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Introduction

The mechanical behavior of semi-crystalline polymers is highly dependent on their microstructure, particularly with regard to plasticity or damage mechanisms (see, e.g. Refs. [START_REF] Thomas | Plastic deformation of spherulitic semi-crystalline polymers: an in situ AFM study of polybutene under tensile drawing[END_REF][START_REF] Detrez | Plasticity/damage coupling in semi-crystalline polymers prior to yielding: micromechanisms and damage law identification[END_REF][START_REF] Pawlak | Cavitation during deformation of semicrystalline polymers[END_REF][START_REF] Selles | Voiding mechanisms in deformed polyamide 6 observed at the nanometric scale[END_REF]). However, the existing numerical frameworks allow to study independently the influence of each microstructural parameter to enrich our understanding. Nevertheless, the validity of these numerical experiments is based jointly on the relevance of the microstructural model and the constitutive laws. For this reason, it is necessary to develop realistic microstructural models.

The vision adopted in this paper is to generate the spherulitic microstructure of semi-crystalline polymers, based on the physical processes of crystallization. It should be noted that the spherulitic microstructure we focused on only concerns the radius and the eccentricity of spherulites regardless of the internal properties such as lamellar thickness, branching, etc. Crystallization and its kinetics are controlled by two phenomena: nucleation and growth (see, e.g. Refs. [START_REF] Raimo | Kinematic" analysis of growth and coalescence of spherulites for predictions on spherulitic morphology and on the crystallization mechanism[END_REF][START_REF] Castillo | Crystallization and morphology of biodegradable or biostable single and double crystalline block copolymers[END_REF][START_REF]Handbook of Polymer Crystallization[END_REF][START_REF] Prud | homme, Crystallization and morphology of ultrathin films of homopolymers and polymer blends[END_REF][START_REF] Crist | Polymer spherulites: a critical review[END_REF] for review). There are two main approaches to study the kinetics of spherulite crystallization: one based on direct observation and the other on differential scanning calorimetry (DSC). Direct observation by optical microscopy allows to measure the growth rate of spherulites, G, as well as the nucleation rate, I. This technique makes it possible to follow the evolution of the number of spherulites and the residual area fraction of molten polymer as a function of time, during an isothermal crystallization (see Fig. 1). Nucleation begins slowly and, then, the number of spherulites increases linearly with a slope, I, called primary nucleation rate. According to Okada and Hikosaka [START_REF] Okada | Handbook of Polymer Crystallization[END_REF] the onset time, τ, can be defined as the intersection of the extrapolated linear part with the abscissa axis. Finally, the number of spherulites saturates to reach a plateau, which is the final spherulite density. We can emphasize that the nucleation saturates well before the molten polymer is completely crystallized as Okui et al. have observed [START_REF] Okui | Temperature and molecular weight dependencies of polymer crystallization[END_REF]. Note that the direct observation is limited to 2D observations on thin films. The calorimetric approach, which is easier to carry out, requires the use of Avrami-type models to determine the parameters I and G. There are a large number of studies combining DSC analyses and/or optical microscopy (see, e.g. Refs. [START_REF] Gałeski | Spherulite nucleation in polypropylene blends with low density polyethylene[END_REF][START_REF] Mcgenity | Nucleation and crystallization of polypropylene by mineral fillers: relationship to impact strength[END_REF][START_REF] Hong | Crystallization kinetics and morphology of poly (trimethylene terephthalate)[END_REF][START_REF] Coccorullo | Crystallization kinetics and solidified structure in ipp under high cooling rates[END_REF][START_REF] Ning | Crystallization behavior and mechanical properties of polypropylene/halloysite composites[END_REF][START_REF] Lorenzo | DSC isothermal polymer crystallization kinetics measurements and the use of the Avrami equation to fit the data: guidelines to avoid common problems[END_REF][START_REF] Abolhasani | Poly (vinylidene fluoride)acrylic rubber partially miscible blends: crystallization within conjugated phases induce dual lamellar crystalline structure[END_REF][START_REF] Takeshita | Crystallization and higher-order structure of multicomponent polymeric systems[END_REF][START_REF] Gupta | Isothermal and non-isothermal crystallization kinetics of hydroxyl-functionalized polypropylene[END_REF][START_REF] Jin | Crystallization behavior and morphological characterization of poly (ether ether ketone)[END_REF][START_REF] Lim | Nonisothermal crystallization behaviors of nanocomposites of poly (vinylidene fluoride) and multiwalled carbon nanotubes[END_REF]). However, to the best of our knowledge, there is no study comparing the results obtained from these two techniques, especially for the estimation of nucleation rate, I. In addition, the phenomenon of nucleation saturation is not generally taken into account in the Avramitype models. Okui et al. suggest two hypotheses to explain this saturation [START_REF] Okui | Temperature and molecular weight dependencies of polymer crystallization[END_REF]: the presence of nucleating agent or the existence of an excluded nucleation zone [START_REF] Markov | Crystal growth for beginners: fundamentals of nucleation, crystal growth and epitaxy[END_REF].

There are numerous papers devoted to the modeling and the analysis of the crystallization kinetics [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF][START_REF] Tanner | A comparison of some models for describing polymer crystallization at low deformation rates[END_REF][START_REF] Van Erp | Quantification of non-isothermal, multi-phase crystallization of isotactic polypropylene: the influence of shear and pressure[END_REF][START_REF] Van Drongelen | Non-isothermal crystallization of semi-crystalline polymers: the influence of cooling rate and pressure[END_REF][START_REF] Van Drongelen | Quantification of non-isothermal, multi-phase crystallization of isotactic polypropylene: the influence of cooling rate and pressure[END_REF][START_REF] Piorkowska | Modeling of polymer crystallization in a temperature gradient[END_REF][START_REF] Escleine | Influence of specimen thickness on isothermal crystallization kinetics. A theoretical analysis[END_REF][START_REF] Billon | Overall crystallization kinetics of thin polymer films. General theoretical approach. I Volume nucleation[END_REF][START_REF] Billon | Isothermal crystallization kinetics in a limited volume. A geometrical approach based on Evans' theory[END_REF][START_REF] Billon | Transcrystallinity effects in thin polymer films. Experimental and theoretical approach[END_REF][START_REF] Choupin | Isothermal crystallization kinetic modeling of poly (etherketoneketone)(PEKK) copolymer[END_REF][START_REF] Choupin | A more reliable dsc-based methodology to study crystallization kinetics: application to poly (ether ketone ketone)(PEKK) copolymers[END_REF], most of which are based on the Avrami-type models [START_REF] Avrami | Kinetics of phase change. I General theory[END_REF][START_REF] Avrami | Kinetics of phase change. II Transformation-time relations for random distribution of nuclei[END_REF][START_REF] Avrami | Kinetics of phase change. III: granulation, phase change and microstructure[END_REF][START_REF] Evans | The laws of expanding circles and spheres in relation to the lateral growth of surface films and the grain-size of metals[END_REF] under isothermal condition, or on Nakamura and Ozawa's equation for nonisothermal crystallization [START_REF] Ozawa | Kinetics of non-isothermal crystallization[END_REF][START_REF] Nakamura | Some aspects of nonisothermal crystallization of polymers. i. relationship between crystallization temperature, crystallinity, and cooling conditions[END_REF][START_REF] Nakamura | Some aspects of nonisothermal crystallization of polymers. II consideration of the isokinetic condition[END_REF]. Specifically, the modified factors related to mechanical properties [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF][START_REF] Tanner | A comparison of some models for describing polymer crystallization at low deformation rates[END_REF][START_REF] Van Erp | Quantification of non-isothermal, multi-phase crystallization of isotactic polypropylene: the influence of shear and pressure[END_REF][START_REF] Van Drongelen | Non-isothermal crystallization of semi-crystalline polymers: the influence of cooling rate and pressure[END_REF] have also included the effect of flow on the crystallization. The influence of the temperature gradient [START_REF] Piorkowska | Modeling of polymer crystallization in a temperature gradient[END_REF] and the confined volume [START_REF] Billon | Overall crystallization kinetics of thin polymer films. General theoretical approach. I Volume nucleation[END_REF][START_REF] Billon | Isothermal crystallization kinetics in a limited volume. A geometrical approach based on Evans' theory[END_REF][START_REF] Billon | Transcrystallinity effects in thin polymer films. Experimental and theoretical approach[END_REF][START_REF] Piorkowska | Spherulitic structure development during crystallization in a finite volume[END_REF][START_REF] Piorkowska | Spherulitic structure development during crystallization in confined space II. Effect of spherulite nucleation at borders[END_REF][START_REF] Yuryev | A Monte Carlo simulation of homogeneous crystallization in confined spaces: effect of crystallization kinetics on the Avrami exponent[END_REF][START_REF] Yuryev | Effect of surface nucleation on isothermal crystallization kinetics: theory, simulation and experiment[END_REF] on the crystallization have also been further discussed. The primary and secondary nucleation of polymer crystals have been studied at the atomistic scale by molecular dynamics or Monte-Carlo methods [START_REF] Hu | Simulation of shish-kebab crystallite induced by a single prealigned macromolecule[END_REF][START_REF] Muthukumar | Modeling polymer crystallization[END_REF][START_REF] Yamamoto | Molecular dynamics modeling of the crystal-melt interfaces and the growth of chain folded lamellae[END_REF][START_REF] Gee | Atomistic simulation of polymer crystallization at realistic length scales[END_REF][START_REF] Zhang | Monte Carlo simulations of single crystals from polymer solutions[END_REF][START_REF] Cheng | Epitaxial polymer crystal growth influenced by partial melting of the fiber in the single-polymer composites[END_REF][START_REF] Yamamoto | Computer modeling of polymer crystallization-toward computerassisted materials' design[END_REF][START_REF] Ren | Polymer semicrystalline texture made by interplay of crystal growth[END_REF][START_REF] Baig | Atomistic simulation of crystallization of a polyethylene melt in steady uniaxial extension[END_REF][START_REF] Waheed | Molecular simulation of crystal growth in long alkanes[END_REF][START_REF] Rutledge | Handbook of Polymer Crystallization[END_REF][START_REF] Nie | Competition of crystal nucleation to fabricate the oriented semi-crystalline polymers[END_REF][START_REF] Nie | Nucleation details of nanohybrid shish-kebabs in polymer solutions studied by molecular simulations[END_REF]. Kinetic models have been developed for polymer to model thermal and athermal nucleation [START_REF] Ziabicki | Generalized theory of nucleation kinetics. I. General formulations[END_REF][START_REF] Ziabicki | Generalized theory of nucleation kinetics. II. Athermal nucleation involving spherical clusters[END_REF][START_REF] Ziabicki | Generalized theory of nucleation kinetics. IV. Nucleation as diffusion in the space of cluster dimensions, positions, orientations, and internal structure[END_REF][START_REF] Ziabicki | Kinetic model of non-isothermal crystal nucleation with transient and athermal effects[END_REF]. However, Avrami-type models, atomistic simulations, and kinetic models of nucleation do not take the morphology evolution into account and cannot provide information about the final crystalline structure.

Several computer methods have been proposed to predict the crystallization kinetics and the morphology of semi-crystalline polymers. These include the level set method [START_REF] Liu | Numerical simulation of the polymer crystallization during cooling stage by using level set method[END_REF], the front-tracking method [START_REF] Swaminarayan | A multiscale model for polymer crystallization. I: growth of individual spherulites[END_REF][START_REF] Charbon | A multiscale model for polymer crystallization. II: solidification of a macroscopic part[END_REF], the phase field method [START_REF] Gránásy | Growth and form of spherulites[END_REF][START_REF] Gránásy | Phase field theory of crystal nucleation and polycrystalline growth: a review[END_REF][START_REF] Gránásy | Phase-field modeling of polycrystalline solidification: from needle crystals to spherulites-a review[END_REF][START_REF] Fang | Simulation study of twisted crystal growth in organic thin films[END_REF][START_REF] Li | Ferroelectric phase diagram of pvdf: Pmma[END_REF][START_REF] Xu | Phase-field modeling on morphological landscape of isotactic polystyrene single crystals[END_REF][START_REF] Wang | Simulated morphological landscape of polymer single crystals by phase field model[END_REF][START_REF] Wang | A phase-field model for simulating various spherulite morphologies of semi-crystalline polymers[END_REF][START_REF] Wang | A phase field technique for modeling and predicting flow induced crystallization morphology of semi-crystalline polymers[END_REF], the pixel coloring method [START_REF] Escleine | Influence of specimen thickness on isothermal crystallization kinetics. A theoretical analysis[END_REF][START_REF] Billon | Overall crystallization kinetics of thin polymer films. General theoretical approach. I Volume nucleation[END_REF][START_REF] Billon | Isothermal crystallization kinetics in a limited volume. A geometrical approach based on Evans' theory[END_REF][START_REF] Durin | Simulating polymer crystallization in thin films: numerical and analytical methods[END_REF][START_REF] Durin | Semianalytical models to predict the crystallization kinetics of thermoplastic fibrous composites[END_REF][START_REF] Stachurski | The geometry of spherulite boundaries[END_REF][START_REF] Ketdee | Simulation of crystallization kinetics and morphological development during isothermal crystallization of polymers: effect of number of nuclei and growth rate[END_REF][START_REF] Anantawaraskul | Stochastic simulation for morphological development during the isothermal crystallization of semicrystalline polymers: a case study of syndiotactic polypropylene[END_REF][START_REF] Ruan | Computer modeling of isothermal crystallization in short fiber reinforced composites[END_REF][START_REF] Ruan | Multi-scale modeling and simulation of crystallization during cooling in short fiber reinforced composites[END_REF][START_REF] Ruan | Computer modeling and simulation for 3d crystallization of polymers. I. Isothermal case[END_REF][START_REF] Ruan | Monte Carlo simulation for the morphology and kinetics of spherulites and shish-kebabs in isothermal polymer crystallization[END_REF], the cellular automaton method [START_REF] Raabe | Mesoscale simulation of spherulite growth during polymer crystallization by use of a cellular automaton[END_REF][START_REF] Raabe | Mesoscale simulation of the kinetics and topology of spherulite growth during crystallization of isotactic polypropylene (iPP) by using a cellular automaton[END_REF][START_REF] Lin | Prediction of isothermal crystallization parameters in monomer cast nylon 6[END_REF], the stochastic simulation [START_REF] Micheletti | Stochastic and deterministic simulation of nonisothermal crystallization of polymers[END_REF], the Monte-Carlo method, and the raytracking method [START_REF] Spina | Analysis of polymer crystallization and residual stresses in injection molded parts[END_REF][START_REF] Spina | Multiphysics simulation of thermoplastic polymer crystallization[END_REF][START_REF] Spekowius | Mesoscale simulation of the solidification process in injection moulded parts[END_REF][START_REF] Spina | Simulation of crystallization of isotactic polypropylene with different shear regimes[END_REF]. Note that the prediction of spherulitic microstructure is crucial to understand the relationships between properties and the process as evidenced by the number of studies on the topic (see, e.g. Refs. [START_REF] Spina | Analysis of polymer crystallization and residual stresses in injection molded parts[END_REF][START_REF] Spina | Multiphysics simulation of thermoplastic polymer crystallization[END_REF][START_REF] Spekowius | Mesoscale simulation of the solidification process in injection moulded parts[END_REF][START_REF] Spina | Simulation of crystallization of isotactic polypropylene with different shear regimes[END_REF][START_REF] Zuidema | Development and validation of a recoverable strain-based model for flow-induced crystallization of polymers[END_REF][START_REF] Haudin | Modeling of structure development during polymer processing[END_REF][START_REF] Michaeli | Development of an integrative simulation method to predict the microstructural influence on the mechanical behaviour of semicrystalline thermoplastic parts[END_REF][START_REF] Michaeli | Integrative Computational Materials Engineering: Concepts and Applications of a Modular Simulation Platform[END_REF][START_REF] Janeschitz-Kriegl | Kinetics of polymer crystallization under processing conditions: transformation of dormant nuclei by the action of flow[END_REF][START_REF] Pantani | Morphology evolution during injection molding: effect of packing pressure[END_REF][START_REF] Pantani | Analysis of flow induced crystallization through molecular stretch[END_REF][START_REF] Roozemond | A model for flow-enhanced nucleation based on fibrillar dormant precursors[END_REF][START_REF] Roozemond | Flow-induced crystallization of isotactic polypropylene: modeling formation of multiple crystal phases and morphologies[END_REF][START_REF] Roozemond | Modeling flow-induced crystallization[END_REF][START_REF] Ma | Flow induced crystallization in isotactic polypropylene during and after flow[END_REF][START_REF] Wang | The numerical simulation of the crystallization morphology evolution of semi-crystalline polymers in injection molding[END_REF][START_REF] Janeschitz-Kriegl | Crystallization Modalities in Polymer Melt Processing[END_REF]).

The aim of this paper is to propose a numerical framework for spherulitic microstructure generation, based on the results of direct observations of crystallization, i.e. able to model growth and nucleation as well as its saturation. At present, we focus on the 2D analyses regardless of the secondary crystallization, and we only take into account the temperature effect and spherulitic structure with one crystalline phase. Here, the key concept is the concept of nucleation time fields that allows us to model the sporadic nucleation of spherulites. The nucleation time is a random time associated with each space point of our model giving the moment when a stable crystalline seed appears. An analysis of the influence of the model parameters on the isothermal kinetics and the microstructure is conducted. The study originality is based on the introduction of a characteristic length, L c and a char- acteristic time, t c . Indeed, these new parameters opens up new per- spectives to describe the relationships between crystallization kinetics and microstructure. In addition, we study the consequences of the two hypotheses previously cited on kinetics and microstructure to explain the nucleation saturation.

The paper is organized as followed: First, in Section 2, we describe the isothermal crystallization model and numerical framework. In Section 3, the simulation results on spherulitic microstructure and kinetics are presented in 3.1 and 3.2. A further discussion is given in Section 4. The symbols used in this paper are listed in the Table 1.

Numerical modeling and methodology

In this section, we present the model and the associated numerical framework, to simulate the nucleation and the growth of spherulites at the mesoscale. The area of interest, called the Representative Volume Element (RVE), is discretized into square cells with side length x and center coordinate x k (see Fig. 2). The cells are characterized in terms of discrete state variables, x ( ) k , such as = x ( ) 0 k for melt and = i x ( ) k for cells inside the i th spherulite; and crystallite orientation, the polar angle x ( ) k .

Fig. 1. Scheme of the evolution of the spherulite density versus time during isothermal crystallization as well as the evolution of residual area fraction, which is the ratio of the melt surface over the total surface. , is a random time associated with the k th cell of co- ordinates x k . It defines the onset time of the first germ for k th cell. It is randomly generated (see Fig. 3 (a)) at the beginning of each simulation by the following expression:

= + = t t x x ( ) ( )
, with rand(0,1),

k k max 0 0 (1) 
where τ is the onset time and

= t I x ( ) max 0 1
2 is the time where the nucleation is certain inside the cell of surface x ( ) 2 for a given nu- cleation rate, I.

To model the nucleation saturation, two different ideas are studied (see Fig. 3). Firstly, we propose to introduce an effective nucleation time, < t t max 0 , which acts as a superior limit of the nucleation time (see Fig. 3(a)), such as:

= + > t t x x x x ( ) ( ) if ( ) if ( ) k k max k max k max 0 0 (2) 
where

< x 0 ( ) 1 k is a random field and = t t / max max 0
. Secondly, we also study an excluded nucleation zone around spherulites [START_REF] Markov | Crystal growth for beginners: fundamentals of nucleation, crystal growth and epitaxy[END_REF], modeled by a length parameter L d , which is the layer thickness where the nucleation is inhibited (see Fig. 3(b)).

The effective nucleation time controls the spherulite number (cf. Equation ( 13)), this concept could be used to model the effect of nucleating agents. The existence of an excluded nucleation zone may be due to thermo-mechanical or diffusional effects around the spherulite that would promote growth over nucleation, such as the depletion zone observed in thin films [START_REF] Prud | homme, Crystallization and morphology of ultrathin films of homopolymers and polymer blends[END_REF]. Note that it is possible to model the nucleation using the activation frequency and the saturation by introducing the nucleus density [START_REF] Billon | Overall crystallization kinetics of thin polymer films. General theoretical approach. I Volume nucleation[END_REF][START_REF] Billon | Isothermal crystallization kinetics in a limited volume. A geometrical approach based on Evans' theory[END_REF][START_REF] Durin | Simulating polymer crystallization in thin films: numerical and analytical methods[END_REF][START_REF] Durin | Semianalytical models to predict the crystallization kinetics of thermoplastic fibrous composites[END_REF].

Algorithm of growth and nucleation

The pixel coloring algorithm [START_REF] Billon | Overall crystallization kinetics of thin polymer films. General theoretical approach. I Volume nucleation[END_REF][START_REF] Billon | Isothermal crystallization kinetics in a limited volume. A geometrical approach based on Evans' theory[END_REF][START_REF] Durin | Simulating polymer crystallization in thin films: numerical and analytical methods[END_REF][START_REF] Durin | Semianalytical models to predict the crystallization kinetics of thermoplastic fibrous composites[END_REF] is used to model the spherulite growth. In this method, we take advantage of isotropic growth of spherulites at the microscale for isothermal crystallization. The transformation rule describing the phase change (see Fig. 4) is as follows: if the molten cell x k , i.e.

= x ( ) 0 k , is inside the i th circle, so the cell is transformed into i th spherulite, = i x ( ) k
. The i th circle, which represents the shape of the spherulite if it is isolated from other spherulites, is defined by its radius

= R t G t t ( ) ( ) i i ( ) 0 
( ) , where t i 0 ( ) is the nucleation time associated with the i th spherulite and x i 0 ( ) , its nucleation point. Note that periodic boundary conditions (see Fig. 4) are applied to avoid edge effects. The simulation algorithm is as follows: 

= x x i k ( ) if < t x t ( ) k 0
and the cell of x k is inside the melt area where the nucleation is possible. (b) Growth step: Loop over all i th spherulites

• Compute = R t G t t ( ) ( ) i i ( ) 0 ( )
• Transform the molten cells inside the i th circle associated with the i th spherulite 3. Post-processing

Post-processing

At the end of the simulation, all the cells have been assigned to one spherulite. We obtain the final morphology of the spherulite microstructure. We compute two types of information, which are linked to the microstructure and the kinetics. These data are then used to perform our statistical analyses.

Microstructural analysis

The area S i ( ) of the spherulite i can be obtained by collecting its cells, from which we can directly calculate the equivalent radius of the spherulite, such as:

= R S . i i ( ) ( ) (3) 
The mean value, R is estimated from several simulations. The growth direction of crystalline lamellae is assumed radial (see Fig. 2). We define the lamella orientation, x ( ) k , as the angle between the lamella growth direction given by the vector x x ( )

k i i ( ) 0 
( ) and the xaxis for all x k i ( ) inside the i th spherulite. 

Kinetic analysis

During the simulation, the number of spherulites, N t ( ), and the degree of transformed material, t ( ) are stored at each step time. The degree of transformed material is given by:

= t n t n ( ) 1 ( ) t 0 (4) 
where n t ( ) 0 is the number of molten cells at time t and n t the total number of cells in the simulation box. For isothermal cases, the degree of transformed material is related to the degree of crystallinity, such as

= t t T ( )
( )/ ( ) where T ( ) is the final degree of crystallinity at the given temperature T.

The Avrami theory is applied to analyze the isothermal crystallization kinetics by fitting the data with the following equation:

= t K t ( ) 1 exp( ( ) )
Av n

( 

Model parameters

There are four parameters that control the crystallization model growth: the nucleation rate, I, the growth rate G, the effective nucleation time, t , and the thickness of nucleation exclusion zone, L d . In our study, we introduce two new parameters instead of G and I: a characteristic length, L c , and a characteristic time, t c (see Table 2), defined by:

= = + + L G I t G I , ( ) c d c d d 1 1 1 1 (6) 
where = d 2 is the dimension of space. According to the isothermal crystallization properties of various semi-crystalline polymers at different crystallization temperature [START_REF] Okui | Temperature and molecular weight dependencies of polymer crystallization[END_REF], the characteristic length, L c , ranges from 10 to 10 2 μm and the characteristic time, t c , ranges from 10 3 to 10 5 s. As we will see in Section 3, the parameters L c and t c control the size of the microstructure and the kinetics, respectively. It will be shown that the final average spherulite diameter is L c 2 and that t c is the time over which nuclei are formed without considering nucleation saturation.

In addition to the parameters of the model, we have the parameters related to the simulation: the size of the simulation box, L; the space step, x and the time step, t. The space step is chosen at = x 1 μm which is of the same order of magnitude as the resolution of an optical microscope. The time step is chosen to guarantee the proper functioning of the algorithm such as

= t G x t min( /3, /50) 0.5
.

Simulation results

This section presents 2D simulation results of the morphology and the kinetics of the spherulite growth. The influence of four parameters, i. 

Spherulitic morphology

The influence of the four parameters on the spherulitic morphology is depicted in Fig. 5. In each row, three of the four parameters are fixed, and the evolution of spherulitic microstructure along with the increase of the remaining parameter can be observed. Fig. 6(a-d) represents the spherulite size distribution at the final stage of crystallization in terms of the spherulite radius for the various cases corresponding to Fig. 5(a-d). The results are fitted by using a normal distribution. Finally, Fig. 7 gives the spherulite radius and its standard deviation versus the four parameters. c . It can be observed that the final spherulite size shifts tremendously to higher values from the condition of small L c with a large number of nuclei to the condition of large L c with a small number of nuclei. Furthermore, we summarized the radius of spherulites for the four conditions. The results are plotted as a function of L c in Fig. 7 (b), where the mean radius and its standard deviation are presented. It is very interesting to see the mean radius obey a linear increase along with L c with a tangent of 0.53, and the standard deviation grows simultaneously. As we expected, the characteristic length, L c , is close to the equivalent diameter of the spherulite. Therefore, we can find that the mean spherulite radius, R , is roughly equal to L 0. / c ratio, which is associated with the end time of nucleation, is increased from 0.12 to 0.96, produces the corresponding final morphology as presented in Fig. 5 (d). Fig. 6 (d) gives the simulated spherulite size distributions in terms of the spherulite radii over the range of investigated t t / c values, where the size of spherulites presents a gradual shift to lower values from small t t / c to large t t / c , resulting from the increasing number of nuclei. Then, the R L / c ratio and its standard deviation related to spherulite radius R are plotted for the four cases respectively, showing a decrease in the averaged value along with t t / c . It should be pointed out that the tangent of the curve is independent on L c and t c . However, the standard deviation of the spherulite size does not seem to be influenced by t t / c .

Kinetic properties

Fig. 8 presents the Avrami analysis for the cases with various combination of parameters, where the first column is the Avrami plot 

Further discussion

Parameter influence 4.1.1. Influence of the characteristic length L c and the characteristic time t c

First of all, we note that the microstructure and the crystallization rate depend jointly on the nucleation rate, I, and the growth rate, G. More precisely, the average spherulite area (respectively the number of spherulites, N) is proportional to the square of the characteristic length

= L G I c 1/3 1/3 (respectively N L 1/ c
2 ), whereas L c has no effect on the kinetics of crystallization. The characteristic time, = t G I c 2/3 1/3 , conversely, controls the kinetics and has no influence on the final morphology. In the case where the nucleation saturation is not considered, the normalized density of spherulites (NL L / c 2 2 ) versus the normalized time (t t / c ) curve is universal whatever the values of I and G (Fig. 9(a-b)). We obtain a master curve with an initial slope equal to 1, which saturates for > t t 1.4 c at 0.85. This means that the nucleation rate in our simulation is indeed

= I t L 1/( ) c c
2 and that the average maximum number of spherulites inside a surface = S L

0 2 is equal to S L 0.85 / c 0 2 .
The two parameters, t and L d , are useful to model the nucleation saturation before the crystallization ends (see Fig. 9(c-d)). Both have an influence on the kinetics and the microstructure.

Influence of the effective nucleation time, t

At first, we discuss the influence of the effective nucleation time, t . For this discussion, it is useful to recall and transpose the Avrami Evans Kolmogorov Johnson Mehl type model. Following the review of Piorkowska and Haudin [START_REF] Piorkowska | Critical assessment of overall crystallization kinetics theories and predictions[END_REF], the degree of transformed material, t ( ) is defined by:

= t E t S ( ) 1 exp ( ) 0 (7) 
where E t ( ) is the 'extended surface' which is equal to the total surface of all domains growing from all nuclei inside the reference surface, without considering the impingement of growing domains. It is defined in 2 dimensions by:

= E t G t u N u ( ) ( ) d ( ) t 0 2 2 (8) 
where N u d ( ) is the number of nuclei created at time u inside S 0 . Here, we assume that N u d ( ) is proportional to both the nucleation rate, I, and the reference surface, S 0 , for < t t , so that:

= < N u S I u u t u t d ( ) d 0 0 (9) 
After integration, we obtain:

= < = + ( ) E t S IG t u u S t t S IG t u u S t tt t t t ( ) ( ) d for ( ) d (3 3 ( ) ) 
for

t t t t t 0 0 2 2 3 0 3 0 0 2 2 3 0 2 2 c c 3 (10) 
Below t , this model is similar to the Avrami model with an ex- ponent = n 3, above t , the behavior tends to a model of Avrami with . These values are obtained by numerical simulation (see Fig. 8a). The asymptotic approximation of equation [START_REF] Okada | Handbook of Polymer Crystallization[END_REF] suggests the following relationship between n and the ratio t t / c : From the microstructural point of view, Equation [START_REF] Crist | Polymer spherulites: a critical review[END_REF] gives the final number of spherulites, N inside the reference surface S 0 :

>
= = = N N t S It S L t t ( ) c c 0 0 2 (13) 
So, the mean value of spherulite area, S is given by

= = S N S L t t / / c c 0 2
. Assuming that S is proportional to R 2 , we obtain the following expression:

> ( ) R L 0.53 1 0.53 1 c t t t t t t c c c 1 2 (14) 
Here, the parameters are fitted from the simulation results. A good agreement is observed with the simulation results (see 7(d) and 8(d)).

Influence of the thickness of the nucleation excluded zone L d

The simulation results suggest that the following relationship for the mean radius is (see Fig. From the kinetic point of view, the comparison with Avrami's type model would require the introduction of the nucleation excluded zone concept. This would be possible but it is outside the scope of the present paper as it needs specific numerical methods to solve this kind of problem. Here, we prefer to proceed by analogy by taking inspiration from the simulation results. Indeed, all the kinetic and microstructural parameters vary linearly with the ratio t t ( / ) c 1 2 (see Equations ( 11), ( 12) and ( 14)). We also find that these parameters vary linearly with the L L / d c ratio. This is why we propose the following relationship to fit the simulation data: Here, these relationships are fitted from simulation results. A good agreement is observed with the simulation results (see Figs. 7(c) and 8(c)).

Comparison between the two modeling hypotheses of the nucleation saturation

Two assumptions have been studied in this paper to model the nucleation saturation: the excluded nucleation zone, which is defined by the thickness L d , and the effective nucleation time, t . Although both hypotheses induce changes in the Avrami exponent, n, from 2 to 3, they exhibit significantly different effects on the crystallization half-time, t 0.5 , and the spherulite mean radius, R .

For the kinetics, we can see the difference by looking at the evolution of the normalized spherulite density as a function of normalized time (see Fig. 9(c-d)). The transition between the part, where the density increases proportionally with time, and the plateau is smoother for the excluded nucleation zone assumption (Fig. 9(c)).

Furthermore, in case of the excluded nucleation zone assumption, the size distributions of spherulite radii show no spherulite of radius less than L d (see Fig. 6(c-d)). This assumption also changes the relative position of the nucleus inside the spherulite. We introduce the eccentricity of the i th spherulite, e i to study this effect (Fig. 10 It is noteworthy that for low L L / d c that do not affect the kinetics ( = n 3), there is a effect on the average eccentricity. This effect is explained by fact that the nucleus cannot be at a distance less than L d from the spherulite boundary. We believe that the experimental study of the eccentricity of spherulites will make it possible to choose or discriminate against one or the other assumptions used to model nucleation staturation, i.e. existence of an effective nucleation time or existence of a nucleation excluded zone. Specifically, at a certain Avrami parameter n, if the eccentricity of the spherulites is obvious, the effective nucleation time assumption algorithm can be employed in the modeling. Otherwise, we rather choose the nucleation excluded zone assumption algorithm.

Relationships between kinetics and microstructure

The last interesting point is the relationship between kinetics and microstructure. Indeed, if we know the growth rate, G, it is possible to generate an equivalent microstructure from the results of the Avrami analysis. More precisely, the Avrami exponent, n, and the crystallization half-time, t 0. 

this expression is valid for 2D cases and for < n 2 3. It should be noted that the surface effects which can lead to transcrystallinity are not taken into account.

Note that Billon and Haudin [START_REF] Billon | Determination of nucleation rate in polymers using isothermal crystallization experiments and computer simulation[END_REF] also provided an algorithm to determine the nucleation rate, I, by combining the isothermal crystallization experiments with the computational simulation.

Conclusions

The numerical framework, which is presented in this paper, allows to generate 2D microstructures of isothermal crystallization from physical data such as growth rate, G, and nucleation rate, I. The new concept of nucleation time can well impose the sporadic nucleation or predetermined nucleation (instantaneous nucleation) by introducing the effect of nucleation saturation. Two assumptions have been studied to model the nucleation saturation, namely the existence of an effective nucleation time, t , or the existence of a nucleation excluded zone of thickness, L d .

An analysis was carried out using the characteristic length, = L G I • The mean spherulite radius, R is proportional to L c and independent of t c ; with a proportionality constant that depends on the dimensionless numbers t t / c and L L / d c (cf. Equations ( 14) and ( 15)).

• Conversely, the crystallization half-time, t is proportional to t c and independent of L c ; with a proportionality constant that depends on the dimensionless numbers t t / c and L L / d c (cf. Equations ( 12) and ( 17)).

• The nucleation saturation influences the Avrami exponent, n, (cf. Equations 11 and 16), which varies continuously from 3 (no saturation) to 2 (high saturation) for both studied assumptions. In addition, the saturation of the nucleation increases the mean radius of the spherulites and the crystallization half-time according to the laws given by Equations ( 12) and ( 14) using the assumption of the existence of an effective nucleation time, and by Equations ( 15) and (17) using the assumption of the existence of a nucleation excluded zone.

• These simulations allow to highlight a relationship between crys- tallization kinetics and microstructure. These results suggest that it is possible to generate a microstructure from data from a DSC isothermal analysis, provided that the growth rate G is known (cf. Equation ( 18)). Nevertheless, a 3D crystallization occurs during experiment. This is the reason why it is necessary to have a 3D numerical framework.

It is interesting to note that the efficiency of our numerical framework offers the possibility to perform 3D simulations containing several hundred spherulites. The extension to 3D cases will be the subject of a further publication [START_REF] Lu | Numerical Study of the Relationship between the Spherulitic Microstructure and Isothermal Crystallization Kinetics. Part II. 3-D Analyses[END_REF]. 
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 23 Fig. 2. Representative volume element of the spherulite modeling, where x i 0 ( ) is the nucleation center of spherulite i and x ( ) k the lamella orientation at point x k .

Fig. 4 .

 4 Fig. 4. Schematic representation of the growth step used under periodic boundary conditions.

  5) where Avrami's parameters are the exponent n and the Avrami's characteristic time K Av . The exponent n are determined by linear regression of Avrami's plot with t ( ) in the range from 0.05 to 0.95. The Avrami's characteristic time K Av is determined by measuring the crystallization half-time = t K 0.5 (ln 2) n Av 1 .

  e. L c , t c , L L / d c and t t / c , are analyzed in details. We use the additional parameters L L / d c and t t / c because they control the effect of nucleation saturation independently of the values of L c and t c . Each simulation is based on the square RVE of = L 500 μm, and × 500 500 cells with length = x 1 μm are employed. Besides, the onset time is fixed as = 0 s.

Fig. 5 .Fig. 6 .

 56 Fig. 5. Examples of final spherulitic morphologies at various cases. The color contrast is due to the lamellar orientation, θ, inside the spherulites. (All results are presented using Paraview software [106]). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Firstly, t c is increased from 100 s to 10 4 .

 4 The change of t c while keeping L c as a constant is obtained by adapting G and I according to Eq.[START_REF] Castillo | Crystallization and morphology of biodegradable or biostable single and double crystalline block copolymers[END_REF]. The value of L c is fixed at higher value to obtain larger spherulites which are easier to observe and the other two parameters are fixed at = influence of the nucleation saturation. The spherulitic microstructures are shown in Fig.5 (a), where it is obvious that the size of spherulite does not change with t c . Fig.6(a) shows the spherulite size distribution at the final stage of crystallization in terms of the spherulite radius over the range of provided t c , indicating approximately the same average value and distribution. It can also be seen in Fig.7(a) that the mean radius and the standard deviation keeps constant at various t c , which further confirmed the independence of the spherulite size with t c . In order to study the influence of L c , we set = t 2150 the influence of nucleation saturation), and we increased L c from 10 μm to 100 μm. The corresponding morphologies are shown in Fig.5 (b), demonstrating that the number of spherulites decreases along with increasing L c , while the size of the spherulites raises. Fig.6(b) shows the spherulite size distribution at the final stage of crystallization in terms of the spherulite radius over the range of provided L

  5 c . The nucleation exclusion zone also has a tremendous effect on the morphology in the numerical model, whose length is introduced by L d . Thus, we set = t t max 0 to neglect the effect of end time of nucleation, and the non-dimensional parameter L L / d c ratio is increased from 0.46 to 3.25 with a step of 0.92 which is associated with the length of nucleation exclusion zone L d ranging from 10 μm to 70 μm with a step of 20 μm. Fig. 5 (c) presents the corresponding morphologies at various L L / d c , where the increase of spherulite size can be observed. Fig. 6 (c) gives the simulated spherulite size distributions in terms of the spherulite radii over the range of investigated L L / d c values. The size of spherulites presents a gradual shift to larger values from low L L / d c to high L L / d c ratio, resulting from the decreasing number of nuclei. Moreover, the spherulite radii R are calculated for the four cases respectively, and we plot R L / c and its stan- dard deviation as a function of L L / d c ratio, as shown in Fig. 7 (c). It is shown that the mean value of R L / c increases linearly along with the L L/ d c ratio, but the standard deviation remains unchanged. It should be pointed out that the tangent of the curve is independent on L c and t c . Finally, the effect of effective nucleation time t on the morphology in the numerical model is studied. We set = and the non-dimensional parameter t t

Fig. 7 . 46 Fig. 8 .

 7468 Fig. 7. Mean spehrulite radius versus the parameters t c , L c , L L / d c , and t t / c . Standard deviation is indicated through erro bars.

Fig. 9 . 2 .

 92 Fig. 9. Normalized number of spherulites as a function of t t/ c for various cases.

  and its centroid x g i ( ) . The value of e is presented as a function of the Avrami exponent n in Fig.10(b). The average eccentricity does not seem affected by the effective nucleation time, whereas the existence of the excluded nucleation zone halves its value.

3 ,

 3 as well as two adimensional parameters (t t / c and L L / d c ) associated with the two previous assumptions, leading us to the following remarks:

Fig. 10 .

 10 Fig. 10. a) Schematic representation of the algorithm used to generate the microstructure under periodic boundary conditions. b) e versus Avrami parameter n for the two algorithms which introduce nucleation saturation. = L 21.5 c

  

Table 1

 1 List of symbols.

	Symbol	Description
	Geometry description
	L					Side length of the Representative Volume Element (RVE)
	S 0	=	L 2	RVE area
	Input parameters
	G				Growth rate of spherulite
	I					Nucleation rate
	L c	=	G I 1 3	1 3	Characteristic length in 2D
	t	c	=	G I 2 3	1 3	Characteristic time in 2D
	L d				Thickness of nucleation excluded zone
	t						Effective nucleation time
	τ					Onset time
	Microstructural symbols
		x ( ) k	Lamellar orientation inside the k th cell
	S i ( )			Area of the i th spherulite
	R	i ( )	=	S ( / ) i ( )	0.5	Equivalent radius of the i th spherulite
	R					Mean spherulite radius
	e i ( )				Eccentricity of the i th spherulite
	Kinetic symbols
			t ( ),		Degree of crystallinity at time t and at the end
			t ( )	=	t ( )/	Degree of transformed material
	KAv, n	Avrami's constant and Avrami's exponent
	t 0.5			Crystallization half-time
	N t ( ), N	Number of spherulites at time t and at the end
	Numeric paramaters
	xk				Center coordinate of k th cell
			x				Side length of cells
			t				Time step
			x ( ) k	State variable of k th cell
	t x ( ) k 0	Nucleation time of k th cell

  Nucleation step: Creation of a new i th spherulite of center,

					0	k	for all cells
	2. Time loop for	t	… {0; ; 2 ; ; t t	N t	}
	(a)				

1. Random generation of nucleation time t x ( )

Table 2

 2 Model parameters.
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