the study, Sec. 4.

Experimental methods

Choice of the polymeric material

The study of the extension induced crystallization was performed using a commercial grade isotactic polypropylene (iP P ) from Lyondell-Basell (M OP LEN HP 556E).

The choice of this linear iP P was mainly motivated by its high molecular weight of M w = 527 kg/mol which translates into a good sensitivity to extensional flow. In addition to this, this material is known to exhibit a relatively modest strain hardening behaviour under extensional flow which allows one to relate an apparent increase of the transient extensional viscosity to the flow induced crystallization. The polydispersity index is 5. 3 Burghelea et al. (2012) and the quiescent melting temperature is T m = 164 o C.

Rheological characterisation in shear

The linear viscoelastic (LV E) properties of the iP P were determined using a strain-controlled rheometer Ares G2 (TA Instruments) equipped with a 25 mm is in a fair agreement with results previously reported in the literature [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF].

Last, the master curve was fitted by a N -mode (N = 5) Maxwell model (Eq.

2).

G (ω) = N i=1 G i (ωλ i ) 2 1+(ωλ i ) 2
(1)

G (ω) = N i=1 G i ωλ i 1+(ωλ i ) 2 (2)
The parameters relaxation moduli G i and and the relaxation times λ i are listed in Table 1. The average relaxation time given by λ w = 

G i λ 2 i G i λ i was λ w = 19.3 s at 200 o C. λ i [s] G i [Pa] (2.8 ± 2 • 10 -2 ) • 10 -2 (7.1 ± 0.45) • 10 4 P a (2.5 ± 5 • 10 -2 ) • 10 -1 (2.7 ± 0.33) • 10 4 P a (1.9 ± 0.24) (5.9 ± 0.4) • 10 3 P a (1.4 ± 0.2) • 10 1 (6.9 ± 1.2) • 10 2 P a (1.1 ± 0.5) • 10 2 (3.8 + 0.8) • 10 1 P a

Quiescent crystallization (QC)

The kinetics of crystallization in quiescent conditions were investigated on a sample of approximately 7.5 mg using Differential Scanning Calorimetry (DSC)

(model Q200 from TA Instruments). The experimental protocol is presented Fig.

3. On this device, the achievable cooling speed is approximately 70 K/min.

Thus, thanks to DSC, the crystallization kinetics of PP can be obtained in a range of temperatures between 130 and 142 o C because crystallization should not appear during cooling.

The relative crystallinity is determined by integrating the heat flux according to Eq. 3 where φ is the heat flux released at a given time and ∆H tot the totale enthalpy of crystallization. The half-crystallization time t 1/2 was obtained for a relative crystallinity α = 0.5. The initial time t = 0 was defined as the moment where the isothermal condition was reached.

α(t) = t 0 φ(τ )dτ ∆H tot (3)
To assess the kinetics of crystallization at lower temperatures, Fast Scanning Calorimetry (FSC) [START_REF] Adamovsky | Scanning microcalorimetry at high cooling rate[END_REF]Zhuravlev and Schick (2010a)Zhuravlev and Schick (2010b) is performed in a nitrogen gas atmosphere using a Flash DSC1 Thanks to the DSC and FSC measurements, the kinetics of crystallization of P P can be studied by determining the half-crystallization time over a large temperature range.

Shear Induced crystallization (SIC)

To study shear flow, the classical Janeschitz-Kriegl thermal protocol was used (Fig. 5).

The shear induced crystallization (SIC) was studied using the same rheometer used for the rheological characterisation in shear. The polymer pellets were first maintained at 220 o C for 5 min in a 8 mm diameter cone-plate 0.1 rad geometry with a gap equal to 0.051 mm. Then the sample was cooled down as fast as possible to the expected temperature (isothermal condition). For each temperature, a shear rate between 0.5 s -1 to 10 s -1 was applied for t s = 10 s, a time which is high enough to have a significant effect on the orientation of the macromolecular chains [START_REF] Koscher | Effets du cisaillement sur la cristallisation du polypropylène : aspects cinétiques et morphologiques[END_REF], [START_REF] Karpp-Pfordt | Cristallisation induite par cisaillement du MXD6 dans différentes formulations (additifs nucléants, fibres de verre[END_REF]). The crystallization was tracked through the response of the sample to an oscillatory strain with a frequency ω = 1 rad/s (γ=1%). The experiments were carried on under nitrogen gas to avoid thermal oxydation of the iPP. The half-crystallization time was estimated according to the semi-empirical rule proposed by [START_REF] Koscher | Effets du cisaillement sur la cristallisation du polypropylène : aspects cinétiques et morphologiques[END_REF] to:

logG t 1/2 = log (G max ) + log (G min ) 2 (4)
The gap is adjusted in real time to avoid the experimental artefacts induced by the shrinkage of the sample during the crystallization process. The onset time of crystallization t onset was defined by the time corresponding to an increase of the storage modulus.

Extensional-flow Induced crystallization (EIC)

A Sentmanat Extensional Rheometer (SER) [START_REF] Sentmanat | Miniature universal testing platform: From extensional melt rheology to solid-state deformation behavior[END_REF] device was installed on a Haake Mars III rheometer (from ThermoFischer Scientific) to study the extensional-flow Induced crystallization (EIC). It consists on two rotating experienced by the sample is expressed according to Eq.5):

˙ H = 2ΩR L 0 (5)
The transient uniaxial extensional viscosity is defined as

η + e = σ + e (t) ˙ H
where the transient extensional stress σ + e is defined as:

σ + e (t) = M 2RA(t)exp(-˙ H t) (6) 
In the equation above M is the torque measured by the rotational rheometer, A(t) is the cross-sectional area of the sample as a function of temperature:

A(t) = A 0 exp ρ s ρ m (T ) 2/3 (7)
where ρ s is the sample density at solid state (845 kg/m 3 at 20 o C), ρ m (T ) is the melt density at temperature T (determined from PvT diagram; as an example, at 200 o C ρ m (T ) is equal to 748 kg/m 3 ), and A 0 is the initial cross-sectional area of the sample. The total deformation of the sample is limited to a maximum Hencky strain of max H = 4 because the fixing clamps come into contact after three-quarter turn. The measurements were carried out at Hencky strain rates from 0.05 s -1 to 10 s -1 .

The Sentmanat device was initially designed for the characterisation of elastomers rather than of polymer melts [START_REF] Sentmanat | Miniature universal testing platform: From extensional melt rheology to solid-state deformation behavior[END_REF]. When used with molten polymeric samples there are two important drawbacks to be aware of. First, the samples are heated using a convection oven mounted on the rotational rheometer. Thus, the homogeneity of the temperature distribution of the sample may be problematic and, for the commercially available ovens, practically impossible to assess quantitatively. Second, as the sample is held in air, gravity sagging effects bias the extensional tests particularly in a range of low rates of extension [START_REF] Sentmanat | Miniature universal testing platform: From extensional melt rheology to solid-state deformation behavior[END_REF] [START_REF] Liu | Extensional rheometer for in situ x-ray scattering study on flowinduced crystallization of polymer[END_REF]. As the walls of the oven are not optically transparent, the geometric homogeneity of the sample can not be visually assessed.

To circumvent these practical limitations, a custom-made oil bath to submerge the Sentmanat device was fitted to the rotational rheometer (Fig. 7).

Through the bath with a volume 65 mL thermally stabilised, silicon oil is continuously circulated which plays three important roles. First, this addition allows one to ensure a homogeneous distribution of temperature within the sample.

Second, as the density of the silicon oil is close to that of the molten polymeric sample, the gravity sagging effects are practically eliminated. This experimental trick was already used by other authors [START_REF] Liu | Extensional rheometer for in situ x-ray scattering study on flowinduced crystallization of polymer[END_REF], [START_REF] Münstedt | Elongational behaviour of a low density polyethylene melt -II. Transient behaviour in constant stretching rate and tensile creep experiments. Comparison with shear data. Temperature dependence of the elongational properties[END_REF]) and the question of possible interaction between the liquid and the specimen was never addressed. The use of the liquid with a density similar to the sample one is the only way to avoid the gravity sagging effect.

Third and foremost, the front/back glass windows of the oil bath allow an in-situ analysis of the extension induced crystallization by means of polarised light imaging of the sample during extension. The temperature cycle performed in SIC is retained (Fig. 5), however the cooling rate remains slower (10 K/min) in the case of EIC measurements due to the thermoregulation capability of the oil bath. 

X-ray measurements

SAXS experiments were performed on a high resolution X-ray spectrometer Xeuss 2.0 from Xenocs company equipped with a 30W microfocus sealed tube (Cu target (λ = 1.5418 Å). The X-ray spot size on sample is about 1mm and the incident flux of 6 • 10 6 photons per second. The SAXS patterns were record with a 2D high intensity low noise detector (Pilatus 300K hybrid pixel) placed at a distance of 2373 mm from the sample, perpendicular to the X-ray beam (pixel size= 172 µm). The size of X-ray beam on sample is about 1 mm. The 2D SAXS patterns were recorded post-mortem after removing the extended sample from the SER device in a solid state. 1D SAXS profiles were extracted using FIT2D software within a q-range 0.08 -1.7 nm -1 . and 1D profiles were corrected from background, incident flux, sample thickness (0.3 mm), acquisition time (5 hours) and solid angle of detection Ω. The long period of the crystalline lamellae is called L p and was estimated by L p = 2π qmax [START_REF] Angelloz | Crystallization of isotactic polypropylene under high pressure (Gamma phase)[END_REF].

Wide Angle-X-ray diffraction (W AXS) was performed at center of Difractométrie Henri Longchambon (UCBL, Université Lyon 1) using a Oxford system with a copper source (wavelength of 1.54 Å ). In order to determine the crystalline orientation, measurements were performed in transmission. The tube supplies 40 eV and 30 mA. The exposure time was 390 s. The data were analyzed using the software Datasqueeze (1D integration and plots as a function of azimutal angle).

Experimental results, discussion

Crystallization in quiescent conditions

The crystallization of the P P has been widely studied in quiescent conditions [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF] 

Shear-induced crystallization

The experimental results of the study of shear-induced crystallization are summarised in Fig. 10. The horizontal axis is divided in two distinct parts.

The first one corresponds to an imposed shear for 10 s. The stress level (blue curves) increases with the shear rates. During the second stage of the tests after 10 s (red curves), apart from the curve labelled as emph"without shear", one observes first a drop in the storage modulus. This can be explained in terms of a relaxation of the polymer chains. Then, the curve of the storage modulus exhibits a shape which is qualitatively similar to the curve describing the evolution of the relative crystallinity, since it follows a sigmoidal evolution. The onset time of crystallization and the half-crystallization time can be determined from this part of the curve. Non-shear experiment was performed showing a good agreement with the half-crystallization times obtained in DSC in quiescent condition. The dependence of the half-crystallization time on the rate of shear plotted in Fig. 11 exhibits a plateau region for the quiescent half-crystallization time (positioned at γ = 10 -3 s -1 ) up to about 1 s -1 followed by a decrease of the halfcrystallization time independently on the temperature. One notes that a critical shear rate exists beyond which the kinetics of cristallization is accelerated, γc ≈ 4 s -1 . This behaviour is well known in the literature basing on the onset time of the storage modulus increase for a polyethylene by [START_REF] Lagasse | An experimental study of the kinetics of polymer crystallization during shear flow[END_REF] or a poly-1-butene by [START_REF] Hadinata | Comparison of shear-induced crystallization behavior of PB-1 samples with different molecular weight distribution[END_REF]. [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF] and [START_REF] Naudy | Shear induced crystallization of poly(m-xylylene adipamide) with and without nucleating additives[END_REF] made the same observation for the half-crystallization time for a P P and a polyamide respectively.

Crystallization under extensional flow

Measurements of the transient extensional viscosity

Fig. 12 presents the extensional viscosity at 135 o C for differents Hencky strain rates and a Hencky strain of H = 4. For each rate of extension, the extensional viscosity changes in a similar way, until a sudden increase in the extensional viscosity called strain-hardening. The Trouton's law represents the linear viscoelastic response for uniaxial extension and is given by η + e = 3η 0 where η 0 is the viscosity obtained from rotational rheometry in the newtonian domain. whose parameters are given in Table 1:

η + e = 3 N i=1 n i 1 -exp -t λ i (8) 
A strain-hardening behaviour is observed for all the rates of extension ˙ H investigated. The intensity of strain-hardening increases when the rates of extension decreases. This behaviour depends on the molar mass of the molten, polymer as highlighted by [START_REF] Stadler | Influence of molar mass distribution and long-chain branching on strain hardening of low density polyethylene[END_REF]. inducing a possible effect of crystallization ont the extensional viscosity for these extension rates in addition to the strain-hardening. However, this analysis can be discussed because crystallization could also start well before the apparition of strain-hardening. On the contrary, for higher rates of extension, the measurement time is decreasing, so it is possible that it is not long enough to recover an effect of the crystallisation on the extensional viscosity. With the SER tool the tensile force can only be recorded during the flow, not after.

Finally, it is clear that it is not possible to conclude definitely about crystallization, based on the extensional viscosity curves only. At this point, we believe that the crystallisation occurs after the elongation.

In situ characterization by using polarized light

The oil bath and the polarised light imaging system allow one to follow the First, an increase of the light intensity is observed during the application of the extensional flow. This can be explained first by the decrease of the thickness of the sample (0.51 mm to 0.30 mm) during the test. However, this behaviour was also observed during the SIC experiments. The extensional flow aligns the polymer chains, thus creating an optically anisotropic behaviour named flow induced birefringence (F IB). Moreover, the light intensity increases more and more with the Hencky strain rate. Indeed, the extension mechanism is exponential in time unlike shear. The extensional flow therefore aligns the chains more, which promotes nucleation, or even strongly oriented microstructures.

At the end of the extensional process, the light intensity decreases due to the relaxation of the macromolecular chains. At this point, it is interesting to correlate this result with the extensional viscosity behaviour; if the crystalliza- tion started during extension (or close to the end of extension), the light intensity would continue to increase when stopping the elongational flow, but not decrease.

Therefore, the difference of onset times previously mentioned is not related to the crystallization phenomenon. Note that the intensity does not come back to the initial value, suggesting that all PP macromolecules do not relax (which is confirmed by the mean relaxation time at 133 o C, λ w = 130.6 s) Then, the crystallization is observed through the increase of the light intensity (birefringence induced by the semi-crystalline microstructure) strongly up to a plateau. The value of the plateau depends on the Hencky strain rate: the higher the Hencky strain rate is higher the plateau value is. This may be attributed to a larger orientation of the microstructure and an increase of crystalline fraction. The slope of the light intensity increases with the Hencky strain rate, which suggests a faster kinetics of crystallization. However, the onset time seems to be not affected. The next question relates to understanding how to quantitatively assess the kinetics of crystallization using such measurements and compare the results to those obtained for the case of a shear flow. To do so, we use the assumption that I/I 0 is proportional to the relative crystallinity. We mention at this point that we have performed no calibration measurements with a single layer of spherulites (in our case, a thickness of the sample equal to 0.3 mm certainly accommodates several such layers). Yet, Koscher and Fulchiron have demonstrated that while monitoring the isothermal crystallization using different methods (DSC, rheometry, polarized light imaging) a good agreement on the values of the half crystallization time t 1/2 is obtained, [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF]. Based on these considerations we chose to associate the half crystallization time to the time instant when the light intensity augments by 50%. For example, in the case of the experiment performed at an extensional rate of 0.1 s -1 , the relative light intensity when the crystallization starts is 0.31 whereas its value when full crystallization is achieved is 0.9 which, according to our method, prompts us to chose as a half crystallization time the time instant when the relative intensity is I/I 0 = 0.605. Nonetheless, the half-crystallization time decreases with ˙ H which means that the kinetics of crystallization is faster. The half time of crystallization is estimated around 100 s which is significantly lower compared to the value obtained from SIC (300 s) and QC measurements (460 s) for the same rates (0.5 s -1 ) and temperature (133 o C).

From all these experiments made under different flow and temperature conditions, we are able to quantify their effect on the crystallization kinetics by comparing the crystallization half-times, as depicted in Table 2. the comparison of the half-crystallization times shows that the kinetics of crystallization under extensional deformation is divided by a factor 3 compared to the quiescent condition and after a pre-shearing, bringing a quantification of the crystallization induced by extension in an in-situ manner.

SAXS and WAXS post-mortem measurements

To gain further insights into the role of extension on the crystallization process at microscopic scales, SAXS and W AXS measurements were performed on the polymeric samples after crystallization during extensional flow for a Hencky strain From SAXS patterns, the characteristic size of the lamellar structure is given by the long period L p and is defined as L p = 2π qmax , where q max is the value of the wave vector for the scattering peak (see Fig. 17). This value is accurately determined by plotting q 2 × I(q) vs. q. The long period of the unstretched sample is approximately 21 nm. In the case of a stretched sample, with increasing extension rates from 0.5 to 5 s -1 , L p was found to decrease from 18.3 nm to 18.00 nm, which is not significant. Note that for all samples the thermal history remains the strictly the same. Quite obviously, L p is not sensitive to the rate of extension but mostly to the presence or absence of flow.

H = 4.
The thickness if lamellae is therefore controlled by the temperature.

The W AXS analysis also shows the formation of the β-phase (in addition of the α-phase) with a higher content when the rate of extension increases as shown in Fig. 18.

A next interesting issue to be addressed is how the microstructure and lamellar orientation revealed by the SAXS and W AXS measurements relates to the horizontal position along the sample. During an experiment, all the polymer flows at the imposed strain rate but the elongational deformation is stopped when it starts to be in contact with the drum. So, after the experiment, the Hencky strain will be maximum ( H = 4) at the center of the extended sample, whereas it will be smaller when we move away from this position. At large Hencky strains the sample is slightly narrower close to the centre than close to the edges which implies that the rate of deformation is higher close to the centre and smaller close to the edges as shown in [START_REF] Amirdine | Effet d'une déformation extensionnelle sur la cinétique de cristallisation de polymères semi-cristallins To cite this version[END_REF]. To address this or extensional flow, β-phase can appear as explained by [START_REF] Liu | Orientation-induced crystallization of isotactic polypropylene[END_REF]. So the major peak is attributed to the α-phase and the minor to the β-phase according to [START_REF] Koscher | Effets du cisaillement sur la cristallisation du polypropylène : aspects cinétiques et morphologiques[END_REF], which is also coherent with W AXS data.

As previously shown with SAXS and W AXS measurements, the microstructure and orientation depend on the horizontal position along the sample. Close to the centre (i.e. between the two rolls of SER apparatus), the orientation is larger since the Hencky strain is larger at this position compared to the other ones, with a homogeneous elongational flow. The β-phase seems to be more present close to the middle, where extensional deformation is larger and more pure (i.e. no shear is superposed). gradient of the microstructure which is consistent with a gradient of Hencky strain (since the elongation is stopped when the sample is in contact with a roll of the SER apparatus) and an extensional process, which can be slightly kinematically non-uniform.
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Annex

Figures 22 and 23 show the W AXS intensity as a function of the azimuthal angle for both non-stretched and stretched at 5 s -1 samples, respectively. Again, the lamellae orientation is revealed by these intensity variations. However, the variation for the 040 peak is much more important than this of the 100 peak. This is generally the case for i-PP when mother-daughter lamellae are present, as shown by Fiorentino and coworkers, Fiorentino et al. (2013).

Figure 24 shows the W AXS intensity of the 040 peak as a function of the azimuthal angle for the 3 different positions corresponding to different total strains. It appears from the variation amplitudes between 0 o and 90 o azimuthal angles that the orientation is higher for the position "0" which corresponds to the maximum deformation ( H = 4). 
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  [START_REF] Chellamuthu | Extensional flow-induced crystallization of isotactic poly-1-butene using a filament stretching rheometer[END_REF],[START_REF] Derakhshandeh | Flow-induced crystallization of high-density polyethylene: The effects of shear and uniaxial extension[END_REF],[START_REF] White | Extensional-flow-induced crystallization of isotactic polypropylene[END_REF],[START_REF] Liu | Extensional rheometer for in situ x-ray scattering study on flowinduced crystallization of polymer[END_REF],[START_REF] Liu | Extension-induced nucleation under near-equilibrium conditions: The mechanism on the transition from point nucleus to shish[END_REF],[START_REF] Tian | Extension flow induced crystallization of poly(ethylene oxide)[END_REF],[START_REF] Tian | Confined crystallization in end-linked PEO network under uniaxial extension[END_REF]. Their studies show a mainly post-mortem or in-situ characterization of the crystalline microstructure using classical DSC and X-ray scattering techniques (SAXS and W AXS). The extension generates a strong orientation of the crystalline lamellae in the direction of flow and an increase in the number of nuclei. However, a quantitative assessment of the kinetics of crystallization and its relation to the properties of the extensional flow is largely absent in the literature. Such an assessment is of paramount importance for developing a theoretical framework for the EIC and its further numerical implementation. The present study proposes a systematic experimental characterization of the crystallization induced by extensional flow in both an in-situ and post-mortem fashion. The use of polarized light in-situ characterization tool allows one to assess the characteristic time scales associated to the crystallization and to compare them with the times of semi-crystallization obtained in either quiescent conditions or during a shear flow. The characterization of the microstructure and of the induced crystal phases is also performed. The paper is organised as follows. The choice of the working polymeric material and the description of the experimental methods are detailed in Sec. 2. The experimental results are presented in Sec. 3. The crystallisation in quiescent conditions is discussed in Sec. 3.1. The shear induced crystallisation is investigated in Sec. 3.2. The extension induced crystallisation is studied in Sec. 3.3. The assessment of the extension induced crystallisation via classical measurements of the transient elongational viscosity is presented in Sec. 3.3.1.

  parallel plate geometry. Dynamic frequency sweeps were performed (100 to 0.01 rad/s, γ=5%) under nitrogen atmosphere at several temperatures ranging from 190 o C to 230 o C. Measurements of the storage modulus performed various temperatures are illustrated in Fig. 1. The master curve was determined at 200 o C from an Arrhenius plot of the vertical shift factor a T versus the inverse temperature 1/T . In order to extract the activation energy from these measurements, a reference temperature T = 200 o C has been chosen and the vertical shift factors a T required to overlap the rest of the data sets onto the reference one have been obtained.The temperature dependence of the shift factors is illustrated in Fig. 2. The activation energy was found by fitting the dependence of the vertical shift factors on temperature by an Arrhenius law (the full line in Fig. 2 ) E a = 45.59 kJ/mol (Fig. 2) which

Figure 1 :

 1 Figure 1: Dependence of the storage modulus G on the oscillation frequency measured for several temperatures T indicated in the insert.

Figure 2 :

 2 Figure 2: Dependence of the shift factor on temperature. The full line is a linear fit function ln (a T ) = a(±δa) 1 T + b(±δb).

Figure 3 :

 3 Figure 3: Diagram of the temperature cycle for DSC apparatus

Figure 5 :

 5 Figure 5: Diagram of the temperature cycle

Figure 6 :

 6 Figure 6: Schematic view of the Sentmanat extensional rheometer (SER) during operation

Figure 7 :

 7 Figure 7: Schematic and real view of the Sentmanat extensional rheometer (SER) during operation

Figure 8 :

 8 Figure 8: Schematic representation of the polarised light imaging system.

  ,De[START_REF] De Santis | Scanning nanocalorimetry at high cooling rate of isotactic polypropylene[END_REF],[START_REF] Mileva | Homogeneous nucleation and mesophase formation in glassy isotactic polypropylene[END_REF][START_REF] Schawe | Analysis of non-isothermal crystallization during cooling and reorganization during heating of isotactic polypropylene by fast scanning DSC[END_REF],[START_REF] Schawe | Nucleation efficiency of fillers in polymer crystallization studied by fast scanning calorimetry: Carbon nanotubes in polypropylene[END_REF] using DSC and F SC. We describe in the following similar measurements performed with PP samples crystallised in quiescent conditions. Following the protocols detailed in the previous section, the halfcrystallization time versus temperature is plotted in Fig.9.According to[START_REF] Schawe | Analysis of non-isothermal crystallization during cooling and reorganization during heating of isotactic polypropylene by fast scanning DSC[END_REF] and[START_REF] Schawe | Nucleation efficiency of fillers in polymer crystallization studied by fast scanning calorimetry: Carbon nanotubes in polypropylene[END_REF], iP P exhibits a bimodal kinetics with a phase transition at 65 o C. The α-phase, the most stable

Figure 9 :

 9 Figure 9: Half-crystallization time in quiescent condition obtain by DSC and Flash DSC

Figure 10 :

 10 Figure 10: Isothermal crystallization monitored by the evolution of the elastic modulus after a pre-shearing step of 10 s performed for several imposed rates of shear and at T c = 130 o C.

Figure 11 :

 11 Figure 11: Half time crystallization for different pre-shear rates (t s = 10 s) and temperatures.The dotted lines illustrate a plateau over which, the crystallization is not affected by the pre-shear rate.

Figure 12 :

 12 Figure 12: Extensional viscosity at 135 o C for different Hencky strain rates, the black dashed lign represents the linear viscoelastic response obtained by Trouton's law

  [START_REF] Hadinata | Elongation-induced crystallization of a high molecular weight isotactic polybutene-1 melt compared to shear-induced crystallization[END_REF] suggests to plot the onset times of strain-hardening increase as a function of the extension rate to quantify the presence of crystallization. The onset of strain-hardening (or crystallization) is determined when the extensional viscosity deviates from the Trouton's law. Fig. 13 compares the onset time at 200 o C and 135 o C versus the Hencky strain rates and the Weissenberg number (W i = ˙ H × λ w ). The onset time t onset in quiescent conditions indicated in the figure is the time of the beginning of crystallisation obtained by DSC during an isothermal step at 135 o C. At 200 o C, iP P is completely molten while at 135 o C crystallization may occur. t onset decreases linearly with the increase of the extension rate. A slight effect of the temperature on the onset times may be observed only for the smallest Hencky strain rates (lower than 1 s -1 ) we have explored which correspond to the longest experimental time. Based on this macroscopic observation, one could assume that crystallization occurs for numbers W i smaller than 122 at 135 o C. For low Hencky strain rates, the macromolecular chains are stretched longer and remain longer in the oil bath,

  crystallization in-situ by monitoring the intensity of the flow induced birefringence F IB. The measurements are carried out at 133 o C up to a final Hencky strain of 2.5 so as not to obstruct the optical path between the cylindrical drums. The maximal rate of extension achievable with our rheometer is ˙ max H = 2 s -1 . The measured light intensity I of each subsequent image is measured in a fix rectangle (red dotted lines in Fig. 14) and normalised by the light intensity I 0 measured without the sample. Images of the sample acquired during and after extension and the light intensity are illustrated in Fig. 14 and Fig. 15, respectively.

Figure 13 :

 13 Figure 13: Onset time measured at 200 o C (circles) and 135 o C (squares) for different Hencky strains. The corresponding Weissenberg numbers are displayed on the top axis.

Figure 14 :

 14 Figure 14: Light intensity during and after the extensional flow at 133 o C, ˙ H = 0.5 s -1 , H = 2.5. The vertical yellow lines mark the positions of the rotating drums and the blue horizontal dashed lines mark the top/bottom edges of the sample.

Figure 15 :

 15 Figure 15: Light intensity evolution 133 o C, ˙ H = 0.5s -1 , H = 2.5

  Fig.16illustrates SAXS and W AXS measurements performed on PP samples after extension at different ˙ H in the middle of the sample, between the two rolls of the SER device. The extension direction is horizontal (equatorial direction) and the X-ray beam intercepted the sample between the two rolls of the SER device where the shrinkage of the cross-section is maximal (L 0 /2). For all strain rate, SAXS patterns exhibit scattering lobes around the equatorial direction in favour of an orientation of the crystalline lamellae perpendicular to the direction of flow. In addition, WAXS indicates the orientation of a crystal plane with the flow by increasing the light intensity of the diffraction rings.The study of the orientation of each crystalline phase also shows that larger the rate of extension is stronger the orientation is. By comparing the minima and the maxima of the intensity of the scattering peaks versus the azimuthal angle, we observe that the plane (040) of the alpha phase is more oriented than the planes (110) and (300) -seeFigs. 22, 23 in Sec. 6. The stronger orientation of the plane (040) may be explained by the assumption of populations of mother crystalline lamellae and daughter ones which is typically observed with iP P . The planes (040) of mother and daughter lamellae are oriented in the same direction whereas the planes (110) of both kinds of lamellae have a double orientation.The W AXS measurements were performed along a single direction of the sample and do not provide information on the orientation of the planes (110) et (300).Thus, to quantify the orientation of the other crystalline planes one needs to perform scattering experiments along several other directions of the sample.

Figure 16 :

 16 Figure 16: 2D SAXS and 2D W AXS patterns of samples that undergone an esxtensional flow at T = 133 o C and several rates of deformation: a) ˙ H = 0.5 s -1 , b) ˙ H = 1 s -1 , c) ˙ H = 5 s -1 . In each panel the arrow indicates the flow direction.

Figure 17 :

 17 Figure 17: 1D SAXS data after azimutal averaging of scattering lobes observed in Fig. 16. The terminal Hencky strain was H =4

Figure 19 :

 19 Figure 19: 2D SAXS and 2D W AXS patterns measured at 133 o C, ˙ H = 1 s -1 , H = 4 and several positions from the centres marked by the stars in the top panel and indicated in the inserts of the lower panels.

Figure 20 :

 20 Figure 20: DSC measurements performed with a sample extended up to Hencky strain H = 4 at 9 mm from its centre.

Figure 21 :

 21 Figure 21: DSC measurements, H = 4, ˙ H = 1 s -1 for different positions

Figure 22 :

 22 Figure 22: Dependence of the W AXS intensity on azimuthal angle for the planes (110), (040) (alpha phase) measured after crystallization at 133 o C without elongation.

Figure 23 :

 23 Figure 23: W AXS intensity versus azimuthal angle for (110), (040) (alpha phase) and (300) (beta phase) planes after crystallization at 133 o C for an Hencky strain rate at 5s -1 . The curves are shifted for better clarity.

Figure 24 :

 24 Figure 24: W AXS intensity versus azimuthal angle for (110), (040) (alpha phase) after crystallization at 133 o C for an Hencky strain rate at 5s -1 for 3 different positions along the specimen : 0mm(center), 9mm and 18mm. The curves are shifted for better clarity.

  

  

Table 1 :

 1 Relaxation spectrum for iP P at 200 o C.

Table 2 :

 2 Half crystallization times in quiescent condition, after pre-shear and after extension