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Abstract

This study quantifies elastic modulus heterogeneity at the intraspherulitic scale in semi-
crystalline i-PP polymer using nanoindentation. Prior to mechanical characterization, Atomic
Force Microscopy (AFM) is used to characterize the topography of the local micro- and
nanostructure of the spherulites. Small indents provide 3-5 pm resolution maps within a
spherulite, remaining unaffected by local roughness. The major findings highlight a clear
relationship between microstructure and mechanical properties at this scale. Firstly, elastic
modulus decreases from the spherulite center to the edges. Secondly, regions along the main

growth axes exhibit higher modulus values, while areas around these axes are less stiff.
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Moreover, similar elastic properties are found at the ends of spherulite branches measured in a
transverse and longitudinal orientation with respect to the growth axis. The difference in
measured mechanical properties is attributed to the local density and orientation of crystalline

lamellae, which in turn depend on the spherulite’s growth stage.
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1 Introduction

The relationships between microstructure and mechanical properties are still of huge interest
for the improvement of semi-crystalline polymer performance and for the optimization of
forming processes. Due to their complex and multi-scale organization, such relationships are
still only partially elucidated. In semi-crystalline polymers classically crystallized from the
melt, the macroscopic mechanical properties are defined by several scale transitions, from the
molecular level through the elementary amorphous/crystalline lamellar stacks and up to the
extraordinarily complex spherulitic mesoscale made of lamellae ramifications. The role of each
scale is not fully understood and is limited by two main challenges. The first difficulty is to
capture the microstructure, especially at fine scales considering the weak electronic density
contrast of phases, which limits the use of X-ray-based techniques. The second one is to access
the mechanical properties over a wide scale range due to a lack of experimental techniques

operating directly at small scales.
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From the beginning, the lamellar scale has been mostly investigated, and often empirically
connected to the macroscopic scale without consideration of intermediate mesoscopic structure.
Historically, direct relationships have been established, like those between the global
crystallinity ratio or the average crystalline lamellae thickness with the elastic modulus or the
tensile yield stress of macroscopic samples, especially for PE [1-4]. More recently, analyses
from in-situ small and wide-angle X-ray scattering (SAXS / WAXS) experiments helped
researchers better quantify the local kinematics at the lamellar scale and refined the
understanding of the lamellar microstructure influence on these mechanical parameters [5-9].
However, the local mechanical properties were usually deduced from the reverse analysis of
one-dimensional average lamellar stack modeling, resulting in a simplified local strain field.
Furthermore, advancements in Atomic Force Microscopy (AFM) using mechanical mode have
led to numerous efforts over the past decade to assess localized mechanical properties, including
the elastic modulus, on the scale of crystalline lamellae [10-12]. However, it is worth noting
that the morphologies typically studied in these cases are not commonly associated with
spherulitic structures. It is also important to consider that these techniques have not yet achieved
robust quantitative validation. This is partly due to the challenge of precisely characterizing the

tip shape, a critical input in the interpretation models.

The status and role of the spherulitic scale in the scale transition are still unclear and very often
emitted from the mechanical analyses. However, it appears that the spherulitic microstructure,
as well as the deformation and damage mechanism, have been much better characterized over

the last 20 years.

For instance, some authors studied the plasticity and damage mechanisms of the microstructure
by doing monotonic tensile tests on semi-crystalline polymer films and making ex-situ [13,14]
or in-situ [15,16] observations by AFM. Studies involving spherulitic deformation mechanisms

for thick samples can also be found, either using scanning electron microscopy (SEM)
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observations [17] or tomographic techniques [18,19]. These studies generally give qualitative
information on spherulitic deformation, such as plastic or damage mechanisms, without giving
quantitative properties at the microstructure scale. Only a few authors have tried to give
quantitative information on the kinematics, e.g., using in-situ Digital Image Correlation (DIC)
in SEM to assess the strain field at the spherulitic scale in the case of a monotonic tensile test
[20]. However, the measurement of the stress field did not fully clarify the local mechanical
properties. Moreover, many studies have focused on thin films or polymers in solution [21],

leading to rather artificial two-dimensional spherulites.

In this context, nanoindentation is an interesting technique to quantify the mechanical behavior
of such multiscale material. This technique consists in penetrating a tip of known geometry into
the surface of the material. Thanks to the force-displacement curve, it is then possible to
determine the mechanical properties of the material (indentation elastic modulus and hardness)
through a simple analytic model. Although these measurements are performed in an elasto-
plastic framework, which is restrictive for polymers exhibiting time-related behavior, it is a
convenient test to obtain mechanical properties at small scales. Nanoindentation is most often
used for the characterization of polymers considered homogeneous such as amorphous
polymers like PMMA [22-25], PC [24,26], or PS [24]. For semi-crystalline polymers,
nanoindentation was used on commercial samples prepared by conventional manufacturing
processes, such as injection molding or extrusion, that usually induce a microstructure gradient
between the skin and the core of the sample [27-33]. These studies aimed to evaluate the
mechanical response in the different zones (skin-transition-core layers) of the prepared sample.
It should be noted that although these studies attempt to establish links between local
crystallinity and mechanical response, the contribution of the spherulitic microstructure to this
response is not clearly addressed, and it is not possible to obtain highly localized crystallinity

of the material. Labour et al. [34] are one of the first to have used nanoindentation to investigate
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the mechanical properties of semi-crystalline isotactic polypropylene (i-PP) at the spherulitic
scale and to draw direct links between spherulite type and its mechanical response. The depth
of indentation was fixed to 500 nm giving the equivalent contact diameter of 3.5 um. This tested
volume was too high to obtain a fine mechanical characterization of the heterogeneities inside
a spherulite and only average tendencies were obtained. The authors found that the elastic
modulus and hardness of B-spherulites were respectively 10% and 15% lower on average than
those of a-spherulites. This difference is similar whether the surface has been annealed after

polishing or chemically etched after polishing.

A study by Enrique-Jimenez et al. [35] on a semi-crystalline poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) copolymer film focused on the distribution of the mechanical properties
within a banded spherulite measured by nanoindentation. This study revealed that the elastic
modulus and hardness distribution across the banding morphology exhibits a series of regular
oscillations, with a periodicity that matches the pattern observed under both optical and atomic
force microscopy. However, the possible influence of the topography of such ring-banded
spherulites on the results of nanoindentation can be questioned and no observation of the
residual indents was performed to shed light on this issue. Indeed, one of the limitations of
using nanoindentation is the need for a flat and smooth surface. Thus, most of the cited authors
polish surfaces to ensure their suitability for nanoindentation [27,28,33,34,36,37]. However,
polishing erases a layer of material and partially destroys the microstructure. It has been shown
that polishing induces a hardening of the surface of PEEK polymer leading to an overestimation

of up to 10% of the hardness for low indentation depths (<200 nm)[33].

Given the lack of knowledge on the intraspherulitic mechanical heterogeneities, the i-PP
polymer was selected in this study for its ability to grow large spherulites, as a first-ever attempt
to obtain and relate the mechanical properties at several scales from nanometric to macrometric

on the same microstructure. This paper, which is part of a larger multiscale study, aims at the
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mechanical characterization of the heterogeneities inside spherulitic branches of different sizes
and orientations. The sample preparation protocol was deliberately chosen to obtain three-
dimensional freely grown spherulites without destruction of the surface layer by polishing. The
nanoindentation technique was used to provide maps of the elastic modulus within several more
or less developed spherulites nucleated either in the volume or close to the surface. Optical
microscopy and AFM scans were used to thoroughly study the spherulite morphology and

topography and validate nanoindentation results.

2 Material and Methods

A thick sample (1.5 mm) of i-PP was prepared from pellets purchased from a commercial
supplier (GoodFellow, UK; product code PP306315). A circular cavity (220x1.5 mm) of a
textured steel mold was filled with the pellets, and the mold was placed in an oven at 220°C
for 25 minutes. Then, the mold was taken out of the oven and cooled at room temperature. The
sample was then progressively polished with diamond polishing suspensions (3 um grains for
45 minutes and 1 pm grains for 15 minutes) to obtain the flat surface required for
nanoindentation experiments and finally melted again at 190°C for 30 minutes to create a new

spherulitic microstructure at the surface.

Differential scanning calorimetry (DSC) and wide-angle X-ray scattering (WAXS) were used
to investigate the thermal and microstructural properties of the i-PP material. DSC
measurements were performed on a sample subjected to the same heating treatment as the one
used for the nanoindentation testing using a TA Instruments Q20 at a heating rate of 10°C/min
from 25°C to 250°C in an air atmosphere. The resulting DSC data, presented in Fig. 1, revealed

a crystallization temperature (Tc) and a melting temperature (Tm) of 109°C and 166°C
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respectively, characteristic of the a phase of i-PP [38]. The degree of crystallinity was
determined using the enthalpy of fusion method, with a theoretical enthalpy of 165 J/g for 100%
crystalline a-phase i-PP [39]. The calculated degree of crystallinity was 50%. The WAXS
measurements were conducted on another sample obtained from the same original pellets using
a Bruker D8 Discover diffractometer with a copper Kai-Kaz radiation source (A = 1.54060,
1.54439 A) at 26 angles of 8° to 60° for 200 seconds. The WAXS data (cf. Electronic
Supplementary Information) revealed peaks characteristic of the a phase of i-PP, which is
consistent with the results obtained from the DSC experiment despite different thermal history
of the samples. Indeed DSC comparative test (cf. Electronic Supplementary Information) was
conducted between the original i-PP pellets and a sample that followed exactly the same thermal
protocol as the one tested by nanoindentation, revealing high similarity in melting and

crystallization peaks.
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Fig. 1 - DSC curves obtained from a sample subjected to the same heating
treatment as the one used for the nanoindentation testing.
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A first morphological characterization of the surface microstructure was done by optical
microscopy using a Brucker Alicona Infinite Focus optical microscope. Then, surface
topography was characterized at the nanometer scale by Atomic Force Microscopy (Bruker

Dimension Icon) operated in PeakForce Tapping® mode.

The mechanical properties at the intraspherulitic scale of the material were determined by
nanoindentation (UNHT, Anton Paar) using a Berkovich diamond tip. The tip area function has
been rigorously calibrated on fused silica [40]. The results presented in this paper are focused
on the elastic properties. The hardness values obtained simultaneously in the analysis are

provided in Electronic Supplementary Information.

Four indentation arrays were performed at room temperature on the surface using depth-
controlled loading and load-controlled unloading (cf. Fig. 2). For the first array, the maximum
indentation depth was 200 nm and the step size was 5 um for a grid of 18x11 indents. To
improve spatial resolution, the other three tests were performed at a maximum indentation depth
of 180 nm and a step size of 3 um. Their grids are formed by 12x13 indents, 13x9 indents, and
14x8 indents. The loading phase was displacement-controlled and lasted 60 s for the first array
(Fig. 2) and 30 s for the others, followed by a 30-s displacement-controlled holding period. The
unloading phase was then load-controlled and lasted 10 s. These long holding times followed
by a short unloading time were chosen to minimize the viscoelastic effects during unloading
[26]. Thus, assuming that the beginning of the unloading curve consists of elastic recovery of
the material, the indentation modulus was calculated from the fitted unloading curve using the
Oliver-Pharr analysis method [40]. This analysis requires the value of Poisson’s ratio of the
material which was assumed to be constant and equal to v = 0.38 [41]. It is worth mentioning
that the calculation of the indentation modulus is not highly sensitive to the variation of this
parameter (e.g., using v = 0.30 instead of v = 0.38 would only result in a variation of 5.5%).

Furthermore, choosing a single value for v makes sense here because the investigated scale



remains much larger than the scale of the crystalline/amorphous phases, which may have

different elastic properties, themselves.
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Fig. 2 - Typical Load-Hold-Unload cycle used for the nanoindentation

tests. Note displacement control on loading and holding phases and
load control on unloading phase.

185 3 Results and Discussions

3.1 Characterization of the surface morphology by Optical Microscopy

Fig. 3 shows the optical microscopy image captured using non-polarized reflected light, of the
sample surface. It is reminded that no chemical treatment was used to reveal the microstructure.
190  Spherulites are easily distinguishable, with an average diameter of about a few tens of microns.
As imaged at the surface, they are observed from two different points of view. On one hand,

some spherulites were nucleated very closely to the surface. They grew in the surface plane and
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through the bulk, leading to a likely hemispheric final shape. Such a situation allows to
investigate what could be regarded as a medium plane of the spherulite, with radial branches.
On the other hand, the other spherulites were nucleated deeper below the surface. Surface
observation reveals their external periphery, as a collection of rather randomly organized
objects. As detailed later from AFM observations, their size matches with the extremity of
branches observed when nucleation occurred near the surface. Fig. 4 provides a schematic

representation of these two situations.

Among the spherulites nucleated near the surface, different sizes and shapes can be observed.
Firstly, it could depend on their growth completion. Spherulites that had time and space to
crystallize appear as quasi-circular at the surface whereas those whose growth was stopped
earlier exhibit a more oblong sheaf-like shape. The former ones are not that much observed,
due to the fast-cooling rate occurring at the surface. Secondly, Olley and Basset [42] showed
that the appearance of i-PP spherulite could strongly depend on orientation. In the early or
intermediate stages of growth, they evidenced that the a-form spherulites could appear either

sheaf-like (two lobes) or rosette-shaped (four lobes) depending on the considered angle of view.

Still regarding spherulites nucleated near the surface, some shiny areas are visible on the optical
microscopy image in Fig. 3. They are mainly located on the sides of the growth axes of the
spherulites and sometimes at the extremities of the branches. This brightness effect reflects
different optical properties of the spherulites depending on the considered zone. Possible causes

will be discussed later in section 3.3.

10



215

50 um

Fig. 3 - Surface of the thick sample observed by optical microscopy
with non-polarized reflected light. Examples of spherulites nucleated
near the surface (labeled as 1) and deeper in the volume (labeled as
2) are highlighted.
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Fig. 4 - Schematic representation of surface-nucleated spherulite branches seen in a cross-
section (left), and volume-nucleated spherulite branches seen in the periphery (right).

3.2 Characterization of the surface topography by AFM

The morphological complexity of the spherulites cannot be resolved by optical microscopy
below the micron-level scale. Therefore, higher resolution techniques are required to observe
the intraspherulitic structure. In this study, complementary to optical microscopy, the AFM
technique was used to provide 3D topography images with a lateral resolution at the nanometer
scale. In addition, the AFM technique also provides information on surface roughness, which
is crucial in our study as the nanoindentation technique requires a flat surface with a low level

of roughness.

12
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Fig. 5 - AFM 3D top view topography images of the zones delimited by (a) the green square
(labeled as 1) and (b) the blue square respectively on Fig. 2. The profile below corresponds to
the indicated straight line.

230

Fig. 5.a and 5.b show respectively a (6060 pum) and a (50x50 um) AFM topography images
represented in a 3D top view of the zones delimited by the green (labeled as 1) and the blue

squares in Fig. 3. A profile has been added to provide quantitative topography information.

The spherulites nucleated near the surface (Fig. 5.a) present flat radial growth branches
235  measuring 1-2 um thick at their extremities, separated by cliffs up to 800 nm deep. Large flat

regions are also present in their centers. The branches of the spherulites nucleated in the volume

13



240

245

: 0.5 um
s

1
NS N -~

Fig. 6 - AFM 3D top view scan of a zone on a surface-
nucleated spherulite.

(Fig. 5.b) present a width of 2-6 um and are similar in thickness (1-2 um) to surface-nucleated
spherulites, with comparable cliffs. However, because the branching phenomenon is
exacerbated at the extremity of the spherulite, the spherulites nucleated in the volume do not

exhibit large flat regions unlike the spherulites nucleated near the surface.

The AFM technique allows measuring the RMS roughness (root mean square) of the surface,
Sq, at the spherulite scale (large scale) and the branch scale (local scale). At the spherulite scale,
the RMS roughness of the surface presented in Fig. 5.a and Fig. 5.b, are respectively Sqspherulite
= 164 nm and Sqspherutite = 236 nm. These high values of roughness are explained by the
presence of cliffs between the branches. As expected, the large-scale roughness is higher for
the spherulites nucleated in the volume. However, for both surface- and volume-spherulites, the
local roughness on the branches is much lower. Thus, taking the average roughness calculated

on 10 areas of (2x2 um) and (1.3x1.3 um) respectively, distributed on the branches avoiding

14
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the cliffs, the calculated roughness is Sqbranch = 16.0 nm and SQoranch = 14.1 nm respectively.

This local roughness is directly related to the local organization of the crystalline lamellae.

The shiny areas seen under optical microscopy (Fig. 3) are not discernible from a topographic
point of view. This shows that the brightness of these areas is not related to pollution of the
surface, nor its topography, as one could be led to think by seeing the optical microscopy images
but originates from a purely optical effect due to the specific nature of the material in this area,

or to a different microstructure buried below the surface.

At a nanometer scale, AFM scans also provide information on the complex lamellar
organization of the microstructure. The crystalline lamellae, with a thickness of 15-20 nm,
exhibit different orientations, and the characteristic cross-hatching phenomenon, typical of the
a-form spherulites of i-PP [42-45] is visible (Fig. 6). Thus, the presence of the a-phase, as

suggested by the DSC and WAXS analyses, is confirmed by these observations.

3.3 Mechanical characterization of the surface

3.3.1 Validity of the Measurements

The AFM measurements presented in the previous section revealed that the surface is not flat
everywhere. However, the small roughness compared to the indentation depth and the flatness
of the surface are important conditions to get reliable results from nanoindentation curves. To
evaluate this reliability, the residual indents were observed firstly with optical microscopy and
then with the AFM. The indents that fall into the cliffs of the surface were removed from the
analysis. The surface quality of the others was judged satisfactory from the AFM scans. An
example of the topography of the indents on the spherulite 1 is presented in Fig. 7. a, b. Nine

indents are visible and pointed at by white arrows on the large scan of 15x15 pm shown in Fig

15
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7.a. These indents are from the first indentation grid with the step of 5 um between two adjacent
ones. The observation reveals that the distance between neighboring indents is high enough to
avoid any overlapping effect. Based on this observation, the distance between indents was
reduced to 3 pum for the following tests. It appears that the indents are well formed, with three
symmetrical sides. This suggests that the surface is flat enough to correctly evaluate the value
of the indentation modulus on these zones. Furthermore, no pile-up effect or cracks around the
indents are observed which supports the validity of the mechanical properties obtained from the

Oliver & Pharr method.

Fig 7.b presents a 2x2 um scan of one of the indents observed in Fig 7.a. with a profile across
the indent. The crystalline lamellae are distinguishable at both the image and the profile. They
seem to be staked edge on and perpendicularly to the axis of the spherulite branch so that their
thickness can be estimated at around 20 nm. The surface profile confirms that the indent is well-
formed and that its depth is significant compared to the surface roughness. The corresponding
force-displacement curve is presented in Fig. 7.c. One can notice that the depth of the indent
measured by AFM is around 65 nm while the residual indentation depth on the corresponding
indentation curve is 100 nm. This is due to the relaxation of the indents that continued after the
nanoindentation measurements. Indeed, the presented AFM scan was acquired 20 days after the

nanoindentation indent was formed.

To conclude this part, the residual indents have been carefully examined and selected based on
the surface quality before being considered for the analysis that follows. The results presented
in the next section are obtained only from the approved indents (a total of 62 indents were
removed from the 583 indents, i.e. 10.6% of the total). The width of the residual indents is
around 600 nm and their depth is around 65 nm. On this scale, the local arrangement of the

lamellae is expected to have an impact on the mechanical properties of the tested volume.

16
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Fig. 7 — (a) AFM 3D top view scan of the indented surface of Spherulite A; (b) AFM 3D top
view scan of an indent and profile of the red line; (c) Indentation curve of the corresponding
indent.
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3.3.2 Maps of elastic moduli of the spherulites
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Fig. 8 - Indentation modulus mapping of the surface of four spherulites: (a) spherulite A, (b)
spherulite B, (c) spherulite C and (d) spherulite D.
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Fig. 8 presents the elastic moduli obtained from the four indentation grids whose dimensions
and protocol are presented in Section 2. In the following, the four spherulites contoured in each
image are named spherulites A, B, C, and D for those presented in Fig 8.a, 8.b, 8.c, and 8.d
respectively. These spherulites were chosen since all of them nucleated close to the surface,
which permits the characterization of the heterogeneity of mechanical properties along the
branches. The four present different stages of development associated with rather different
shapes. Each grid covers not only the in-plane spherulite branches but also some surrounding
spherulites with the branches edge on, growing from underneath the surface as schematized in
Fig. 4. The indents of each array were observed by optical microscopy, and their positions were
used to accurately superpose the elastic modulus value extracted from each indent on the optical
microscopy image. Each point was assigned a color according to the value of the calculated

indentation elastic modulus. White lines were drawn to delimit the edges of these spherulites.

The first observation from these results is that the elastic moduli obtained from the
nanoindentation measurements over the four grids range between 0.8 and 4.2 GPa. The average
value of all valid measurements is 2.22 GPa and the standard deviation is 0.56 GPa. This can
be compared with Young’s modulus of 1.8 GPa measured in a tensile test on a similar i-PP [46].
The observed differences can be attributed to variations in the considered measurement scale.
Secondly, the maps in Fig. 8. present significant local variations of the elastic modulus on the
surface. Since the quality of these measurements in relation to the surface roughness was
approved in the previous section, all the differences in measured elastic moduli can be ascribed

to the real difference in the mechanical response of the tested volume.

All four spherulites show an overall higher indentation modulus value in the central area (2.7 -

4.2 GPa), which then decreases progressively to the edges (1 - 2.2 GPa) through the transition

19
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zones (2.2 - 2.7 GPa). The color scale on the maps was chosen to highlight these three zones
within the spherulites. The elastic modulus values of the spherulite branches orthogonal to the

surface are generally low (<2.2 GPa).

As defined in Section 3.1, the indents from the four grids can be divided into two groups
according to their location: those on the spherulites nucleated near the surface, which provide
the mechanical properties all along the branches; and those on the spherulites nucleated in the
volume, which characterize the mechanical behavior of the branches edge on, at their
extremities. The results extracted from these two groups of indents will thus be analyzed

separately in the following.

3.3.3 Distribution of elastic moduli in-plane along the spherulitic branches

Once the general tendencies are outlined, it is worth discussing the local elastic properties of
each of the four spherulites in relation to their morphology. Spherulite A (Fig. 8.a) is the one
in the green square in Fig. 3. It appears as quasi-circular, suggesting a well-advanced stage of
growth. It is also the largest of the four, with an equivalent diameter (equivalent spherical
representation) of deq =83 um. The second spherulite, spherulite B (Fig. 8.b), has a rosette-like
shape with four lobes [42], and a growth obstructed by a neighboring smaller spherulite in its
early stages (right), resulting in asymmetry. Its diameter is deq = 32 um. The third spherulite,
spherulite C (Fig. 8.c) presents a sheaf-like morphology with a clear principal growth direction
from top to bottom of the picture. The indentation grid covers only this lower part of the
spherulite. Finally, the fourth spherulite, spherulite D (Fig. 8.d), is the one that presents the

least evolved stage of growth, limited to deq = 20 um by the presence of an adjacent incipient
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spherulite (right). The latter is also covered by the nanoindentation grid, but it is too small to

be characterized with sufficient spatial resolution by nanoindentation.

Each tested spherulite presents a main diameter with a higher elastic modulus, as noticed
through the red point alignments in Fig. 8. This effect is especially noticeable for spherulite C
(Fig. 8.c). On the contrary, the shiny areas observed by optical microscopy and discussed in
Section 3.1 oriented perpendicularly from these diameters as well as the areas at the end of the
spherulites branches have significantly lower elastic modulus values down to 0.8 GPa, as shown

by the blue color in Fig. 8.

A possible explanation for this distribution of elastic moduli lies in density fluctuations related
to spherulitic growth. Indeed, diameters of high elastic modulus values are correlated with the
main growth axes of the spherulites. This characteristic sets them apart from the typical
spherulite structure, as alpha i-PP spherulites exhibit two primary axes of growth [42]. Thus,
these values can be attributed to a locally higher density of crystalline lamellae in those regions.
On the other hand, the optical shiny areas correspond to the last stages of crystallization, before
the material is completely cooled. In these regions, the local density of crystalline lamellae is

much lower compared to the main growth axes, resulting in lower elastic modulus values.

Another possible explanation may be related to the local crystalline orientation within the
spherulites. Indeed, it has been observed in the literature that during the spherulitic growth, the
crystalline lamellae may be tilted with respect to the initial lamellae, especially in the regions
on either side of the main growth axis where the spherulites close on themselves [47]. With the
crystalline orientation being more coherent on the growth axes of the spherulites, the latter
could present higher elastic modulus values. In contrast, the zones on both sides of these axes

with a more disorganized crystalline orientation would present lower modulus values.
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Since the elastic modulus is higher in the central zone and lower at the edges of all tested
spherulites, it is interesting to examine its distribution as a function of the distance from the
center. This is plotted and presented in Fig. 9. The centers of the spherulites were chosen on
the optical images as the place where all the surface branches of the spherulite intersect. They

are represented by a white cross in Figs. 8 a-d.

By plotting the variation of the modulus as a function of the distance to the center (Fig. 9), one
can see clearly that there is a decrease in the indentation modulus with the distance from the
center for all the tested spherulites. This result obtained by nanoindentation supports other
results reported in the literature obtained by monotonic tension tests. Indeed, it has been shown
qualitatively [15,19] and quantitatively [20] that the deformation at the edges of the spherulite
was higher than at the center. This can be explained by the fact that the center of the spherulite,
having developed first, presents a density of crystalline lamellae more important than the edges

and thus higher elastic modulus values. Thus, the distance from the center appears to be a first-

. = Spherulite A

49 : ¢ Spherulite B
2o ® * Spherulite C
Spherulite D

0 10 20 30 40 50

Distance from the center (um)

Fig. 9 - Evolution of the indentation modulus as a function of the
distance to the center of the surface-nucleated spherulites. A linear
fit with 95% prediction bands is shown.
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order parameter on the value of the indentation modulus. The new data in Fig. 9 show that the
decrease of the modulus is linear and the slope ranges from -0.023 to -0.058 GPa/pum according
to the spherulite considered. Despite the scattering of the results due to other factors discussed
before and related to the anisotropic growth of the spherulite, the linear tendency is

unquestionable.

Finally, the indentation modulus is similar at the edges of the four spherulites. By plotting a
linear regression on the scatterplots in Fig. 9 we obtain a mean value of indentation modulus
on the edges of the same order of magnitude for the four spherulites E ~ 1.9 GPa. Thus, the
modulus values at the extremity of the branches do not depend on the size or position of the

spherulite center.
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3.3.4 Distribution of axially-measured elastic moduli at the ends of the spherulitic branches

This section will focus on the elastic moduli of the second group of measurements from the
grids presented in Fig. 8: the spherulites nucleated in the volume and tested in the axial direction
of the branches. Fig. 10 shows the statistics of the indentation moduli obtained from these

indents (121 in total).

The average value of the indentation modulus is E = 1.91 GPa with a standard deviation ¢ =
0.46 GPa. This value is similar to the one measured at the end of the spherulite branches and
presented in the previous section. Thus, the mechanical properties are similar in both axial and
transverse directions of the spherulite branches close to their extremities. This result might seem
surprising since it is well known that single crystals, and in particular i-PP, do not exhibit

isotropic elastic properties [48]. However, one needs to consider the scale of the

30

204

Count

10

2 7.
- ) o

1 2
E (GPa)

Fig. 10 - Distribution of the elastic indentation moduli measured axially
to the branches.
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405  nanoindentation test which covers many crystalline lamellae having different orientations in the

tested volume. Therefore, the properties at this scale might very well be isotropic.

4 Conclusion

410  The use of nanoindentation enabled spatially resolved quantitative mechanical characterization
at the intraspherulitic scale of an i-PP semi-crystalline polymer. Several results from the

nanoindentation mappings can be highlighted.

(i) It was shown experimentally that there is a decreasing gradient of elastic modulus from

the center of the spherulites to the edges. The higher elastic modulus observed in the
415 center of the spherulite can be attributed to its higher density of crystalline lamellae
compared to the edges.

(ii) Furthermore, the main growth axes of the spherulites have the highest modulus values,
while the regions on either side of these axes present a lower elastic modulus. This again
can be related to a lower lamellar density or a different or less ordered orientation of the

420 lamellae in the stack.

(iii)Finally, at the scales tested, the end of the branches of spherulites has similar mechanical
properties in the transverse and longitudinal directions with respect to their growth axis.
A volume of nanoindentation test sufficient to include many crystalline lamellae with

different orientations and thus masking local anisotropy can explain this result.

425  The nanoindentation results were completed by AFM observations of the tested spherulites. It
has thus been shown that the probed volumes were of the same order of magnitude as a bundle

of crystalline lamellae. Finally, this study shed new insight into the scale transition in the
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context of semi-crystalline materials by providing quantitative values of the mechanical

properties at the intraspherulitic scale and by making clear links with the microstructure.

To deepen our understanding of the mechanical behavior of semi-crystalline polymers, it is
possible to extend this study to the finer scale of crystalline lamellae using AFM mechanical
testing. This technique would enable probing the local scale of crystalline lamellae and refine
the spatial resolution of intraspherulitic mechanical heterogeneities. This outlook opens
exciting prospects for future research, as it may elucidate further subtleties in the mechanical

behavior of semi-crystalline materials.
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e Mapping of elastic modulus in i-PP bulk spherulites using nanoindentation.

e Spherulitic micro- and nanostructure characterized by Atomic Force Microscopy.
e Spherulite center is stiffer than its edges.

e Mechanical properties depend on growth stage and lamellae organization.
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