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ABSTRACT

A 2D multiscale numerical strategy is presented in this paper. It allows to generate a representative elementary
volume (REV) with a spherulitic microstructure used to predict the elastic properties of PET using a 2-scale
numerical homogenization scheme. Because of the rapid crystallization kinetics of PET, DSC and optical mi-
croscopy were combined with empirical laws to estimate the crystallization kinetic parameters used to generate
the REVs. Our framework allows estimating the elastic properties identified by tensile tests for several specimens
crystallized at different temperatures. In addition, the comparison with mean-field models from the literature
confirms that the Young's modulus of PET does not only depend on the crystallinity volume ratio but also on the
crystal organization in the spherulites. The main advantage of this study is to provide a strategy for estimating
the elastic properties that can be transposed (o many semi-crystalline polymers with a spherulitic microstructure.
Nevertheless, the numerical framework presented in the article is limited to semicrystalline polymers with a

spherulitic microstructure, which crystallize under isothermal condition.

1. Introduction

Poly (ethylene terephthalate) (PET) is one of the most important
commercial thermoplastic polymer because of its ability of being ori-
ented and molded in different forms (Colomines et al., 2005). This
material is widely used in industry and specifically in the production of
packaging material (Chen et al., 2009; La Mantia et al., 2012; Haung
et al., 2007; Billon et al., 2005; Menary et al., 2012; Luo et al., 2021;
Schmidt et al., 1998), PET can exhibit different morphologies (purely
amorphous or semi-crystalline showing spherulitic or shish-kebab
morphologies) depending on the processing conditions. These types of
microstructures have a strong influence on the physical and the me-
chanical properties (see, e.g. (Mandelkern, 2004; Reiter and Sommer,
2003; Piorkowska and Rutledge, 2013) for a comprehensive description
of polymer crystallization). Therefore, the study of crystallization of the
semi-crystalline polymer has gained increasing importance to the engi-
neering in the past few years (Jabarin, 1984; Groeninckx et al., 1974;
van Drongelen et al., 2016; Chevalier and Marco, 2007).

The purpose of this article is to predict the elastic constants of PET as
a function of its isothermal crystallization temperature. The originalities
of this study are, in one hand, to combine a numerical framework for
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generating a spherulitic microstructure (Lu et al., 2019) with a micro-
mechanical model of spherulitic aggregate; in the other hand, to identify
experimentally the kinetic parameters of crystallization of PET as
function of crystallization temperature. Indeed, in the specific case of
PET, this experimental study appears to be intricate for two major rea-
sons: the high nucleation rate, which induces a crystallization onset
before reaching the isothermal plateau; and the small size of the
spherulites, which makes it difficult to assess their radii by optical mi-
croscopy. Despite these difficulties, some experimental studies have
been carried out by differential scanning calorimetry (DSC) (Jabarin,
1987; Hieber, 1995), and by polarized light optical microscopy
(Medellin-Rodriguez et al., 2000). We used a three-step approach. First,
the crystallization parameters (the half-time of crystallization, t; 5, the
spherulite growth rate, G, and the crystallinity volume ratio, a.) are
estimated experimentally or using empirical laws for all studied
annealing temperatures. Then, using the numerical framework of
spherulitic microstructure generation (Lu et al., 2019), we built a 2D
Representative Volume Element (RVE) for all annealing temperatures,
which allowed us to estimate the elastic properties by numerical ho-
mogenization. Finally, we compared the estimates of this multiscale
model to the experimental results from tensile tests and the mean-field
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homogenization approach of the literature.

One of the traditional ways of modelling the mechanical behavior of
semi-crystalline polymers is the phenomenological approach, which
associates the crystal and amorphous phase at different element
rheology element (see, e.g. (Regrain et al., 2009; Detrez et al,, 2010; Yan
et al, 2021; Pedoto et al, 2021)). The other approaches, based on
micromechanics, are divided into two families: the mean-field models,
such as self-consistent model (Nikolov et al., 2002; Guan and Pitch-
umani, 2004; Bédoui et al., 2006; Gueguen et al., 2010), Z-inclusion
(Van Dommelen et al., 2003a; Mirkhalaf et al., 2019) and the full field
models, where the effective properties are computed by numerical ho-
mogenization (Van Dommelen et al., 2003b; Michaeli et al., 2012; Oktay
and Girses, 2015; Laschet et al,, 2017) on REV of the spherulitic
microstructure. It is important to note than Teixeira-Pinto et al. have
shown experimentally that a volume element with forty spherulites
could be consider like an RVE for semi-crystalline polymers (Teixeir-
a-Pinto et al., 2016). In the literature, several computer methods have
been proposed to predict the crystallization kinetics and the morphology
of semi-crystalline polymers. These include the level set method (Liu
et al., 2015), the phase field method (Granasy et al., 2005; Wang et al.,
2013; Fang and Haataja, 2015; Gong et al., 2019), the pixel coloring
method (Durin et al., 2015, 2017) from which the used method (Lu et al.,
2019) is inspired, the cellular automaton method (Raabe, 2004; Raabe
and Godara, 2005), the stochastic simulation (Micheletti and Burger,
2001; Capasso et al., 2003; Molnar et al, 2021), the Monte-Carlo
method, and the raytracking method (Spina et al., 2014, 2016; Speko-
wius et al., 2016).

This article is organized as follows. section 2 contains the details on
materials and experimental methods. Then, the following section pro-
vides the experimental characterization of crystallinity parameters and
mechanical properties for several annealing temperatures. section 4 is
dedicated to the presentation of the numerical framework that allows us
to estimate the elastic properties from the annealing temperature. The
reader will find there the details on the microstructure generator and on
the strategy of numerical homogenization. Finally, in the last section, we
discuss and compare the results of the proposed approach with the
experimental results and the mean-field homogenization model of the
literature.

2. Materials and methods
2.1. Material and sample preparation

The PET used in this study was provided by Polisan Hellas. The
melting temperature was measured at about 240-250 °C, The recom-
mended molding temperature is in the range 270-290 °C (Thompson
and Woods, 1955), The average molecular weight Mn is 15,000 g/mol.

The PET square plates (125mm x 125mm) with a thickness of 4 mm
are injected at the PIMM laboratory. We cut the samples for tensile test
and density measurements using the water jet-cutting machine
ProtoMAX.

Due to the injection process condition, the plates were nearly
amorphous. We assumed that the elastic properties (Young's modulus,
E, = 2.10 GPa, and Poisson’s ratio, v, = 0.43) and the mass density,
Py = 1.33 g/em®, measured from these plates are those of the amor-
phous phase. For sake of simplicity, we also neglected the property
gradient sometimes observed on the injected parts. After sample cutting,
annealing has been performed for 24 h in a Nabertherm oven to study
the influence of the annealing temperature, T,, on the mechanical
properties and the crystallinity ratio. Eight different values of annealing
temperature were selected 20 “C apart, between the glass transition
temperature (T, = 90 °C) and the melting temperature (TS, = 250 °C
(Thompson and Woods, 1955)). All the specimens for tensile tests and
density measurements have been placed inside the oven for over 24 h
after temperature stabilization at given annealing temperature, T,, to

make sure that they were crystallized with similar microstructures. Note
that no homogenization annealing above T, was carried out in order to
erase the thermomechanical history induced by injection to avoid the
crystallization during the cooling and to guarantee a controlled shape of
our tensile specimens.

2.2. Density measurement

The crystallinity ratios have been characterized from a macroscopic
point of view by density measurements. Distillated water with a few
drops of wetting agent to remove air bubbles, was used and the tem-
perature was carefully measured to consider the water density accu-
rately for the density measurements of the PET samples.

Using the differential weight method, one weight in air and the other
in water, the crystallinity ratio was calculated from the final density at
different crystallization temperature, The volume crystallinity ratio «,
and the mass crystallinity ratio X; are given by:

a. = u'm xl‘ = &a“ (])
Pe—Pa ?

where p. p,, p,, are respectively the specimen’s density, the density of the
PET crystal and the density of the amorphous phase. The reference
densities are p, = 1.33 g/cm®, that is measured from the amorphous
injected plate; and p. = 1.50 g/em®, that is given in the literature
(Thompson and Woods, 1955). Each density measurement was done five
times and dispersion is less than 0.5%.

2.3. Tensile test

Four Dog-Bone test specimens (gage length 110 mm, gage width 8 mm
and thickness 4 mm) were cut for each studied annealing temperature
and for the amorphous PET. Tensile tests were conducted on an Instron
uniaxial tensile machine at a traverse velocity of 0.5 mm/min (strain
rate, £ = 7.6 10 ®s '). From the strain-stress curve, the yield stress and
the ultimate tensile strength were extracted. A speckle was painted on
the specimen as shown on Fig. 1, and a digital image correlation soft-
ware (VIC2D) was used to characterize accurately the Young's modulus,
E, and the Poisson's ratio, v.

2.4. Optical microscopy

The optical microscope used was a polarizing Nikon Eclipse LV100
equipped with a Nikon DS Digital Sight DS-Fil camera and a heating
stage Linkam FTIR600. Observations were carried out with an ocular
lens of 50 x on PET film with a thickness of 6 pm prepared with a Leica
RM-2235 microtome. Films were sandwiched between two glass cover
slips and they were first heated at 10 “C.min—1 from room temperature

Fig. 1. Picture of tensile specimens after the yield point for all annealing
temperatures.



to 280 “C during 5 min to erase the thermal history of the specimen.
Then, it was cooled down at 40 “C.min—1 to 230 "C and maintained at
this temperature during 30 min. This annealing temperature corre-
sponds to the lowest supercooling, ie. to the lowest nucleation rate
allowing the formation of large spherulites, The radii of a dozen
spherulites were measured as function time to evaluate the growth rate
of spherulite, G.

2.5. Differential scanning calorimetry

Crystallization analyses were carried out in a TA Instruments Q1000
on samples of about 4-6 mg, which were cut from the injected plates. All
specimens were first heated at 10 “C.min"~' from room temperature to
280 °C during 5 min. This temperature is above the PET melting tem-
perature ('If," = 250°C (Thompson and Woods, 1955)) to erase the
thermal history. For the study of kinetics of crystallization, samples were
crystallized from the melt. The specimens were cooled at 30 °C.min ' to
the selected annealing temperatures (230 °C, 210 °C, and 190 “C) and
maintained at this temperature during 24 h. Finally, they were cooled to
room temperature at 30 “C.min . For the annealing temperature bellow
190 “C, the PET used in this study crystallizes during the cooling ramp,
that is why a non-isothermal analysis was used to estimate the half time
of crystallization for the other annealing temperatures. For this constant
cooling rate analysis, a cooling ramp at 30 “C.min ' was performed from
280 “Cto 110 °C.

3. Experimental results
3.1. Estimation of crystallization parameters

3.1.1. Growth rate of spherulite G

For all studied annealing temperatures, the growth rate of spherulite,
G, have been estimated by the empiric model of van Antwerpen and van
Krevelen (Van Antwerpen and Van Krevelen, 1972; Tant and Culberson,
1993)

(2)

293 x 10" 777 093 x 1P
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where M,, = 15000 g/mol is the average molecular weight of the studied
PET. The optical result is limited to 2D observations on thin films. The
thickness of the film can influence the crystallization kinetics, in
particular, the nucleation rate I but, also, the growth rate G. However,
Arzilli et al. observed that the growth rates of the lamellae (10-6-10-7
cm/s) in spherulites are either similar or slightly higher than for 3D
single crystals (Arzilli et al., 2015). Consequently, we used the micro-
scopic measurement to adjust the model used to calculate G (Eq. (2)).
Table 1 provides the growth rate as well as the volume crystallinity
ratio «. for all annealing temperatures, Moreover, Table 1 gives the
experimental value of growth rate obtained by optical microscopy for
the isothermal crystallization at the annealing temperature T, =
230 °C. This value G = 6.3x10 * pm/s are in accordance with the model
of Equation (2). Fig. 2 shows the micrographs of the crystallization
process. Small spherulites begin to appear at time ¢t = 9 min. After 17
min, one can see that the spherulites have grown. The mean radius of
spherulite from the final micrograph is about 10 pm. Furthermore, Fig. 3

Table 1

shows the linearity of the evolution, versus the time, of the radii (R;) of
two spherulites S1 and S2 followed during the same crystallization. The
growth rate of spherulite is characterized by the average of slope over a
dozen of spherulites.

3.1.2. Estimation of the half-time of crystallization ty,2

For temperature between 190 “C and 230 “C, the identification of the
parameters of the Avrami’s model has been done from isothermal DSC
analysis by estimating the relative crystallinity, y(t) = X (t)/XZ, where
X (t) is the instantaneous mass crystallinity ratio and X* is the ultimate
mass crystallinity ratio. Fig. 4a shows a very good agreement between
the experimental results and the Avrami's model for the 220 “C case.
Iig. 4a shows the Avrami's plot for temperatures from 190 “C to 230 “C.

For temperature below 190 °C, the crystallization is too fast to
perform classic isotherm analysis. For this reason, isokinetics DSC
analysis was used at constant cooling rate of —30 “C/min. To perform
the identification, the differential form of the Avrami's model, so called

Nakamura's model, was used (Nakamura et al., 1973; Eder, 1997):
i (I =) B (3)
i =nmir) - (M)

where K(T) and n(T) are the Avrami’s constant and exponent at constant
temperature T. Following Hieber's work (Hicber, 1995), a quadratic
form was assumed for the logarithm of Avrami's constant, i.e.
log(K(T)) = aT?+ bT+ ¢. Moreover, a spontaneous nucleation was
assumed, i.e. the Avrami's exponent n(T) = 3 for all temperatures. The
three constants @, b, and ¢ were fitted by minimizing the error, in the
least-squares sense, between the experimental result and the prediction
of Nakamura's model Eq. (2). In fine, this approximation of Avrami’s
constant was used as a function of temperature to estimate the half-time
of crystallization t; ;.

In2\*
f = (Km) A )

Table 1 provides the estimations of half-time of crystallization t;  for
all annealing temperatures and the experimental values for the tem-
peratures from 190 “C to 230 “C. Indeed, for these temperatures, it was
possible to perform isotherm analysis. Fig. 4b shows a very good
agreement with the experimental results and the Nakamura’'s model, as
it can be shown for 190 “C and 230 “C.

Hieber (1995) summarized all constant cooling rate or isothermal
DSC on PET in a graph introducing the parameter A(T) that is propor-
tional to & 5:

MT) = 122

" n2) (5)

Fig. 5 compares the A(T) values obtained from our incremental
identification with the Hieber's mean parabola obtained from numerous
references. Some differences occur when approaching glass transition
and melt temperature or near the maximum crystallization temperature
170 °C. Nevertheless, considering the important dispersion associated to
this mean parabola, the agreement is good between the literature results
and our identification. The values of t1/2 of Table 1 will be used in the
following to estimate the kinetics of the spherulite growth.

Crystallization parameters as a function of annealing temperature T, where « is the volume crystallinity ratio a., G is growth rate of spherulite, and t, ; is the half-time

of crystallization,

T, ['Cl 110 130 150 170 190 210 230

@ |- 18.5% 19,5% 24% 27% 36% 44% 54%

G [m /5] Exp. - - - - - - 63«10
Eq. (2) 21107 27 %102 1110 1.8 %107 1.5« 10" 58 %1072 6.2 %107

ts,2 [min| Exp - - - - 81«10 425 5.0 %10
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Fig. 2. Optical microscope: PET spherulites during crystallization at 230 “C (a) at 17 min; (b) at 24 min..
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Fig. 3. Evaluation of the growth rate of spherulite G at 230 “C from
radius evolution.

3.2, Characterization of annealing specimens

From the strain-stress curve, the yield stress, ay, and the ultimate
tensile strain (UTS) were measured. In order to characterize accurately
the Young’s modulus and the Poisson’s ratio , a digital image correlation
technique was used. Fig. 6 shows the evolution of these material pa-
rameters as a function of the annealing temperature.

These graphs (Fig. 6) and the picture (Fig. 1) also highlight the
different behaviors that vary from ductile at low temperature to brittle
when annealing temperature increases.

With the highest studied temperature, the specimen becomes more
rigid and brittle. For the specimen heated at 230 °C, the behavior was so
brittle that only two tests were succeeded compared to the five speci-
mens tested for all other temperatures. The yield stress ay (Fig. 6b) and
the ultimate tensile strain ( 6¢) vary the opposite way than the ri-
gidity. Strength variation is not significant from 90 to 170 “C, and then
decreases quickly. The failure elongation decreases regularly. That
confirms the material becomes brittle, Regarding the Young's modulus
from I'ig. 6a, the more the material is heated, the higher the Young's
modulus while the Poisson’s ratio remains almost constant. This
increasing evolution is quite similar to the evolution of the volume
crystallinity ratio «, (see Table 1), Similar behavior has been already

observed in the case of polybutene in the literature (Thomas et al
2009). It was interpreted as caused by the increase of the lamellae
thickness as well as the crystallization ratio when crystallization tem-
perature increases.

4. Multiscale modelling

In this section, we present our numerical framework to estimate the
elastic properties of PET as function of the annealing temperature. Only
optical microscopy was 2D because of the small thickness but these
measures were not used to determine I, which could be obtained from
the DSC measurements via Eq. (8). Consequently, all measurements are
3D but for the sake of simplicity, and because results are satisfactory, we
managed a 2D mechanical analysis. Our multiscale approach is a two
steps homogenization: first the homogenization of multilayer stack of
crystal and amorphous phase, then the numerical homogenization on a
2D REV of the spherulitic microstructure (see Fig. 7). For the second
step, the elastic properties depend on the orientation of crystalline
lamellae, 6. We start this section by the explanation of the generator of
2D REV.

4.1. REV generator

The generator of spherulitic microstructure is based on a nucleation
and growth process on a pixelated grid (S = D = D) (L1 , 2019).
The pixels have the dimension Ax = D/150. The inputs of this generator
are the rate of nucleation I and the growth rate G. The growth of
spherulites can be expressed in a simple way:

i
R =G{r — — 6
{ IS..>' ©)
where Ri(t) gives the radius evolution of the of the ith spherulite in the
REV at time t. Each new nucleus “i" appears at {; = i/ISq. Its location (x;
yi) is randomly chosen inside the non-crystalized part surface Sy of the
REV. Symbol (t - t) . corresponds to the positive part of t - . This gives
the evolution of the reduced volume crystalline phase area at time ¢ until
no coalescence occurs between spherulites:
X N(¢) .
8GN (1 — wy
B2 [ |

e G .| 7
75 S, @)
Equation (7) shows that when z, is close to 1, the term 62/(12-.9'5) has
the same order of magnitude than Sy Consequently, a reasonable
number of germs can be obtained and adjusted from a simulation to

another by considering the characteristic length L. — G ! and by
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choosing the dimension of the box proportional to this length by D = k.
L. In order to have on average N,,, = 85 spherulites per trial of spher-
ulitic microstructure, we choose D = 10 L.. Note that this number of
spherulites is twice as large as the minimum number of spherulites
needed to have a reliable REV, which was estimated experimentally by
Teixeira et al. (Teixeira-Pinto et al., 2016).

The outputs of the generator are the spherulite distribution and the
orientation field of the crystal lamellae, 6.(x), at each point x, We as-
sume that the lamella direction is equal to the angle between the vector
e and the vector from the spherulite nuclei of the i-th spherulite, x,"," b
to the current point x inside the i-th spherulite (see Fig. 7). As a com-
plementary parameter, we use the characteristic time, t. = G i},
introduced by Lu et al. (2019). This quantity, together with L, allows to
estimate the spherulite number (Ng; = 0.089 SpL, 2} inside the REV of
surface Sq, and the crystallization half-time t, ; =~ 0.9¢, in case of spo-
radic crystallization. It is noteworthy that the simulations are conducted
in 2D. The I and G expressions given in Lu et al. (2019) must therefore be
adapted:

(?)m.:‘ = (G"l)"”T

Where the exponent d gives the space dimension. In our case, we used d

)]
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= 2, while for 3D modelling of the crystallization kinetics, d = 3 must be
used. Therefore, the relationship between t. and t; ;, combined with the
knowledge of the growth rate G, gives the nucleation rate I for each
annealing temperature T,:

=G =073677 ). 9

Iig. 8 shows a typical realization of microstructure for the annealing
temperature T, = 210°C. Table 2 gives the values used for each
annealing temperature.

4.2, Mechanical properties prediction

In the next subsection, a two steps homogenization is conducted:
first, to characterize the semi-crystalline lamellae behavior, second to

characterize the behavior of the spherulitic morphology.

4.2.1. Notations

We use 2D modelling. We choose as notation lowercase bold letters
for vectors (e.g. e;,e2.n); bold Greek symbols for 2nd order tensors and
components (e.g. ¢.¢) and blackboard bold capital letter for 4th order
tensors and components (e.g. C. 5). We use Voigt's notations for the
symmetric 2nd order tensors such that

g, = 0y £ =&y
[6:, = | Oy = Oxn .[t'lﬁ = £y = €y (10)
0y =0\ o fzzku a

where & = (e).¢ez) refers to the basis used to express the component oy
(resp. ;) of the stress tensor (resp. The strain tensor). With these no-
tations the 4th order tensors of stiffness, [C],, and compliance [S],, =
[C)3" are written as

[C), € Gy Ty T Con

[Clg=|Ciz €2 Cu| =|[Cuxz Cax Cuo an

[ Ca Cun Gy Con Ca Conly

S S Sa Sun Sun 252
[Sla=|S2 S2 Su| =| Sun San 25m (12)
[S1 S Sm gy 2S5 2850 4502 ]

We denote by (6, ) the change-of-basis operator allowing to express
the stiffness tensor in the basis V.., Le. [Cly = €(60.)*[Cly ) as
function of its expression in the basis U ..,. It is expressed in index
notation with Einstein summation convention by

Coa™ = Con 00y Qs Qu (13)
where Q is the change-of-basis matrix such as e;‘*’" = Qui e/™ and
which is expressed in matrix notation by

cos(@.)  sin(@,)
sin(@,) cos(@.) |

(14)

where 0, is the oriented angle from eJ'™ to ¢T*™° (see Fig. 7).

We designate by (-}, (resp. (-),,) the averaging operators which
gives the macroscopic field (resp. The effective field of the lamellar
stack) defined by

Fig. 7. Scheme of the two steps homogenization procedure, The contrast on 2D REV of spherulitic microstructure is due to the orientation of crystal lamellae (8,
between 0 and ) to obtain a scheme similar to the picture from polarized light optical microscopy.
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And the perfect adhesion between phases implies the strain compati-
1 7 1 bility in the interface plan. This writes
()t - A and  { ). 7o) / d2 (15)
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where Qg denotes the REV at the spherulitic scale and Q, the REV at
the lamellar scale.

4.2.2. First step: homogenization of a semi-crystalline lamella

We assume that the microstructure of a semi-crystalline polymer
consists of an infinite stack of amorphous layer and crystalline lamella at
the scale of crystallite. Considering the 2D mechanical analysis, we
choose to quantify the rigidity matrix of both amorphous and crystal
phase by taking directly the values of the Young's modulus and Pois-
son's ratio from the 3D behavior. We managed the 2D homogenization
of the lamellae by taking the terms of the 3D analytical C matrix. The
elastic behavior of the amorphous phase is assumed to be isotropic with
Young's modulus E; = 2.10 GPa and Poisson’s ratio v, 0.43, and the
crystal is assumed to be orthotropic, and that the macromolecular chains
(the ¢ axis of the crystal) are perpendicular to the interface amorphous
crystal. The stiffness tensor of the amorphous phase and the crystal are
in Voigt's notation:

324139 0 770 507 0
[€]=[139324 0 (GPa),and [C"] = |5.07 118 0 (GPa).
0 0 185, 0 0 162

(16)

Here, the properties of the amorphous phase come from the tensile tests
on the amorphous injected plates (C}, = C3, = E;/(1 — 13), €5, =
E,v, /(1 —¢%) and €%, = E;/2(1 + v,)) and the properties of the crystal
comes from the literature (Bedour et al., 2006).

In this kind of infinite stratified microstructures, it can be shown that
the stress and strain fields are constant per phase (M 2002).
Consequently, the effective stress tensor ¢ = (), and effective strain
tensor e = (g),,,, at the lamellar scale verifies the following mixing laws

1Hon,

By combining these relations with the linear elastic constitutive laws of
the two phases, we obtain that the effective behavior is orthotropic. It is

defined by the stiffness matrix [C%),,

o

c, L 0
o, =|Ch €2 0 (21)
0o 0 ¥
with
. . Cnl? 1" (Cn)y
€l = (Cidn + () (G =5 i (22)
l 1
= (=) (23
- iC.‘-.‘}.’.u. )
l 1
(\h — (—) X (24
1 (Cn};,m )
1
.‘~: C }‘.m (25)

2 \..n

where {Cy)um = ?J,TA’;M,.‘CU""'T' dQ = a.C}; + (1 —a.)Cj. The details of the
calculation are given in supplementary information. I'ig. 9 shows the
evolution of the elastic constants as a function of volume crystallinity

ratio «a,.

4.2.3. Second step: homogenization of a spherulitic morphology

To manage this second step of homogenization framework, finite
element simulations are performed using kinematic uniform boundary
conditions (KUBC) (see e.g. (Yvonnet, 2019) for a review of numerical
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Fig. 9. Effective stiffness (,‘,;‘ of crystal amorphous stacks in basis Yy, as a
function of volume crystallinity ratio ..

homogenization). In this homogenization step the radial distribution of
lamellae is supposed to be continuous. We make the assumption of scale
separation. We take into account inside each spherulite, the orientation
field of lamella, @.(x), is used to compute the local stiffness tensor
[Cx)]g,, =€ (6.(x))*[C)y . The expression of stiffness tensor in the
mesoscopic basis as function of lamellar writes

Curl) = €1y (cos(0.))* + €& sin(0.))* + (2€15 +4CL" ) (cos(@.)sin6.))*
Colx) = C (sin(0,))" + € (cos(0,))" + (2(",‘;" o4c;‘i:')(cm(o,.)sin(o,)]’

Cosla) = (1} + € 261 ) (cos(B)sin(6,))°

+ 8 ((cos(8.)) — (sin(@,))°)

Caalr) = (€ + € —4C" ) (cos(6,)sin(6,))*

+ €y ((cos(0.))" + (sin(6.))*)

Cusla) = (€1} — €12 265" ) (cos(6.)) sin(6.)

+ ( o+ 20 - i )eos(B.) (sinf6.))’

Culx) = ( s Yo o ,;g'i')(m.'(a‘ ))sin(6.)
+ (c‘,‘," — i =2 )cos(6.) (sin(6.))° (26)

The classical numerical homogenization technique with a finite
element calculation on the mesoscopic REV, Qg shown on the final
image of Fig. & is managed. The REV is meshed with T3 finite elements
based on the same grid used to generate the microstructure. We divide
each pixel into two triangles. The procedure is achieved using KUBC
method. The boundary conditions are

ulx) = E-(x —~ xg)Vx € 60, (27)

where E is the macroscopic strain tensor and x, is the REV centroid.
Under these boundary conditions, the mean stress and strain tensor are
given by

- o dQ . (28)
[Qen| e,

(€)= cdQ = E.(a),, -

1
|Q’4"| Q4

We impose three boundary conditions to estimate the effective
stiffness tensor T: two elongations and one shear

E!l]: [I 0] lE|2Z|= [0 0] cand E|J|= 1 [0 I] )
Ooﬁm. Olt‘m. lo‘l‘-m

(29)

ral

5. Results and discussion

For each annealing temperature, we conduct n, = 100 simulations to
perform statistical estimation of effective properties. We defined the
statistical mean value, E(C;), and standard deviation, SD(Cj), for the
component of effective stiffness tensor Cy by

"

E(C,) = '} 3 ¢ and $D(C,) = n_'_l Z((Z",) —E@)) @0

! 5=l

where EL-" refers to the stiffness matrix component of s-th trial micro-
structure. We observe a good convergence of effective properties with a
very small dispersion (SD(Cjj)/E(Cjj) < 1%) for all annealing tempera-
ture. The statistical average of stiffness tensor is closely isotropic
because

|E(Cyy) — E(Cy2)|
E(Cy)

|E(Cs:) — H(E(Cyy) — E(Cr))|

< 1%, =
E(Cys)

< 3%

[E(Ca)l _ |E(Ca)l 1%

and E(Cy) E(Cn) ~ )

We extract an estimation of Young's modulus, E™, and Poisson’s
ratios, ™™, from the statistical mean value of the effective stiffness
tensor

=(E(En]+£(622]) _ E(Cp) ,.,,,.,,.=1(5(Eu)+5(611))
2 E[F‘II)E((_-‘H) ’ 2 E(F”) E(Fn) ’
(31)

Fig. 10 shows the evolution of Young's modulus and Poisson's ratio
as a function of volume crystallinity ratio. Our numerical two-step ho-
mogenization framework describes pretty well the evolution of experi-
mental elastic properties. We also compared our framework with three
mean field approaches (see e.g. (Chalzigeorgiou and Meraghni, 2022)
for a review about these approaches): a Mori-Tanaka estimation and two
self-consistent models. All the details of these models are given in the
supplementary information. For these three approaches, we consider
210 crystal orientations, which are uniformly distributed. For sake of
simplicity, we assume that the phase distribution is isotropic (i.e. the
two-point correlation functions of phases probability depend only on the
distance not on the direction (Torquato, 2002)). In Mori-Tanaka esti-
mation and the first self-consistent estimation (SC1), we consider phases
(amorphous phase and the crystalline orientation). For the second
self-consistent estimation (SC2), we consider phases with the elastic
properties from the homogenization of crystal amorphous multi-layer
stack for each given crystalline orientation like Bédoui et al. (2006).

Our approach is qualitatively closer to the experimental results than
the mean-field approaches (see Fig. 10). Indeed, the mean-field esti-
mates are more compliant than both experimental results and our nu-
merical homogenization framework. Furthermore, it is possible to
stiffen these mean-field approaches by considering an ellipsoidal phase
distribution (Guan and Pitchumani, 2004). This idea has been success-
fully used by Bédoui et al. to reproduce the experimental results with
ellipsoidal inclusions, on PET and other usual semi-crystalline (Bedoui
et al., 2006). In this study, the inclusion shape (i.e., the lamellae shape)
ratios have been measured by X-ray diffraction (width/thickness = 2
and length/thickness = 2). Our approach, which explicitly takes into
account the microstructure, makes it possible to overcome the

e
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Fig. 10. Comparison between experiments and models: (left) Young's modulus as a function of volume crystallinity ratio a,; (right) Poisson's ratio as a function of

volume crystallinity ratio.

identification of the shape of the ellipsoid that may appear like fitting
parameters.

6. Conclusions

In this paper, we have presented a numerical framework to estimate
the elastic properties of PET using the crystallization temperature. The
numerical strategy consists of one REV generator, with the half-time of
crystallization t; ; and the spherulite growth rate G as input, and a two-
step numerical homogenization procedure, i.e. at lamellar scale and at
spherulitic scale. The estimation of kinetic properties of crystallization
(ty 2 and G) has been made jointly from empirical law Eq. (2) and Eq. (4),
and DSC analysis and optical microscopy. Our model has provided an
accurate estimation of elastic properties identified by tensile tests for all
studied annealing temperatures, In addition, the comparison with mean-
field homogenization models (Mori-Tanaka and Self-Consistent models)
has confirmed that the Young’s modulus of PET does not only depend on
the crystallinity rate but also on the arrangement of the crystals in
spherulites.

The main advantage of this study is to provide a strategy for esti-
mating the elastic properties, which could be transposed to many semi-
crystalline polymers with a spherulitic microstructure. The use of this
approach on a polymer with a slower crystallization kinetics would be
an interesting prospect to generate microstructures that are more real-
istic. A 3D modelling would also be an area for improvement. Never-
theless, with regard to the experimental dispersion on the Young's
modulus and the Poisson's ratio, the 2D adopted model seems largely
sufficient.
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