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Abstract  

Nowadays, computational resources allow carrying out mechanical calculations on complex 

multi-scale materials. Finite Element (FE) calculations can especially be directly performed 

on microstructures of materials. This work is a first attempt to analyse the impact of the 

crystalline architecture at a mesoscopic scale on the macroscopic elastic properties of Semi-

Crystalline Polymers (SCP). Such polymers can be considered biphasic materials, which are 

composed of an amorphous phase embedded in a crystalline network. The material studied 

here is Polyethylene (PE).  

Molecular Dynamics (MD) calculations are carried out on a 100% crystallized Polyethylene 

model to determine the elastic properties of the crystalline regions of the material. 3D 

mesostructures of the typical layout of the spherulitic crystalline network of Semi-Crystalline 

Polymers are then constructed from experimental observations. These material data and this 

geometrical description are then integrated in computations with the Finite Element method 

on elementary volumes to finally determine the macroscopic elastic properties of the material. 

In this work, which is a first attempt to test such a multi-scale workflow, no amorphous phase 

is considered. Different 3D architectures are compared demonstrating the role of the 

crystalline arrangement on the stiffness of the material. Three main types of mesostructures 

have been analysed: crystalline lamellae disposed in a complete random arrangement, 

crystalline lamellae disposed in a spherulite arrangement, crystalline lamellae with branches 

disposed in a spherulite arrangement. It appears that the 3D configuration of the lamellae, as 

well as the presence of branches, have an influence on the macroscopic elastic properties of 

the material. Then, comparisons with experimental data suggest that the macroscopic elastic 

properties can be represented with a purely cohesive crystalline network for crystalline degree 

up to about 50%. This result questions the role of the amorphous phase on the elastic 

properties of such systems. 

1.  Introduction  
 

This work addresses the general issue of the mechanical behaviour of Semi-Crystalline 

Polymers (SCP). These materials are widely used in engineering applications and the 

improvement of their mechanical properties is continuously researched due to the variety of 

application domains. To help for materials design, predicting the impact of the materials 

microstructure on their macroscopic mechanical properties is a challenge.  
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At the microscopic scale, various methods have been developed to investigate the structure of 

SCP, for instance scanning electron microscopy or X-ray scattering [1-4]. Some studies have 

been focused on understanding the involved crystallization mechanisms for a better 

knowledge of their microstructural layout [5-7]. At the macroscopic scale, many works have 

been done to model the mechanical response under several conditions such as pressure, 

temperature or strain rate. Based on this description, many mechanical constitutive model 

equations have been developed. Boyce et al. has proposed a model based on the polymer 

chains kinetics for glassy polymers [9]. These authors introduce the decomposition of the 

plastic flow into two kinds of resistances: an intermolecular resistance to stand for a segment 

rotation and an entropic resistance to characterize the molecular alignment. Variations of the 

original model have then been proposed to consider different experimental conditions [10-11] 

and to modify the account of entanglements in the structure [12]. Microstructure 

considerations have also been considered to model Semi-Crystalline Polymers (SCP) 

behaviour. In literature, SCP are considered heterogeneous media with molecular chains that 

can be part of a free amorphous phase, a crystalline network and/or an intermediate tied 

amorphous phase [8]. Some approaches are based on a two phase representation of Semi-

Crystalline Polymers at the mesoscopic level which represent the material with a "solid" 

network (including the crystal and the tied amorphous zone) interacting with a saturating 

"soft" or fluid-like phase (essentially free amorphous) [13]. Micromechanical modelling based 

on Eshelby theory [14] has also been developed within microstructures context. Applied to 

polymer materials, this modelling allowed conclusive results on prediction of elastic 

properties for Polypropylene (PP) or Polyethylene (PE) [15-16]. In this approach, the 

crystalline lamellae are ellipsoidal inclusions whereas the amorphous phase is the matrix. The 

same authors have also developed two-phase models where the inclusions are dispersed 

randomly in the amorphous phase [16]. A three-phase model has also been developed by 

Gueguen et al. [17] through a generalization of the double-inclusion model. 

All these above mentioned works do not take into consideration the specific 3D architecture 

of semi-crystalline materials at the mesoscopic scale, and in particular the presence of 

spherulitic structures where lamellae grow radially from the nucleus of the spherulite in all 

spatial directions, with some possible branches that grow from the principal lamellae. The 

molecular origin of this branching and the consequent cross-hatched structure were clarified 

by Lotz et al. [18] and such growth can be observed by optical microscopy or SEM.  

 

Promising results obtained with previously described micromechanical models may suggest 

that this particular structure of a semi-crystalline sample does not significantly affect the 

macroscopic properties. However, other works suggest that the spherulites play an important 

role in the deformation field [19-21]. For instance, Uchida et al. [22] proposed a Finite 

Element homogenization method on multi-spherulitic structures; they concluded that the 

distribution of lamellar orientation in the spherulite has an impact on the material behaviour. 

Laschet et al. [23] have also proposed a two-level homogenization scheme to determine the 

influence of the lamella design and of the crystalline properties on the effective properties of 

spherulitic microstructures. An isotropic interface between spherulites has been introduced to 

manage the spherulitic layout. 

 

At first approximation SCP are two-phase materials, consisting of crystalline lamellae 

embedded in amorphous phase. Only few papers tackle the role of the amorphous phase in the 

mechanical macroscopic behaviour. The pioneering work of Struik [24-25], followed by 

Chmelai et al. [4] evidences the heterogeneous nature of the amorphous phase, depending on 

its confinement inside the rigid network of the crystal phase. This feature suggests 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

3 
 

considering a free amorphous region with low mechanical properties and a confined one that 

has a higher impact on the global rigidity. However, a recent work indicates that the 

amorphous part does not have a major impact on the macroscopic elastic properties [26]. To 

date, it is difficult to state the contribution of each phase on the overall elastic behaviour. The 

aim of this paper is to analyse the qualitative role of the crystalline mesostructure, especially 

the impact of the spherulite architecture on the macroscopic behaviour. Thus no amorphous 

phase has been considered here. To achieve this objective, different mesostructures have been 

designed from an in-house code and thanks to numerical calculations on them the 

corresponding macroscopic elastic properties are determined and compared against each 

other.  

 

Method based on Finite Element (FE) or on Fast Fourier Transform (FFT) could be used to 

carry out these calculations. This last approach has been originally introduced by Moulinec et 

al. [27] and has been successfully used to compute numerically the properties of composite 

materials [28-29]. However, in our work, the mesostructures are composed of lamella in 

which the length, is significantly higher than the other dimensions. Besides, even if only the 

crystalline phase is studied in this work, and contrary to the FE method, the FFT one imposes 

to construct the all volume (even the void). It seems that, in our situation (slender structure in 

a porous medium), the use of shell elements in a FE model is more suitable than a FFT 

analysis.  

To our knowledge, the originality of this work is the direct supply of input data obtained at 

atomic scale from Molecular Dynamics (MD) simulation to the upper spherulitic scale, where 

full field mechanical calculation results can give information about the role of the mesoscopic 

architecture on the macroscopic properties. The method is based on a qualitative description 

of the spherulitic structure and consists in a sensitivity analysis of the crystalline layout on the 

macroscopic mechanical properties. Only the elastic properties are investigated in this first 

work. 

 

In the following, the inputs for the FE calculations are presented. The mesoscopic spherulitic 

geometry of the models is deduced from observations of real microstructures from the 

literature. The orthotropic elastic properties of the  crystalline lamellae are determined 

through MD simulations at the atomic scale. Then, the workflow employed to determine the 

macroscopic properties is described and a Representative Volume Element (RVE) is 

investigated in order to validate the size of the microstructure samples. Finally, macroscopic 

elastic results are presented and compared for different crystalline arrangements. In order to 

validate the proposed workflow with the FE method, some comparisons with a 

micromechanical approach and with experimental results are also discussed.   

 

2. Input data for Finite Element calculations: mesostructures and 
material properties 

2.1 Mesostructures 

Semi-Crystalline Polymers, like PE, exhibit a hierarchical structure from nanoscopic to 

microscopic scales as illustrated in Figure 1.  
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Figure 1: Schematic illustration of the structure of SCP at different length scales 

  

At the nanometric scale, SCPs are considered in a first approximation as two-phase materials, 

consisting of crystalline lamellae embedded in amorphous phases. At the micrometric scale, 

an aggregation of spherulites, in which crystalline lamellae grow radially from the nucleus of 

the spherulite, can be observed. These mesoscopic structures are most often in contact with 

each other and represent a quite cohesive network. According to Atomic Force Microscopy 

(AFM) analyses, a cross-hatched structure can be observed within the spherulites (Figure 2). 

The spherulite sizes are dependent on the crystallization process. According to [32], lamellae 

are plate shape and following dimensions are considered to be reasonable values for PE: 1m 

length, 15 nm width and 5 nm thick.  

 

 

Figure 2: Cross-hatched structure of polypropylene’s spherulites [33] 
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In this work, no amorphous phase is considered and only the crystalline network is 

constructed and analysed. Different mesostructures are generated in order to understand and 

analyse the impact of this meso-architecture on the material macroscopic behaviour. 

Representative mesostructures are obtained thanks to mathematical morphology tools, 

embedded in plug Im! software [34].   

The impact of spherulite and cross-hatched arrangements is analysed. Three main types of 

mesostructures are compared (Figure 3):  

 “ e o tructure t pe A” with a totall  rando  di tri ution of la ellae 

 “ e o tructure t pe B” with a  pherulite  tructure (onl  principal la ellae) 

 “ e o tructure t pe  ” with a  pherulite structure with branches (principal and 

secondary lamellae resulting in a “cro  -hatched” like  tructure) 

To model mesostructures with a random lamellar network (Figure 3, type A), a Boolean 

model with randomly oriented lamellae is considered first [35]. A Poisson Point process is 

generated with a density imposed to follow the mesostructure overall degree of crystallinity. 

At each point, a randomly oriented parallelepiped lamellae is implanted. This model needs 

only five parameters :  

- The generated volume size 

- The size of the lamellae: length, width, thickness 

- The degree of crystallinity  

 

A second approach is used to model mesostructures with a lamellar spherulitic network 

(Figure 3, types B). A Poisson Point process is first generated to model the germination 

points. To complete the crystalline part generation, lamellae are then radially disposed, with 

random orientation, fro  the cell’  centre defining germination point. The numbers of 

germination points and of lamellae have to be adjusted to the desired degree of crystallinity. 

This model needs several parameters to be adjusted :   

- The generated volume size 

- The number of germination points following degree of crystallinity 

- The number of lamellae for each germination point, following also degree of 

crystallinity 

- The size of the lamellae: length, width, thickness 

 

A third model is designed using the second one and by changing simple lamellae to lamellae 

with branches (Figure 3, Type C). Additional parameters are the following :  

- The number of branches for each principal lamella 

- The geometry of the branches: length, width, thickness 

- The branching angle: angle between the principal lamella and the secondary ones 
 

A perfect load transfer between each connected entity has been considered. It is numerically 

introduced by merging the connected lamellae with a perfect tie. The crystalline network is 

cohesive through these connections despite the absence of the amorphous phase.  

Illustrations of the three types of constructed mesostructures are proposed in Figure 3. 
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Figure 3: Three types of mesostructures 

We define various quantities to characterize the mesostructures, and to allow comparisons 

between them. These indicators are: the degree of crystallinity (%), the size and number of 

lamellae, the number of germs and bifurcations in case of spherulitic structures, the specific 

surface area (nm
2
/nm

3
) and the features of the connection zones. The specific surface area is 

defined as the total surface of crystalline lamellae per volume unit of the mesostructure. The 

connection zones represent the regions where merging has been carried out to obtain a 

cohesive network. The number of connections/tied zones has been evaluated for each 

mesostructure. It defines the number of links between two entities of the structure, i.e. the 

number of links between two crystalline lamellae. Overlap zones can be either links between 

two lamellae belonging to two different spherulites or between two lamellae belonging to the 

same spherulite. This last type of connection cannot be found in the mesostructure B (see 

Figure 4). Note that the overlaps between a lamella of a spherulite and the corresponding 

germ are not considered in the count of connection zone, neither are the connections between 

a principal and a secondary lamellae in the case of mesostructure C.  

 

 

 

 

 

 

 

 

  

Figure 4: Connection zone inside a spherulite for mesotructures B and C, extracted from 

the geometry of figure 3. 

2.2 Material inputs 

The elastic properties of the PE crystalline phase have been determined at the atomic scale 

using MD calculations performed with the LAMMPS simulation package [36]. The PE crystal 

has been modelled using a simulation cell composed of 70 chains with 50 carbon atoms each 

Mesostructure A Mesostructure B Mesostructure C 

Mesostructure C: possible 

overlap between two 

lamellae of a same spherulite 

(red circle) 

 

Mesostructure B: no 

overlap between two 

lamellae of a same 

spherulite  
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(= 5 x 7 x 25 PE unit cells). Periodic boundary conditions have been applied in the three space 

directions in order to mimic an infinite periodic crystal with infinite chain lengths. The 

Compass force field [37] has been used to account for bonded and non-bonded interactions. 

As discussed below, no Coulombic interactions have been considered. 

A preliminary simulation has been conducted on a reference orthorhombic box in the 

isothermal-isobaric ensemble at 293 K and 1 bar in order to check the ability of the chosen 

force field to reproduce the lattice parameters of the PE crystal. Two calculations have been 

performed: one using the exact Compass force field including all partial charges and another 

one that neglects electrostatic contribution. Obtained parameters are respectively a = 7.73 Å, b 

= 4.95 Å, c = 2.56 Å and a = 7.72 Å, b = 4.96 Å, c = 2.57 Å for the two calculations. No 

significant impact of the partial charges is observed (error less than 0.5%). Obtained values in 

both cases are in good agreement with crystallographic data reported in reference [38] for PE 

at ambient conditions: a = 7.417 Å, b = 4.945 Å, c = 2.547 Å, with an overestimate of the 

lattice volume of ~5%. The Compass force field without electrostatic charges has thus been 

used thereafter for the study of the elastic properties of the crystalline PE.  

The stiffness tensor elements (Cij) of the crystalline PE have been calculated using an explicit 

deformation method that  ake  u e of the generali ed Hooke’  law. Basically, different types 

of small elementary deformations (j) are applied to the reference orthorhombic box, the stress 

tensor elements (σi) under each small deformation are then computed during a canonical 

simulation of 5 ns and the Cij elements are extracted from the slope of the corresponding 

stress (σi) – strain (j) plot. The following deformations were done: 

- Three elementary uniaxial strains (one for each spatial direction) with 5 positive j 
values, in the range (0 – 0.5) %, corresponding to a small extension of the material. 

- Three elementary uniaxial strains (one for each spatial direction) with 5 negative j 
values in the range (0 – 0.5) %, corresponding to a small compression of the material. 

- Three elementary shearing strains (one for each box angle) with 5 positive j values in 

the range (0 – 1) %. 

More details about this procedure can be found in reference [39]. 

To illustrate these MD simulations, Figure 5 presents the stress–strain curves obtained in the 

case of the 10 uniaxial strain values performed in the direction of the crystallographic axis a. 

As required, a linear regime is observed in the range of deformations investigated in this 

work. 
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Figure 5:  Stress–strain curves obtained from MD simulations of crystalline PE at 293 K 

in the case of an uniaxial strain 1 (direction of vector a of the crystalline unit). 

The obtained Cij tensor, in Voigt notation, is:  

   

 
 
 
 
 
 
                                                                    
                                                                     
                                                                     
                                                                    
                                                                   
                                                                    

 
 
 
 
 

 

All  alue  are expre  ed in GPa. Error  are confidence inter als on the slope of σi versus j 
plot. The most important stiffness corresponds to the extension of the chains in the direction 

of their main axis, with C33 = 213.11 ± 0.39 GPa. This result is quite close to experimental 

values founded in the literature (221± 8 GPa measured by x-ray diffractions [40]). Quite 

different results can be noted between the elements C34 and C43 or C35 and C53. However, 

error bars associated with the C34 and C35 are large. With the exception of these two terms, we 

find that the lower-left and upper-right blocks of the tensor are zero within uncertainties. The 

same goes for the off-diagonal elements of the lower-right block. Orthotropic symmetry is 

thus assumed in the following and the corresponding nine Cij coefficients are directly used in 

FE calculations to account for the elastic behaviour of the crystalline regions of the 3D 

mesostructures. Special attention has been paid to the orientation of the Cij tensor in order to 

make the chain axis at the molecular level coincides with the chain axis at the mesoscopic 

level. At the mesoscopic level the chain axis is considered to be perpendicular to the surface 

of the crystalline lamellae (see Figure 6). Experimentally, the chains are found to be tilted by 

up to 45° from the lamellar normal, with 34° being the most common angle [41-42]. This tilt 

angle has not been considered in our simulations. 
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Figure 6: Schematic representation of the axis systems at the molecular and the 

mesoscopic scale with axis c being parallel to the chain axis i.e. perpendicular to the 

surface of the crystalline lamellae. 

3. Workflow for FE calculations 
Mesostructure architectures and material properties are the inputs for the FE calculations. The 

general workflow to carry out this up-scaling issue is proposed in the following scheme 

(Figure 7). The aim is to obtain elastic properties at the macroscopic scale and to determine 

the impact of the different mesostructures on these properties.  

 

Figure 7: Schematic workflow of the study 
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3.1 Geometry and mesh generation 

Once the mesostructure is created with plug Im!, the FE model is obtained by means of a 

python script. It allows defining the geometry (conform to plug Im!) and the mesh. Abaqus® 

Finite Element package is used to generate meshing and to perform simulations [43].  

Three-node triangular general-purpose shell elements are used. The characteristic element size 

is chosen to have five elements in the la ella’  width. With  uch a  alue, 300 000 elements 

were typically generated for a 400 × 400 × 400 nm
3
 volume. It should be noted that the use of 

a FFT method would led to 64 million voxels (with also 5 pixels in the lamellae thickness, 

equivalent to 1 pixel by nm). Calculations have also been performed with three elements in 

the width to analyse the mesh size impact on mesostructure C (it is assumed that if it is 

sufficient for the most intricate geometry, it is also the case for the others). The elastic 

properties (calculated as detailed in section 3.3) are proposed as supplementary data. Similar 

results are obtained for the two sizes of meshing. It seems reasonable to consider that the used 

mesh (typical size of five elements in the width) is accurate enough for this study. 
 

3.2 Boundary conditions 

This study aims at calculating the elastic properties of the mesostructures, i.e. at defining a 

relation between stress and strain tensors of the considered volume. By definition, the fourth-

order elastic stiffness tensor     is obtained by the following equation:  

 
 

  
          
 

 

  
     
 

      Equation 1 

 

The average values can be controlled by imposing values on the contour of the domain only, 

i.e. by imposing specific Boundary Conditions (BC). 

 

Different kinds of BC have been evaluated for homogenization issues. Kinematic uniform 

boundary conditions (KUBC), obtained by constraining node displacements, tend to over-

estimate the macroscopic stiffness. On the contrary, static uniform boundary conditions 

(SUBC) tend to under-estimate the stiffness. It is well known that periodic boundary 

conditions provide a better convergence than KUBC or SUBC [44]: the homogenized elastic 

properties will be obtained for a smaller RVE size with periodic boundary conditions. 

However, our mesostructures are not periodic and this type of BC cannot be applied easily. 

We thus decided to apply KUBC since it is known that, as far as the considered volume is 

important enough or the number of numerical simulations is important enough, the KUBC 

conditions converge towards the same result as the one obtained with periodic boundary 

conditions [44]. The KUBC conditions are applied through reference points: all the nodes of 

the same face are kinematically linked to a reference point. For an elongation along direction 

i, the displacement ui(x), with x being any node belonging to the face of normal direction i, is 

equal to the displacement ui of the corresponding reference point. 

 

At the macroscopic scale, the elastic behaviour is known to be isotropic. However, the local 

properties at the scale of a set of lamellae is necessarily anisotropic. A sufficient volume of 

material has to be considered in order to respect the global isotropic behaviour. To check if 

this assumption is verified, it has been decided to determine nine elastic properties (as an 
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orthotropic behaviour) and to check a posteriori if the three directions are equivalent. As an 

orthotropic behaviour is supposed, six elementary loadings determine the complete stiffness 

tensor: 

 

- Three elementary uniaxial displacements (one for each spatial direction) with positive 

displacement in the range (0-10) nm. 

- Three elementary shearing strains (one for each shear angle) with positive shear angle 

in the range (0-0.025) rad. 

In each computation, the stress tensor elements are determined by the FE calculations and the 

Cijkl elements are then extracted according to the generalized Hooke’  law. Young modulii 

and Poisson’  ratios are calculated from the uniaxial tests and shear moduli are determined 

from the shear test simulations. 

3.3 Representative Volume Element: validity of the mesostructures 

Ideally, the volume chosen for the mesostructures should be important enough to describe the 

statistics of the arrangement of the material leading to a so-called Representative Volume 

Element (RVE). In practice and due to calculation limitations, smaller volumes may be used 

and a statistical approach can be employed to converge towards the same results providing 

that a sufficient number of samples are considered.  

The tested mesostructures are assumed to be ergodic and first of all, calculations are carried 

out to determine if the considered volumes are sufficient to lead to confident results. For each 

type of mesostructure (types A, B and C), several samples are constructed (with the same 

geometry parameters for a given mesostructure type) and for each sample, the macroscopic 

stiffness tensor is determined by means of six elementary loadings. The Voigt–Reuss–Hill 

averaging procedure [45] is then applied to provide average elastic constants (Young Modulus 

EVRH, Shear Modulus GVRH and Poi  on’  ratio VRH). This averaging method combines the 

upper and lower bounds (respectively Voigt and Reuss averaging method : Young Modulus 

EV/ER, Shear Modulus GV/GR and Poi  on’  ratio V/R) by assuming that the average of the 

Voigt and the Reuss elastic constants is a good approximation for the macroscopic elastic 

constants : 

 

     
     

 
       

     

 
       

    

     
     Equation 2 

with  

 

   
              

       
     

        

 
     

         

        
 

 Equation 3 
 

   
 

               
 

                
          

             Equation 4 

A, B,  , A’, B’ and  ’ depend on the fourth-order elasticity and compliance tensors (Cijkl, 

Sijkl) with the following equations in Voigt notation: 

 

  
           

 
    

           

 
    

           

 
  Equation 5 

   
           

 
     

           

 
     

           

 
  Equation 6 
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The Reuss–Hill elastic properties are then calculated for each microstructure. In this RVE 

analyse, the main objective is to determine the confidence interval for the elastic properties.  

The relative error errz for a property Z, depending on the volume V, can be estimated by the 

following equation [44]:  

 

       
     

   
        Equation 7 

where n is the number of numerical samples, DZ is the variance of the property Z for a given 

volume V. The errors calculated for the elastic properties of each mesostructure configuration 

are given in Table 1. 

 

Mesostructure 
type A 

Mesostructure 
type B 

Mesostructure 
type C  

Volume (nm3) 500x500x500 400x400x400 400x400x400 

Sample numbers  6 6 6 

Statistical error on Young 
modulus (%) 

5% 7% 7% 

Statistical error on Poisson 
ratio (%) 

10% 12%  12% 

Statistical error on shear 
modulus (%) 

3% 9% 5% 

Table 1: Error estimations on macroscopic elastic properties for each mesostructure 

type 

The different stiffness matrices are proposed as supplementary data. Undoubtedly, more 

samples or bigger volumes should be considered to have more precise values. However, the 

obtained estimations are considered to be sufficient to validate the workflow and to give 

insights for mesostructure-property relationships. Considering an uncertainty around 10%, the 

results are isotropic. According to this hypothesis, the elastic properties can be defined 

through onl  three para eter :  Young  oduli are gi en within 7%, Poi  on’  ratio within 

12% and shear modulus within 9% error.  

4. Results 

4.1 Mesostructure comparisons: impact of the 3D architecture 

To understand the impact of the mesoscopic architecture, some structures of the three studied 

types are built with some identical features: a degree of crystallinity of 35%, a crystalline 

lamella width of 15 nm and a crystalline lamella thickness of 5 nm. All microstructural 

features of the different samples are gathered in Table 2. The volume of each mesostructure 

has been chosen to correspond to the values used in the previous section: 500x500x500
 
nm

3
 

for mesostructure A and 400x400x400
 
nm

3
 for mesostructures B and C. The specific surface 

is approximately the same for the three architectures. Note that more lamellae are needed in 

mesostructure A to reach the same degree of crystallinity due to the bigger volume. The 

structural features of Table 2 are also given in terms of density: the tied zone density being the 

number of connection zones per volume unit. The structural quantity that allows 

distinguishing different structures seems to be the number of tied zones. There are very few 

tied zones in mesostructure A and this tendency is even accentuated when this value is 

normalized by the volume of the structure (500x500x500 nm
3
 for the mesostructure A 
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compared to 400x400x400 nm
3 

for the others). The tied zones density in mesostructure A is 

about three times less than in mesostructure B and six times less than in mesostructure C. 

 

Mesostructure type A B C 

Microstructural features: plug Im! inputs 

Degree of crystallinity (%) 35 35 35 

Volume (µm3) 0.125 0.064 0.064 

Primary lamella number 6472 2841 1027 

Secondary lamella number / / 8216 

Germ number / 24 9 

Microstructural features: plug Im!  outputs  

Specific surface (µm2/µm3) 72 72 69 

Number of tied zones/connections 12915 19634 37077 

Tied zones density (µm-3) 1.03E+05 3.07E+05 5.79E+05 

Macroscopic elastic properties    

Average Young modulus (MPa)   56.6 98.7 142 

Average Poisson’s ratio 0.19 0.23 0.19 

Average shear modulus (MPa) 23.8 45 64.3 

Table 2: Features of the different studied mesostructures and corresponding elastic 

properties at room temperature and atmospheric pressure  

Macroscopic elastic properties obtained following the workflow proposed in Figure 7 are also 

given in Table 2 for the different mesostructures (the complete stiffness matrices are provided 

as supplementary data). As mentioned above, an isotropic behaviour is observed within 

statistical uncertainty (~10%), thus, only average macroscopic Young modulus, Poisson’  

ratio and shear modulus are reported in Table 2. Despite this 10% uncertainty, tendencies can 

be discussed.  

First, the crystallite distribution has an important influence on the material rigidity: the 

spherulitic mesostructure tends to strengthen the material (the Young Modulus of 

mesostructure B is 92% higher than the one of mesostructure A). At the same degree of 

crystallinity, a random disposition tends to be less rigid than a spherulitic one. This can be 

explained by the tied zone density: the random architecture is less cohesive and thus the 

elastic properties are weaker.  

Then, comparing mesostructure C to mesostructure B, the impact of a cross-hatched like 

structure (approximated here with branches) can be analysed. Mesostructure C is more rigid 

than mesostructure B (the Young Modulus of mesostructure C is 44% higher than the one of 

mesostructure B). Once again, the number of tied zones density can explain such results as it 

is significantly higher in mesostructure C. It means that the connection links are more 

important when branches are taken into consideration and the cohesion of the material is 

improved. On the one hand, in the mesostructure B, there are only inter-spherulites 

connections: due to its construction (Figure 4), a lamella may only be connected to a lamella 

belonging to another spherulite. On the other hand, connection may be inter- and intra-

spherulites in the mesostructure C. Due to the bifurcations in this mesostructure, tied zones 

can be either between lamellae belonging to two different spherulites or between two lamellae 

belonging to the same spherulite.  
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According to the obtained results, it appears that the architecture at the mesoscospic scale has 

an influence on the elastic properties at the macroscopic scale. The spherulitic morphology 

tends to strengthen the material and it seems that this stiffness increase may be linked to the 

existing connections between spherulites (comparisons between mesostructures A and B). 

Furthermore, the intra-spherulites connections have also an impact (comparisons between 

mesostructures B and C). These two types of tied zones bring cohesion to the material and 

thus influence its stiffness.  

4.2 Comparison with experimental data  

The numerical approach is not supposed to be predictive as the semi-crystalline polymer is 

not completely modelled : only the crystalline phase is considered in this numerical analysis. 

As a consequence, the direct comparison of numerical moduli with experimental results must 

be analysed with care. The objective is to compare trends, order of magnitudes, and to give a 

picture of the importance of the mesostructure on the elastic properties.  

For a crystalline degree of 35%, available experimental data on PE provide a Young Modulus 

of 83 (+/-6) MPa [32]. As a reminder, the results obtained with the proposed workflow are  :  

 56 (+/-3) MPa for mesostructure A 

 99 (+/-7) MPa for mesostructure B 

 142 (+/-10) MPa for mesostructure C 

All three mesostructures provide an elastic stiffness with a good order of magnitude. As only 

crystalline network is here considered, this results question the amorphous phase role on the 

elastic properties. This topic will also be discussed in the next section. Besides, one can 

consider that mesostructure B provides the most predictive stiffness. At first sight, the 

mesostructure C could have been considered as more realistic. However, mesostructure C 

appears to be too stiff, but it can be argued that some geometric parameters may be modified. 

Actually, whereas no geometrical parameter (as the lamellae size has been obtained through 

Small-angle X-ray scattering [32]) may be modified in mesostructure B, some others may be 

adjusted for mesostructure C: such as the size, the number and the orientation of the 

secondary branches that have been arbitrarily chosen in this study. Experimental observations 

like AFM analyses for instance [33] could be conducted on PE to have some experimental 

inputs on secondary branches.  

Elastic stiffness of additional structures of type B and C are assessed with different degrees of 

crystallinity. The obtained mechanical properties are compared with experimental results [16, 

32] and also to a micromechanical approach proposed by Bédoui [16] as shown in Figure 8. 
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Figure 8: Comparison of experimental Young moduli from Solvay Database [16] and 

Humbert work [32] with numerical results and with a micro-mechanical model from 

Bédoui et al. [16] 

Up to a degree of crystallinity of 50%, our results show good agreement with experimental 

results. Besides, the meso-architecture appears to have the same influence as previously 

described for the samples with a degree of crystallinity of 35% : the branching (mesostructure 

C) tends to strengthen the material (compared to architecture B) with an enhancement of the 

structural network both inside and outside the spherulites.  

For higher degree of crystallinity, it is quite intricate to conclude: we did not manage to 

construct mesostructures with such amount of crystal due to numerical cost of the FE method. 

However, it seems reasonable to assume that our methodology will underestimate the Young 

modulus. It can be noticed that the inclusion-matrix model proposed by Bedoui et al. [16] 

allows interesting results: a very good estimation of the Young’   odulu    . cr  tallinit  ha  

been obtained (solid line in Figure 8). In this work, the authors considered the crystalline 

phase as a reinforcing phase embedded in an amorphous matrix. Crystal lamellae are 

approximated by ellipsoidal inclusions. To approximate the macroscopic tensor of the elastic 

behaviour of the equivalent homogeneous medium, the authors have used a differential 

scheme. In such approach, the reinforcing phase is introduced by infinitesimal increments 

using the dilute-distribution assumption [15]. Shape factors (width/thickness and 

length/thickness of lamellae) have been fitted to obtain very good agreement between model 

and experimental results. The chosen values (width/thickness=5 and length/thickness = 23) do 

not seem realistic compared to values observed in another work [32]. Besides, through this 

inclusion-matrix approach, the mesostructure architecture has no impact on the elastic 

properties, contrary to the results proposed in this work. However, what remains clear is that 

the Bédoui et al. model [16] provides better results and especially for high crystallinity rates.  

Amorphous phase is not considered in the present work and the results seem better when the 

degree of crystallinity is low, which is surprising at first glance. Some works suggest that 

percolation in the crystalline network has an increasing role in the elastic macroscopic 

properties with increasing the degree of crystallinity, which counterbalances more and more 
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the role of the amorphous phase [26]. For degree of crystallinity higher than 50%, the 

amorphous phase role should be less and less important as the crystallinity increases. Two 

approaches may be explored to explain our results :  

 The under-estimation of elastic properties at high degree of crystallinity can be 

explained by the modification of geometric parameters: semi-crystalline polymers 

with such a degree of crystallinity may have been obtained with larger lamellae 

(which may be linked to a shape factor modification). The investigated 

mesostructures may not be representative of the material with such a degree of 

crystallinity and new sets of geometric parameters should be considered in future 

works. Such an idea is supported by other works. Humbert et al. suggest that a 

degree of crystallinity of 40% is a boundary  for two different structural 

morphologies : under 40%, spherulites contain both bundle-like and lamellar 

crystals, above 40% spherulites are more well-defined [32].  

 It can also be argued that amorphous phase can be in different state depending on the 

crystalline network [4]. At low degree of crystallinity, the amorphous phase is 

supposed to be less constrained and has a weaker behaviour which does not 

influence sensibly the elastic properties. On the contrary, at higher degree of 

crystallinity, the amorphous phase is more confined by the crystal lamellae: tied 

amorphous phase is proportionally more important and may have more impact on 

the elastic properties. 

 

5. Conclusion 
In this paper, a workflow has been proposed to determine elastic mechanical properties of 

Semi-Crystalline Polymers. FE calculations have been carried out on representative 

mesostructures. Some required inputs namely the elastic properties of the crystalline phase 

have been calculated at the molecular scale thanks to MD simulations. According to the 

results of the FE calculations, it is shown that the crystalline network geometry at the 

mesoscopic scale has a major impact on the macroscopic mechanical behaviour. More 

precisely, a spherulitic mesostructure tends to strengthen the material as the number of 

cohesion points increases in comparison to a random architecture. The branching architecture 

seems also to have an impact. Due to branches, connections between lamellae belonging to 

the same spherulite is also possible: cohesion is given by inter and intra spherulite 

interactions. Consequently, the branched structures have a higher Young modulus than  

structures with no branches. Furthermore, in the studied cases and up to a degree of 

crystallinity of 50%, the elastic properties of the crystalline network with no amorphous phase 

show good agreement with macroscopic experimental properties. For higher degree of 

crystallinity, the shift of the numerical values from the experimental data suggests that the 

influence of the lamellae dimensions and/or of the percolation degree of the crystalline 

network have to be deepened. The mechanical contribution of the constrained amorphous 

phase should be investigated at this stage too. Additional numerical studies should be carried 

out to analyse more precisely the role of the amorphous phase. A perfect load transfer has 

here been considered between neighbouring spherulites, and the modification of this 

behaviour may be tested to analyse the impact of this cohesion. Another way to consider the 

amorphous phase should be the use of method with no need of discretization. For instance, a 

method based on the Fast Fourier Transform can be tested.  
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In future work, the mesostructure construction could also be improved: it should be 

interesting to use experimental observation to create more realistic mesostructures. For 

example, the use of kinematic law to reproduce the spherulite growth could be introduced.  

 

Supplementary data   

The raw/processed data required to reproduce these findings cannot be shared at this time as 

the data also forms part of an ongoing study. 

 
 
RVE size validation 
Mesostructures A, B and C should not be compared: used material data are not the same, 
these results have only been used to check the RVE size. 
 
Stiffness matrices (GPa) for several samples of mesostructure type A. 
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Stiffness matrices (GPa) for several samples of mesostructure type B. 
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Stiffness matrices (GPa) for several samples of mesostructure type C. 
 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

                      

 

 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

                      

 

 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

                      

 

 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

                      

 

 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

                      

 

 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

                      

 

 
 
 
Mesh refinement 
Stiffness matrices (GPa) for two identical samples with two different meshes 
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Fine mesh :  
 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

                          

 

 
 
Coarse mesh :  
 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

                           

 

 
 
Mesostructure comparisons 
Stiffness matrices (GPa) for mesostructure A, B and C  corresponding to the same material 
data. Data used for the analyze of the mesostructure impact. 

 

Mesostructure A 

 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

               

 

 

 

Mesostructure B 

 

        

 
 
 
 
 
 
               
               
               
         
         
          

 
 
 
 
 

               

 

 
 

Mesostructure C 
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