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A B S T R A C T   

Transmission Electron Microscopy (TEM) is one of several techniques for studying the morphology of polymers, 
which allows the analysis of their micro- and nano-domains, providing essential insights into their fundamental 
properties. To achieve such information, this paper proposes an extensive TEM characterisation of a crystalline 
Poly (Lactic Acid) (PLA), one of the first fully biobased and biodegradable polymers able to compete with 
traditional polymers in terms of performance. Further, the investigated biopolymer will be manufactured by 
injection moulding, one of the main industrial processing techniques in the field of biopolymer production. To 
improve TEM imaging, the best staining/coating conditions of PLA thin sections will be determined. Then, it will 
be described the arrangements of spherulites in PLA, as well as their lamellar organization within, by exploiting 
different sample sectioning approaches (i.e., directional and serial).   

1. Introduction 

Polymers are among the most revolutionary materials in the 
contemporary world [1]. Indeed, thanks to the wide range of features 
that they exhibit (high strength, lightweight, toughness, corrosion 
resistance, transparency, good processability, and low cost [2]), people 
use them in every daily life. Synthetic polymers, though, pose several 
issues related to the conflicting nature of their durability and degrad
ability properties. 

For most applications, it is ideal for the material to retain certain 
properties over time, but it is also desirable for it to be easily disposable 
after use. Indeed, a huge amount of material ends up in landfills or even 
abandoned, and some of it ends up in the sea [3]: a waste management 
that has become a crisis due to limited landfill capacity, high costs and 
environmental pollution problems [4]. For this reason, it is necessary to 
find an alternative that can facilitate the end-use processes from both a 
financial and environmental point of view [5]. 

A relevant technological innovation, based on the rediscovery of the 
latent value of renewable bio-resources and sustainable production as a 
new development paradigm, lies in the concepts of “bioeconomy” and 
“bio-circularity”. From this perspective, the new class of biobased and 
biodegradable polymers is likely to contribute for the global transition to 

a circular and post-carbon world, which aims to replace the more con
ventional petrochemical-derived plastics [6,7]. 

Poly (lactic acid) (PLA), a biobased and biodegradable polyester, is 
widely used in a variety of daily-use products thanks to its ability to be 
easily processed by using traditional manufacturing techniques such as 
injection moulding, blow moulding, cast extrusion, and thermoforming, 
as well as to its good mechanical properties [8]. PLA is generally 
regarded as one of the top bioplastics due to its renewable origin, 
versatility, lower greenhouse gas emissions, and reduced dependence on 
petroleum [9]. 

Compared with other common bioplastics (such as poly
hydroxybutyrate [10], polyhydroxyalkanoates [11], polycaprolactone 
[12]), PLA has wider applications, both for disposable and durable 
products (packaging materials, disposable cutlery, textiles, medical 
implants, 3D printing filaments) [13]. It also exhibits properties that can 
be tailored through modifications of its chemical structure, such as 
copolymerization with other monomers or the addition of additives, in 
order to improve its heat resistance, flexibility or impact resistance [14]. 
A series of characteristics that makes PLA a versatile bioplastic and in
creases its presence on the market compared to other bioplastics (PHA, 
etc.). 

Thus, it is essential to study PLA inherent properties (mechanical, 
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chemical, and thermal), which are directly and closely related to its 
structural and morphological characteristics, to take a first step towards 
the development of environmental friendly polymeric materials with 
desired properties [15]. Indeed, the selection of the "best" bioplastic is 
contingent on specific application and environmental considerations. 

Since 1990, morphological investigations of polymeric materials are 
conducted by using a variety of microscopy techniques: among those, 
scanning electron microscopy (SEM) and atomic force microscopy 
(AFM) provide accurate information of the polymers morphology with 
nanometric resolution [16,17]. Nevertheless, the typical polymeric 
structural disorder and polydispersity, associated with the 
amorphous-phase component, are parameters that may render chal
lenging the data interpretation [18]. 

Transmission Electron Microscopy (TEM) allows the investigation of 
morphological details concealed in tiny domains. Since the repetition 
scales in polymer morphologies are of the same order as the dimensions 
of the molecular details (few nanometres), TEM imaging represents an 
invaluable characterisation tool in polymer science [19]. However, 
polymers preparation for TEM characterization is challenging. Indeed, 
polymeric materials are constituted by only light elements (C, H, O, and 
others), which weakly interact with the electron beam; thus, the contrast 
between structural details is very low. Also, TEM analysis can be only 
performed on thin samples (few hundred nanometres thick): polymers 
should be sectioned by means of an ultramicrotome to obtain thin slices 
[20]. Finally, polymers are beam-sensitive materials, which commonly 
are subjected to their damage [17] during electron microscopy analysis 
[21,22]. For instance, PLA has a degree of degradation which is strongly 
influenced by radiation (caused by the existence of catalyst remnants 
like hydro peroxide and carbonyl groups) and/or water. So, once the 
polymer is exposed to radiation, the primary chain scission happens, 
resulting in mechanical deterioration that also may facilitates its mi
crobial and oxidative degradation [23,24]. Therefore, reducing the 
electron dose [19,25–27], as well as operating in cryogenic conditions 
[28], would decrease the loss of volatile components from the sample, 
while minimizing its damage due to the electron beam [29]. Indeed, at 
low temperatures the mobility of polymer molecules and all secondary 
processes (e.g., mass loss, crystal amorphization rate, cross-linking) are 
reduced [30,31]. Likewise, chemical staining obtained through the 
incorporation of heavy elements (e.g., osmium tetroxide, ruthenium 
tetroxide, phosphoric acid-tungsten, etc. [18]) can be employed to 
address the low-contrast issue, thereby allowing different structural 
details to be evidenced [32]. 

The aim of this study will be the performing a TEM morphological 
characterization of the crystalline structure of an injection-moulded 
PLA. The injection moulding technique is, here, adopted as it is one of 
the most widely employed in plastics industry [33]. This would provide 
useful information about the orientation and size of the crystalline do
mains, as well as the presence of any potential morphological defects 
such as voids, inclusions, or phase separations within the polymer. In 
addition, new insights would be gained into the amorphous and semi
crystalline phase of the system: microscopical features directly related to 
the material properties, such as transparency, flexibility, stiffness, 
strength, and thermal behaviour. 

According to Ye et al. [34], highly oriented crystalline domains may 
lead to increased tensile strength, material stiffness, melting point [35] 
and higher thermal conductivity [36] compared with more amorphous 
polymeric systems. Moreover, Murmu and coworkers [37] point out that 
smaller crystalline domains could result in both elasticity decrease [38] 
and increased toughness, as they could act as barriers to crack initiation 
and propagation. Also, as shown by Lin et al. [39], smaller and less 
organized domains decrease the opacity and translucency of the 
polymer. 

Improvements in the thermal (higher heat resistance [43]) and 
mechanical-rheological (increased loss/storage ratio [44]) properties of 
PLA are detectable within the crystallization temperature range of 
100–120 ◦C [43], therefore most of the industrial processing are carried 

out in this temperature range [40–42]. For this reason, the morphology 
and the crystallization kinetics of PLA treated at T = 110 ◦C will be 
characterized in this study. Several staining protocols will be evaluated 
for PLA sections to be characterized by TEM, to define the one that 
overcomes the issues related to contrast and beam damage. Relying on 
two different approaches for ultramicrotome sectioning (“directional” 
and “serial sectioning”), an extensive description of the PLA morphology 
will be carried out. Finally, the type of PLA constituent crystalline 
structures (i.e., spherulites), their architecture and spatial arrangement 
and the three-dimensional reconstruction of a single spherulite will be 
described in detail. 

2. Materials and methods 

2.1. Materials 

Commercial PLA Ingeo 3100HP (here named PLA) derived from 
natural resources was purchased from NatureWorks LLC. According to 
the producer datasheet, this PLA-grade contains about 0.3% of D-lactic 
acid units [MFR: 24 g/10 min (210 ◦C, 2.16 kg); nominal average molar 
mass: 120,000 g/mol; density: 1.24 g/cm3]. 

2.2. Injection moulding 

Before the injection moulding, the PLA granules were dried in a 
DP604–615 PIOVAN dryer (Venezia, Italy) at 60 ◦C for 24 h. The in
jection moulding was carried out on a Megatech H10/18 injection 
moulding machine (TECNICA DUEBI S.r.l. Fabriano, Italy), to obtain ISO 
527–1 A dog-bone specimens (width: 10 mm, thickness: 4 mm, length: 
80 mm). The semicrystalline PLA-specimens were prepared by varying 
the moulding time (tmould), according to the performed isothermal 
crystallization measurements. The temperature screw profile adopted 
for the injection moulding was: 185/190/185/180 ◦C from the hopper 
to the die, the mould was set at 110 ◦C and the injection pressure at 90 
bar. The injection moulded PLA specimens were placed in a dry keeper 
(SANPLATEC Corp. (Osaka, Japan)) at room temperature and 50% hu
midity for 3 days before further characterizations. 

2.3. Thermal analysis 

Differential scanning calorimetry (DSC) analysis was performed on a 
DSC Q200 TA-Instrument (New Castle, UK) equipped with a radiative 
sky cooling system (RSC). For all measurements, nitrogen was adopted 
as purge gas (set at 50 mL/min). The instrument was calibrated with 
indium, used as standard for temperature and enthalpy calibrations. The 
materials used for DSC were cut from the injection moulded specimens. 
About 10–15 mg of were sealed inside aluminium hermetic pans and 
each sample was tested only once. 

The following thermal program was adopted: equilibrate the sample 
at 25 ◦C for 2 min, heating ramp up to 190 ◦C at 20 ◦C/min followed by 
an isothermal step at 190 ◦C for 2 min. To estimate the PLA isothermal 
crystallization behaviour, the sample was cooled at 100 ◦C/min down to 
110 ◦C and held for 30 min. Finally, it was heated at 10 ◦C/min to 190 ◦C 
and held for 2 min to record the crystallization and melting behaviours. 
The melting temperature (Tm) of the specimen was determined by 
considering the maximum of the melting peaks. The melting enthalpy 
was determined from the corresponding peak areas in the thermograms. 
The crystallinity percentage of PLA was calculated according to the 
equation Eq. 1 [45,46]: 

χ =
(ΔHm − ΔHc)

ΔH0
m • ХPLA

(1)  

where ΔHm and ΔHc are the PLA melting and cold crystallization en
thalpies calculated as the integral of the areas underlain by two curves, 
respectively; ХPLA is the PLA weight fraction in the formulation and ΔH0

m 
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is the melting enthalpy (equal to 93 J/g [47]) of the 100% crystalline 
PLA. 

2.4. X-ray diffraction (XRD) analysis 

XRD data were acquired with transmission/Debye-Scherrer geome
try using a STOE Stadi P diffractometer equipped with Cu-Kα1 radiation 
(λ = 1.5406 Å), a Ge (1 1 1), a Johansson monochromator from STOE & 
Cie and a MYTHEN2 1 K detector from Dectris. The line focused Cu X- 
ray tube was operated at 40 kV and 40 mA. Data were acquired in the 2θ 
range 2–60◦ (maximum resolution ca. 1.5 Å) with an interval of 0.03◦

between consecutive points. A scan without samples was performed and 
appropriately scaled for each scan, to avoid the air scattering contri
bution. The X-ray crystalline fractions (ХC

XRD) were calculated as the 
ratio of the areas of the crystalline peaks to the total area of the back
ground corrected diffraction profile. The lattice constants were calcu
lated from the positions of the most XRD intense peaks ascribable to the 
PLA α-form. 

2.5. Sectioning 

Small PLA blocks (approx. 5 mm sides) were obtained from the in
jection moulded PLA samples by using a jigsaw. Blocks were mounted on 
an ultramicrotome (UC7, Leica Microsystem, Vienna, Austria), trimmed 
with a razor blade to reduce the block size down to 1 mm sides, and PLA 
block faces were polished by using home-made glass knives (EM KMR3, 
Leica Microsystem). Finally, the blocks were sectioned at room tem
perature using a 45◦ diamond knife (DiATOME, Nidau, Switzerland) in 
thick slices for light microscopy (LM) and polarized light microscopy 
(PLM) observations, and thin ones for TEM analysis. Sectioning was 
performed by keeping the ultramicrotome speed at 0.6 mm/sec. 

Sections for LM and PLM (500 nm thick) were placed on a drop of 
distilled water placed on glass slides. The collected sections were then 
air dried before imaging. Thin sections for TEM imaging (90 nm thick) 
were placed on copper grids (either G300Cu or C-coated 300 mesh thin 
bar Cu grids – EMS (Hatfield, PA, USA)). 

To get three-dimensional information of the sample ultrastructure, 
sectioning was performed with two different approaches: 

Fig. 1. a. Schematization of the injection moulding processing, where orange arrows indicate the injection direction of the polymeric melt within the hot-mould. b. 
Directional sectioning. c. Serial sectioning. 

Fig. 2. Sections staining with a. osmium tetroxide or ruthenium tetroxide vapours and b. uranyl acetate or X-solution.  
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- Directional sectioning (Fig. 1b.). The sample was ultramicrotome 
sectioned in three orthogonal directions with respect to the injection 
moulding, namely: front-face, side-face, and inner-face. During the 
injection moulding process, the front-face and side-face are directly 
in contact with the hot mould, kept at 110 ◦C. In contrast, the inner- 
face is perpendicular to the injection polymeric flow, thus it is not 
directly in contact with the hot mould. Sections were collected on 
G300Cu grids.  

- Serial sectioning (Fig. 1c.). Several sequential thin sections of the 
inner-face were collected on C-coated 300-mesh thin bars Cu grids 
for a total thickness of few micrometres, with the aim of recon
structing, through TEM imaging of sequential sections, the entire 
volume of few spherulites. 

2.6. Staining protocols 

Four staining procedures for PLA sections placed on 300 mesh copper 
grids were tested:  

- Osmium Tetroxide staining and Ruthenium Tetroxide staining. Grids 
with PLA thin sections were hanged on top of a beaker containing 
either 1% OsO4-water solution or 1% RuO4-water solution to expose 
the polymeric material to the osmium or ruthenium vapours, for 24 h 
at room temperature (Fig. 2a.).  

- Uranyl Acetate staining and X-solution staining. 1.5% Uranyl Acetate 
water solution was adsorbed for 2 min on the polymer thin sections 
placed on 300 mesh copper grids. Then, grids were washed four 
times with distilled water (Fig. 2b.) and finally air dried. The same 
procedure was used to test a home-made uranyl-free staining solu
tion (X–solution [48]), based on a pH buffered Yb3+/phospho
tungstic acid mixture. 

2.7. Carbon coating 

Unstained PLA sections placed on 300 mesh copper grids were coated 
with a thin film of carbon (few nanometers) to reduce charging artifacts, 
using an EM ACE600 (Leica Microsystems, Vienna, Austria). 

2.8. Optical microscopy and polarized light microscopy 

500 nm thick sections were imaged with a DM750 optical micro
scope (Leica Microsystem, Vienna, Austria), equipped with an ICC50HD 
(Leica Microsystem, Vienna, Austria) digital camera. 4X HI PLAN 
(NA=1.59), 10X HI PLAN (NA=0.64) and 40X HI PLAN (NA=0.16) 
objectives (Leica Microsystem, Vienna, Austria) were used. 

The same sections were also imaged using an Axio Scope A1 polar
ized microscope (Carl Zeiss, Oberkochen, Germany) equipped with 
crossed polarizers. 

2.9. Transmission electron microscopy 

TEM analysis was carried out using a Zeiss Libra 120 Plus trans
mission electron microscope, operating at 120 kV, equipped with an in- 
column omega filter (Carl Zeiss, Oberkichen, Germany) for energy 
filtered imaging, and a bottom mounted 16-bit CCD camera 2 k × 2 k 
(TRS). 

Several low magnification images were collected for the analysis of 
spherulites morphology and sizes. Higher magnification images were 
acquired for characterizing the lamellar arrangements in the spherulites. 
For the volume reconstruction of a few spherulites, we collected low 
magnification images of the same spherulites across all the sequential 
sections. Then, images were aligned on top of each other and recon
structed as a volume by using ImageJ. 

3. Results and discussion 

3.1. Thermal analysis 

The isothermal crystallization behaviour of the PLA-sample is shown 
in Fig. 3a. By analysing the acquired isothermal curve at 110 ◦C, it is 
possible to observe that the complete sample crystallization is reached in 
a time range of almost 8 min with a crystallization peak at 1.40 min and 
an isothermal plateau after 7 min. 

By examining the exotherm curve, it is immediately noticeable that 
the kinetics is extremely fast. Here, the PLA under analysis has a mod
erate high molecular weight (Mw = 148,250 Da [49]). Long polymer 
chains would hamper the movement and rearrangement of polymer 
segments, reducing their mobility and thus making the crystallization 
more difficult [50]. Also, regarding nucleation, even though 
low-molecular-weight polymers feature fewer nucleation sites, they are 
more capable of forming crystalline structures at these sites. In fact, the 
reduced chains entanglement [51] and the lower energy barrier make 
the nucleation sites easily accessible to the polymer chains, as demon
strated by the work of Meinig et al. [52]. 

Fig. 3. a. Isothermal crystallization behaviour and b. melting behaviour of PLA.  

Table 1 
Unit Cell Parameters and XC

XRD of PLA.  

a [Å] b [Å] c [Å] Cell Volume [Å3] XC
XRD [%] 

10.66 ± 0.05 6.03 ± 0.01 28.99 ± 0.01 1864 ± 9 32.3 ± 1.0  
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In the glass transition zone (Fig. 3b.), the thermogram displays a 
small enthalpic recovery peak or “endothermic overshoot”, because of 
molecular relaxations that generally occur during the sample storage of 
3 days at room temperature after preparation. 

According to Eq. 1, the sample crystalline content, estimated from 
the melting endotherm, is 31.7% (ΔHm = 29.5 J/g). For comparison, the 
crystalline content of the sample will be also determined by XRD anal
ysis (XC

XRD) (see section below and Table 1). 
Concerning the melting endotherm, it consists of two barely resolved 

peaks, which may be interpreted by the melting-recrystallization model 
[53,54]. The model assumes that the lower temperature melting endo
therm is produced by the melting of the initially present lamellae that, 
after being partially melted, may recrystallize into structures charac
terized by a higher crystalline order, which would melt at higher tem
peratures [55]. At Tmould = 110 ◦C, only α-crystals grow, as also 
confirmed by XRD analysis (see below). Thus, the double melting 
behaviour can be explained as the melting of the original α-crystalline 
lamellae, followed by the melting of the recrystallized and more ordered 
α-crystals. 

3.2. XRD analysis 

Fig. 4 shows the XRD pattern at room temperature of PLA crystallized 
at 110 ◦C, with a mould residence time of 20 min. The XRD pattern 
exhibits the profile of the α-phase, identified by the position of the most 
intense (110/200) and (203/113) peaks at the 2θ scattering angles of 
16.6◦ and 19.0◦ and by the (011) and (211) peaks at 14.7◦ and 22.3◦, as 
well as for several other less intense reflections at higher angles. 

It is well known that the PLA α-form is its most stable polymorph, 
with a left-handed 103 helical conformation packed in an orthorhombic 
unit cell [56]. Hence, according to the XRD pattern presented in Fig. 4, 
the average crystallographic parameters of the orthorhombic cell were 
calculated by combining the Bragg’s law with Eq. 2 [57], using the 
geometrical characteristics of the (011), (200) and the (203) planes. 

(dhkl)
− 2

= (h/a)2
+(k/b)2

+(l/c)2 (2) 

Table 1. lists the calculated unit cell dimensions, the estimated cell 
volume, and the crystal fraction of the PLA-sample (XC

XRD), calculated 
from the XRD profiles. This value is in agreement with the crystalline 
content estimated by means of the thermal analysis (DSC). 

3.3. Optical and Polarized Light Microscopy 

Thick sections of PLA crystallized at 110 ◦C, with a mould residence 
time of 20 min, were placed on glass slides and firstly imaged with an 
optical microscope (Fig. 5). By sampling three random areas 1800 µm2 

wide, an average number of 8 ± 2 elliptical structures (i.e., spherulites), 
with an average area of 196.6 ± 3.1 µm2 has been estimated. 

Spherulites share a similar structure, characterized by a nucleation 
centre (red arrowhead in Fig. 5c.) from which radial branches (crystal
line lamellae) develop (blue arrowheads in Fig. 5c.). Crystalline lamellae 
consist of elongated structures in the direction of the crystal growth, 
uniformly filling most of the available space radially outwards from a 
central core [58]. 

Fig. 6. shows cross-polarized optical micrographs of a 500 nm-thick 
slice of PLA. The crystal morphology (spherulites) exhibits the classical 
Maltese-cross extinction pattern [59,60]. If the specimen is rotated by 
90◦ with respect to the plane of the polarized light, the two mutually 
orthogonal halves of the same spherulitic structure reverse their contrast 
indicating that the orientation of the polymer fibers/lamellae in these 
two regions has a strong relative rotation, as reported in the work of 
El-Hadi et al. [61]. 

Additionally, it is possible to detect some radial structures that are 
darker in colour than their background (yellow arrowheads in Fig. 6b.) 
[62]. According to Safandowska et al. [63,64], this evidence can be 
bound to the cooperative twisting of PLA lamellae, as it is frequently 
observed in lamellar structures of other polymers [61,65,66]. 

Fig. 4. XRD pattern of PLA. The scattering of the amorphous fraction (black 
dashed lines) and the background XRD signals (black solid line) are shown. 

Fig. 5. a. 500 nm-thick slice image of PLA. b. Magnification of the area 
highlighted in a. One spherulite’s profile is outlined with dashed line. c. 
Spherulite schematization: nucleation centre (red arrowhead), and radial 
branches (blue arrows). 

Fig. 6. a. Cross-polarized optical micrographs of a 500 nm-thick slice of PLA. 
b. A magnified spherulite from image a. highlighting the spherulitic structure 
(yellow ellipse). The darker coloured radial structures ascribable to PLA 
lamellar twisting are indicated by the yellow arrowheads. 
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3.4. Preparation of Polymer Thin Sections for TEM imaging 

TEM characterization of polymers usually deals with issues related to 
the poor contrast of the material, and its sensitivity to the electron beam. 
To overcome these limits, the best sample preparation method was 
searched by evaluating the effect of different staining protocols of PLA- 
sections (Fig. 7b-f.) and by comparing them with non-stained/non- 
coated sections (Fig. 7a.). 

The staining conducted by exposing PLA sections to OsO4 vapours for 
24 h reveals spherulitic shapes with internal radial lamellar arrange
ments (Fig. 7b. and inset). RuO4 stained sections (Fig. 7c.) retain the 
same characteristics showing well defined spherulites boundaries. 
However, at higher magnification, the typical lamellar arrangements 
cannot be visualized. 

On the other hand, the use of Uranyl Acetate staining solution ap
pears to mitigate the contrast enhancement effect provided by the OsO4/ 
RuO4-staining (Fig. 7d.), even though some morphological features are 
still visible in specific areas. In addition, at higher magnification, the 
images are blurred. Similar results were observed on X-solution stained 
sections (Fig. 7e.). This difference compared with OsO4/RuO4 staining 
may be directly related to the sensitivity of PLA to water exposure. 
Indeed, it is well-known that water leads to PLA intrinsic hydrolytic 
degradation, through random cleavage mechanisms of its ester bonds in 
a heterogeneous and autocatalytic fashion [14,67]. This evidence could 
explain the weak contrast of sections stained by placing them on water 
solution drops (Uranyl Acetate or X-solution), as illustrated in Fig. 2b. 

Remarkably, carbon coating is discovered to improve the spherulites 
contrast, while also allowing to acquire detailed higher magnification 

images, where lamellar details are clearly visible (Fig. 7f.), similarly to 
what we observed on sections exposed to OsO4 vapours. This observa
tion suggests that charging effects of the polymeric material is the pri
mary issue to be faced when dealing with sample preparation for TEM 
imaging. If the coating/staining is not able to compensate this effect as 
soon as the magnification is increased, the deflection of the electron 
beam by the charged section perturbates the image with a consequent 
loss of resolution. This also suggests that the image contrast reflects an 
intrinsic structural feature of the spherulite, and it is not ascribable to 
the special coating/staining performed. Furthermore, the fact that car
bon coating enhances charge dissipation while simultaneously main
taining material’s naive contrast and improving TEM image quality, 
makes this approach a good qualifier because it also avoids the use of 
toxic reagents such as OsO4. 

3.5. TEM characterization of PLA 

Directional sectioning was used to evaluate the development of the 
PLA crystalline spherulitic morphology in the three different directions 
of polymeric flow in the hot mould during the injection moulding, as 
depicted in Fig. 1a. 

Szucs et. al [68] state that the orientation of the injection moulded 
material is often inhomogeneous, giving rise to some changes in its 
micro- and nanostructure. Generally, an elongational flow mainly de
velops in the mould centre while shearing deformation zones arise in the 
vicinity of the mould cavity walls. Moreover, during injection, the 
polymeric melt is always oriented in the direction of the flow, explaining 
the formation of elliptical spherulitic structures, other than 

Fig. 7. Comparison of different PLA preparation procedures for TEM imaging: a. plain PLA section; b. Osmium Tetroxide staining, c. Ruthenium Tetroxide staining, 
d. Uranyl Acetate staining, e. X-solution staining and f. Carbon-coated PLA sections. Scalebars in the insets are 100 nm. 
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spherical-like (Fig. 8b,e. (front-face) and 8c,f. (side-face)). 
By sampling 30 random spherulites (10 per each sectioning direc

tion) on TEM images, it was possible to estimate their axis lengths and 
areas, as well as qualitatively describe the spherulites shape for the 
directionally sectioned PLA (Table 2.). 

During injection moulding, when the polymeric melt goes in contact 
with the colder mould walls, it freezes in an oriented state. Conversely, 
the “inner melt” is not yet fully solidified, and therefore begins to relax. 
This relaxation may cause the loss of spherulitic structure preferential 
orientation. Hence, according to the rheological evaluation of the in
jection moulding flow, there will be an oriented outer layer and an 
unoriented inner one [69–71]. In addition, Arrigo et al. [72] and Zhou 
et al. [73] report that crystalline structures act as nuclei for the crys
tallisation process and promote the growth of crystalline lamellae in a 
direction perpendicular to the injection one (shish-kebab structures [74, 
75]). This thereby promotes their formation with a significant increase 
in the crystallisation kinetics of the polymer without affecting its overall 

crystallinity content. All these processes could explain the findings on 
spherulites shape of this work: spherulites at the inner face (region of the 
inner melt) tend to be larger and more circular compared to what 
detectable for spherulites at the front and side-faces. Values of ellip
ticity, here defined as the ratio between ellipse’s minor and major-axis 

Fig. 8. Lower (top row) and higher (bottom row) magnifications TEM images of: a,d. inner-face, b,e. front-face and c,f. side-face sections of PLA. The direction of 
injection is graphically shown in the insets. Yellow dashed ellipses trace spherulites boundaries; yellow dashed lines show spherulites major and minor axis. 

Table 2 
TEM morphometric analysis of spherulites in directionally sectioned PLA.  

Sample Major-Axis 
Length [µm] 

Minor-Axis 
Length [µm] 

Area of Spherulite 
[µm2] 

Ellipticity 

Inner- 
face 

21.6 ± 0.6 12.2 ± 0.5 206.9 ± 2.4  0.56 

Front- 
face 

22.2 ± 1.2 11.2 ± 0.8 195.2 ± 2.1  0.50 

Side- 
face 

22.2 ± 0.9 10.7 ± 0.3 186.5 ± 1.7  0.48  

Fig. 9. a. TEM imaging of a PLA spherulitic structure (inner-face sectioned), 
where the b. FDL and c. FPL regions are boxed in red and black, respectively. 
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lenghts, were found to be smaller (i.e., more elliptical shape) for the 
front and side-faces. This would be directly related to the development 
of shear flows, which originate at the mould walls. Shear flow causes 
deformation of the spherulites in one direction and a contraction in the 
exactly perpendicular one, known as Poisson’s contraction [76]. 
Therefore, in the closest areas to the mould walls, the emergence of 
shear flow may have favoured the distortion of the spherulitic struc
tures, promoting their elongation and, consequently, leading to an 
elliptical development, with respect to the inner-face ones. 

In addition, the average spherulites area in the inner-face of the 
sample tends to be higher than what measured for the other two injec
tion directions (Table 1.). The inner part of the specimen is less affected 
by the “thermal shock” owed to the passage of the polymer melt from the 
nozzle to the mould. Consequently, the temperature of the inner regions 
needs more time to settle down to the characteristic Tmould. This, 
therefore, exposes those areas to a longer residence time, at T > Tmould, 
which may promote the processes of crystallization and the spherulitic 
growth. 

Lamellar development in spherulitic arrangements is barely studied 
for PLA, thus we decided to carry out an extensive characterization of 
the spherulite morphology at the inner-face, as shown in Fig. 9. 

Polymer melt crystallization may result in a variety of spherulitic 
morphologies depending on the self-assembly tendencies of the polymer 
at a particular crystallization condition. For the PLA-based samples, 
spherulite has often described as only made up of fibrous/dendrite 
lamellae that develop and radiate outward from a shared nucleus centre 
[66,77]. Here, in contrast, the carried-out TEM imaging (Fig. 9.) sug
gests that the spherulite of PLA, isothermally crystallized at Tmould 
= 110 ◦C, is divided into two mutually and perpendicularly oriented 
characteristic zones: an eye-like region that seem composed by flat 
pebble-like lamellae (FPL) and, the other one, consisting in fibrous 
dendritic ones (FDL), with tree-branch-like growth. 

Along the direction of the sheaf-like nuclei, larger dendritic lamellae 
develop considerably more rapidly and occasionally bend and branch 
out as they expand outward, giving the appearance of highly dendritic 
region(s). These regions occupy a larger area than the FPL ones, with 

Fig. 10. Virtual cross sections of a. PLA spherulite and 3D volume reconstruction of its b. dendritic-lamellar (FDL) and c. pebble-like (FPL) regions.  
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sheaf-like arrangements whose ends are continuously branching and 
bending, multiplying into hundreds of crosshatched branches, and 
spreading out in a fan-like manner from the nucleation centre (Fig. 9b.). 
Their morphological development appears to be more pronounced for 
the lamellar structures (FDL) that grow and reach more peripheral areas 
than what occurs in the FPL region. Indeed, the pebble-like lamellae 
show a more limited extension in proximal areas to the nucleation 
centre. 

On the other hands, the pebble-like structures originate from the 
same nucleation centre in an eye-like geometry region (FPL), whose 
boundaries are determined by surrounding sheaf-like lamellar zones 
(FDL). This eye-like region is filled with packed smooth texture-less 
structures, with pebble-like crystals appearing as flattened regions 
(Fig. 9c.), with different shapes. 

Remarkably the structure of the spherulites observed in TEM images 
agrees perfectly with the four sectors optical images obtained by cross 
polarizers confirming that the effect on the light polarization plane is 
strictly correlated with the different orientation of the lamellae 
morphology, as revealed by TEM. 

Generally, this type of spherulitic structure has been reported in 
materials crystallized in polymer diluents [78] and in PLA blends with 
PMMA [77] or PVPh [79], as a result of mutual and reciprocal in
teractions with the different components in the system. 

The here investigated PLA is the single component of the system, 
characterized by a D-content lower than 1%. It is, therefore, possible to 
speculate that the presence of the stereoisomeric D-form may account 
for the evidence of what here detected (Fig. 9.) once this spherulitic 
morphology is compared with a PLA entirely composed of L-isomers 
units (dendritic spherulitic morphology) [80]. 

It has been found that the presence of even small percentages of D- 
isomeric units in the PLA chain during crystal structure formation leads 
to a reduction in the maximum achievable crystallinity and a slowing 
down of the crystallisation process [81]. As a result, the presence of the 
D-isomer is “perceived” by the PLA crystalline structure as a real 
defective element [82]. Indeed, recent studies have shown that the 
presence of D-isomers within PLA slightly distorts the conformation of 
the polymer chain helix due to a different intermolecular dipole-dipole 
interaction of the CH3 group in PDLA systems compared to PLLA ones 
[83,84]. 

According to Tashiro et al. [85], the mutual interaction between the 
D and L units promotes the formation of more hydrogen bonds, which 
compact the structure by inhibiting the movement of the polar cloud of 
ester groups, forcing the chains into a “twisting distortion”. The folding 
of the polymer chain in the resulting lamellar arrangement would then 
be changed, leading to the same distortion. This, due to the relative 
movement of “interacting” lamellae during the crystalline growth, leads 
to an imbalance of surface stresses on the opposite surfaces of the 
lamellae, resulting in the phenomenon of twisting [86]. For instance, 
also during the crystallisation process of the chiral poly(epichlorohy
drin), the presence of lamellar twisting has been observed [87]. 
Consequently, the conformational chirality of the chain helixes becomes 
an important parameter to be considered. Evidence of lamellar twisting 
is detected by TEM analysis from twist-like structures, precisely in the 
FPL regions of the spherulite (Fig. 9c. and Fig. 11c.). 

From the TEM-imaging investigation, it appears clear that the 
spherulites have a complex three-dimensional arrangement of the PLA 
lamellae. Hence, by only attempting to reconstruct the entire spherulite 
volume it would be possible to understand their structures. For this 
purpose, serial sectioning experiments were performed. In serial 
sectioning, a sequence of consecutive ultrathin sections is collected and 
each of them is imaged. Each image is then aligned with the previous 
one and finally the entire volume is reconstructed by merging together 
them all by using the software ImageJ [88]. The entire procedure is 
depicted in Fig. 1c. for the serial sectioning of a spherulite belonging to 
the block inner-face. In this way, it is possible to visualize both the entire 
volume of the spherulite in a cumulative thickness of approx. 1.1 µm and 

its lamellar arrangements in the FDL and FPL regions (Fig. 10.). 
Cross sections of the volume across the FDL dendritic region show 

ribbon-like organization of PLA lamellae (Fig. 10b. and Fig. 11b.). On 
the other hand, in the FPL region, the lamellae tend to twist, also 
becoming entangled with each other (Fig. 10c.). Consequently, 
depending on the inclination of the sectioning, the angle between the 
cutting plane and the lamellar structure will be different (Fig. 10d. and 
Fig. 11c.). Moreover, in some areas of the FPL region it is possible to 
detect the surfaces of elongated lamellae, like those found in the den
dritic zone. Indeed, in that area those lamellae might be oriented exactly 
parallel to the cutting plane (Fig. 10c.). 

4. Conclusions 

Morphological studies provide important information about the 
characteristic structures of materials, such as degree of crystallinity 
(defects, disorder, crystallite size, etc.), crystalline orientation, surface 
texture analysis, grain size, specific surface area, porosity, density, etc. 
Moreover, poly-lactic acid (PLA) morphology is strictly related to its 
macroscopic properties. Thus, studying PLA ultrastructure represents an 
essential step toward the optimization of the industrial processing of this 
material, with the aim at producing PLA with characteristics that are 
tailored on its specific applications. Among the imaging techniques for 
studying polymer morphology, transmission electron microscopy (TEM) 
provides detailed information of the material ultrastructure. 

Therefore, in this study, an extensive TEM characterization of the 
biobased and biodegradable PLA has been proposed. The optimization 
of sample preparation for improving TEM imaging was firstly shown; 
this aspect is particularly challenging when dealing with plastics (low 
image contrast, difficult sample preparation and radiation damage). 
Then, new insights concerning the structure of the injection-moulded 
PLA were obtained: 1) the characteristic spherulites structure descrip
tion and of their three-dimensional arrangements; 2) the role and impact 
of D-isomer within the PLA material in determining the spherulitic 
development. 

Thus, this work shed new light into the PLA morphology, laying the 
basis for future studies which aim to investigate how certain processing 

Fig. 11. a. Graphical schematizations of lamellar arrangements in FDL and FPL 
regions, with b. FDL and c. FPL regions visualization of the yellow and pink 
planes, according to what reconstructed thanks to the serial 
sectioning procedure. 
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parameters (polymeric melt flow orientation within the mould, 
moulding procedures, and different industrial conditions) exert a 
remarkable influence on polymer-based product morphology, which is 
directly related to its macroscopic properties such as strength, flexi
bility, transparency, and thermal behaviour. 
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