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1. Introduction

Over the past two decades, biodegradable poly-
mers have received significant attention for their
potential to reduce plastic waste and mitigate
environmental impacts. Among these, aliphatic
polyesters stand out as particularly promising,
offering a combination of biodegradability and
biocompatibility along with physical and chem-
ical properties comparable to those of conven-
tional petroleum-based polymers.

Polybutylene succinate (PBS) is a notable
biodegradable semicrystalline polyester known
for its flexibility and processability. It is com-
parable to polyethylene (PE) in workability
and shares physical properties with polyethy-
lene terephthalate (PET). PBS is synthesized
from succinic acid and 1,4-butanediol, with a
chemical structure composed of repeating buty-
lene succinate units (CgHi204).[4]

As with other semicrystalline polymers, PBS’s
mechanical properties and degradation rates are
strongly influenced by its crystal structure, de-
gree of crystallinity and morphology, includ-
ing spherulite size and lamellar arrangement.
Recent studies investigating PBS’s crystalliza-
tion and melting behavior through differential
scanning calorimetry (DSC) have revealed mul-

tiple melting points corresponding to crystals
of varying stabilities, an effect attributed to a
dual morphology mechanism. This phenomenon
indicates the presence of two distinct crys-
talline structures within the crystallized poly-
mer, which play a critical role in its overall per-
formance. (6]

Moreover, as a thermoplastic polymer, PBS
can be processed via fused filament fabrica-
tion (FFF), an additive manufacturing tech-
nique that offers numerous advantages over con-
ventional methods. The application of PBS in
FFF represents a novel approach with signifi-
cant potential to expand the use of bioplastics
as alternatives to synthetic plastics, fostering
sustainable solutions across various industries.
However, effectively applying PBS in FFF re-
quires a deeper understanding of its behavior
throughout the processing cycle, as this directly
affects the final product’s mechanical properties,
biodegradability and performance.|1]

This study aims to investigate the crystal-
lization kinetics, spherulitic morphology, and
growth rate of neat PBS over a wide tem-
perature range using DSC, polarized opti-
cal microscopy (POM), and scanning electron
microscopy (SEM). Additionally, FFF-printed
samples are analyzed to evaluate how differ-



ent processing parameters impact the crystalline
structure of the final product. By correlating
the crystallization behavior observed in neat
PBS with that in FFF-printed samples, this
work seeks to optimize process parameters and
enhance PBS’s viability in additive manufactur-
ing. Ultimately, the research contributes to a
more sustainable future by facilitating the use
of biodegradable polymers like PBS in advanced
manufacturing and expanding the scope of sus-
tainable solutions in industries currently domi-
nated by synthetic plastics.

2. Materials and methods

This research was conducted at the PIMM Lab-
oratory (Procédés et Ingénierie en Mécanique et
Matériaux) of the Ecole Nationale Supérieure
d’Arts et Métiers in Paris.

Polybutylene succinate supplied by Naturplast
(France) was used in the form of pellets, desig-
nated as PBE003, with a number-average molec-
ular weight (M,,) of 19,800 g/mol and density of
1.26 g/cm3.

2.1. Polarized Optical Microscopy
(POM)

The spherulitic morphology and growth rate
of PBS were studied using a Nikon LV-N100
polarized optical microscope (POM) equipped
with polarized light, a first-order retardation
plate, and a Linkam THMS 600 temperature
controller. PBS samples were melted at 150°C
for 3 minutes to erase thermal history and then
quenched to the crystallization temperature (7;)
at a cooling rate of 100°C/min using nitrogen
gas. Samples were held at T, for an adequate du-
ration to allow isothermal crystallization, con-
trolled by LINK software.

2.2. Differential Scanning Calorime-
try (DSC)

Isothermal crystallization kinetics were ana-
lyzed using a Perkin Elmer DSC 8500 differ-
ential scanning calorimeter. The instrument
was calibrated with high-purity indium and zinc
standards. Small samples, weighing 4.7 mg,
were placed in aluminum crucibles and sealed
with aluminum lids. Each sample was melted at
150°C for 5 minutes to remove thermal history,
then cooled to the crystallization temperature
at 150°C/min and maintained at T, until crys-

tallization was complete. All operations were
performed under a nitrogen purge to facilitate
rapid cooling.

2.3. Scanning Electron Microscopy

(SEM)

Spherulitic assemblies were analyzed using a
Hitachi 4800 II scanning electron microscope
(SEM). To compare the two primary morpholo-
gies of PBS spherulites, blends of PBS and
polyethylene oxide (PEO) were prepared to en-
hance the visibility of lamellae. Two formu-
lations were studied: PBS/PEO 30/70 and
PBS/PEO 70/30.

The blends were prepared via solution blending,
using chloroform as the solvent to create a 2 wt%
polymer solution. The solutions were cast onto
glass slides and dried at room temperature for
three days to ensure complete solvent evapora-
tion. The resulting films were heated to 190°C
for 2 minutes to erase any prior thermal history,
then rapidly cooled to a specific T, for isother-
mal crystallization. PEO was removed from the
crystallized samples by etching with deionized
water in two 30-minute cycles, followed by dry-
ing at room temperature. Before SEM analysis,
samples were gold-coated using vacuum sputter-
ing for 6 minutes at 1200 V and 10 mA.

2.4. Fused
(FFF)

The morphology of FFF-printed samples was
also examined to identify structural similari-
ties with earlier findings. The Intamsys FUN-
MAT HT 3D printer was used for this study.
Samples were printed at various nozzle and
substrate temperatures, while maintaining a
constant printing speed of 2000 mm/min and
a 100% infill density. Thin films were then
sliced from the printed samples using an LKB
Bromma Ultrotome Nova microtome equipped
with a diamond blade. The films were subse-
quently analyzed via POM.

Filament Fabrication

3. Results and discussion

3.1. Spherulitic growth rate and mor-
phology by POM

The spherulitic growth rate and morphology of
PBS were investigated over a wide range of crys-
tallization temperatures, from 75°C to 105°C.



The growth rate (G) of a selected crystal cor-
responds to the slope of the linear relationship
between its diameter and time. Measurements
were taken at various temperatures on the same
crystal. Figure 1 shows the temperature depen-
dence of the spherulitic growth rates, demon-
strating that the growth rate decreases as the
crystallization temperature increases.
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Figure 1: Growth rate vs crystallization tem-
perature.

To further investigate the crystal growth kinet-
ics of PBS isothermally crystallized from the
melt, the spherulite growth rate can be analyzed
using the secondary nucleation theory, known as
the Lauritzen-Hoffman equation. According to
the Lauritzen-Hoffman model, the linear growth
rate (G) of a chain-folded polymer crystal is ex-
pressed as a function of the crystallization tem-
perature (7.) by the following equation: [2]

A1) |-

(1)
where Gy represents a pre-exponential factor.
The first exponential term accounts for the con-
tribution of the diffusion process, where U* is
the activation energy required for transporting
the polymer chain through the melt-crystal in-
terface, T, is a temperature below which diffu-
sion ceases and R is the gas constant. The sec-
ond exponential term reflects the contribution
of the nucleation process, with AT representing
the degree of supercooling, defined as TO — T,
where T0 is the equilibrium melting point and

G = Gopexp {—

f is a correction factor accounting for the varia-
tion in the enthalpy of fusion with temperature,
expressed as f = 27../(TO + T,).

The parameter K, denotes the activation energy
for nucleation for a crystal of critical size and is
a constant given by:

nboaaeTT%

K, = 2

where by represents the molecular thickness, o
and o, are the lateral and the fold-surface free
energy, respectively, and Ahy is the bulk melt-
ing enthalpy per unit volume for a fully crys-
talline polymer. Here k is the Boltzmann con-
stant and n is a constant that reflects the crys-
tallization regime, with possible values of n=4
for regimes I and III, and n=2 for regime II.
Equation 1 is typically rewritten in logarithmic
form as follows:

U K,

7R(Tc — Too) = lnGo e — (3)

InG + T(AT)]

Generally, two sets of values can be used for
U* and T,. In this work the data derived
from the Williams-Landel-Ferry (WLF) equa-
tion were used, with values of U* = 4200
cal/mol and T, =T, — 51.6 K. [5]
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Figure 2: Lauritzen-Hoffman plot for the esti-
mation of nucleation parameter obtained from
POM measurement.

The experimental data can be well-fitted by two
straight lines. The critical breakpoint indicates
a regime transition accompanied by morpho-
logical changes in the formed crystal. In the



region of large supercooling, regime III is ob-
served, while regime II is detected at smaller
supercooling levels. The intersection point of
the two lines represents the transition temper-
ature Tir_11 between the two regimes and the
slopes correspond to the nucleation constant K,
for each regime. From the plot in Figure 2, the
transition temperature Ti_1 was of approxi-
mately 97°C while the ratio K ;H / K;I was about
1.45.

The spherulitic morphology of PBS crystallized
at 75, 80 and 90°C is shown in Figure 3.

()

Figure 3: Optical micrographs of the spherulitic
morphology of PBS isothermally crystallized at
(a) 75, (b) 80, (c) 90°C. Same scale for all the
pictures (25um).

The size of the spherulites increases with crys-
tallization temperature, which can be attributed
to the difficulties in nucleation and the sub-
sequent reduction in the number of nuclei.
At lower crystallization temperatures (75°C),
banded spherulites display concentric extinction
bands, with the band spacing decreasing as the
crystallization temperature decreases. At higher
crystallization temperatures (90°C), the ringed
bands disappear, revealing an axialite-like or
dendritic structure. At intermediate tempera-
tures (80°C), PBS exhibits a mixed structure,
featuring both ring-banded and dendritic pat-
terns. The regime transition identified through

the secondary nucleation theory of Lauritzen-
Hoffman can be correlated with changes in crys-
tal morphology.

3.2. Isothermal crystallization kinet-

ics by DSC

The overall isothermal crystallization kinetics of
PBS were investigated by DSC for T, in the
range of 75-92.5°C. The exothermic curves were
recorded as a function of crystallization time, t.,
for all crystallization temperatures. From that,
the crystallization enthalpy (AH.) was deter-
mined as a function of T, (Figure 4). Figure
4 shows that AH, increases from 72.32 J/g at
75°C to 79.05 J/g at 92.5°C. Thus, at higher
temperatures more energy is required for PBS
molecules to establish a stable crystalline struc-
ture.
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Figure 4: Crystallization temperature depen-
dence of crystallization enthalpy.

From AH. can be derived also the degree of
crystallinity which mirrors the behavior of crys-
tallization enthalpy. The degree of crystallinity
of PBS increases from 36.2% to 39.5% as the
crystallization temperature rises from 75°C to
92.5°C.

The Avrami model was employed to analyze the
overall isothermal crystallization kinetics. The
model posits that the relative degree of crys-
tallinity, X (¢), evolves as a function of crystal-
lization time according to the following equa-
tion:

X(t) =1— exp(—kt") (4)

where k is the crystallization rate constant de-




pendent on both nucleation and growth rates
and n is the Avrami exponent, which reflects
the mechanisms of nucleation and the morphol-
ogy of crystal growth.

Figure 5 illustrates the development of X (¢) as
a function of crystallization time. It is evident
that . increases with rising 7, indicating that
the crystallization process is retarded at higher
temperatures.
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Figure 5: Development of relative degree of crys-
tallinity (X.) as a function of crystallization
time (t.).

The Avrami equation can be written also as:

In(—In(1-—X(®)))=nln(t)+In(k) (5)

where the Avrami parameters n and k can be
determined from the slope and intercept, respec-
tively, as shown in Figure 6.

PBS kinetic data are summarised in Table 1.
The values of n range between 1.6 and 2.6.
This variation indicates that spherulites ex-
hibit three-dimensional growth only at temper-
atures exceeding approximately 85°C, where the
n value exceeds 2. This observation is corrobo-
rated by the POM analyses, which reveal that
the morphology of the spherulites transitions
from ring-banded to dendritic structures as the
temperature increases. Moreover, the values of
k decrease with rising crystallization tempera-
ture, suggesting that crystallization is delayed
at higher temperatures.
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Figure 6: Avrami plot.

T. [°C] n E [min™]  tmae [min]  tis [min]  (tyy2)7" [min™']
75 1.68 2.749 0.320 0.441 2.269
77.5 1.77 1.0184 0.617 0.804 1.243
80 1.90 0.474 0.999 1.222 0.818
82.5 1.89 0.449 1.024 1.259 0.794
85 2.14 0.064 2.688 3.036 0.329
87.5 2.28 0.031 3.588 3.934 0.254
90 241 0.006 6.643 7.127 0.140
92.5 2.59 0.0003 18.515 19.404 0.051

Table 1: Parameters n, k, tmar and ty/o, from
the Avrami analysis of isothermal melt crystal-
lization.

Additionally, the maximum crystallization time,
tmaz, can be calculated using the n and k pa-
rameters according to the following equation:

1/n
n—1

t = 6
wor= (") (6)
It can be observed that the values of &4z
increase with the crystallization temperature.
The half-life crystallization time, t; /5, defined
as the time elapsed from the onset of crystal-

lization to the point where crystallization is half-
completed can also be calculated using the rela-

tion: )
In2\ /"
li2 = <k> (7)

To compare crystallization rates, we used the re-
ciprocal half-time of crystallization, 1/t; /5. The
values of 1/t; /5 are plotted in Figure 7 as func-
tions of crystallization temperature. The value
of 1/t1/, decreases with increasing crystalliza-
tion temperature, reflecting a reduction in the
crystallization rate.
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Figure 7: Crystallization temperature depen-
dence of (ty/2)7".

3.3. Spherulites assembly by SEM

The lamellar assembly was examined on
PBS/PEO blend with composition of 30/70 and
70/30 using SEM. The 30/70 blend was se-
lected to visualize the dendritic pattern, while
the 70/30 blend was chosen to examine the ring-
banded pattern. Both blends were crystallized
isothermally at 75°C.

The dendritic pattern consists of two types of
crystal branches, described as feather-like and
fern-like. [3] The feather-like lamellar stacks ex-
hibit a fully edge-on orientation, whereas the
fern-like branches are composed of flat-on crys-
tals. Figure 8 shows the top surface of two
spherulites from the PBS/PEO 30/70 blend,
clearly distinguishing the two types of branches:
edge-on and flat-on. Both the configuration
can coexist on the same branch. Regarding the
feather-like pattern, as the spherulitic radius in-
creases, the number of small edge-on branches
also increases to fill the available space. In the
case of the fern-like pattern, as the spherulitic
radius grows, the length of the side branches ex-
pands to cover the larger area.

The 70/30 PBS/PEO blend exhibits the ring-
banded structure but the visualization of single
spherulite was more challenging due to the lower
amount of PEO. However, the ring-banded pat-
tern is identifiable by the band spacing, which is
characterized by ridge regions, where the lamel-
lae are likely oriented vertically (edge-on), and
valley regions, where they are likely oriented
horizontally (flat-on).

Comparing the two main morphologies, the
ring-banded structure grows along the sheaf-
nuclei direction, while dendritic structures grow
perpendicular to the sheaf-nuclei direction.

Figure 8 SEM graphs of the top surface of
spherulite crystallized at T.=75°C of:

(a) 30/70 PBS/PEO blend (scale of 100 pum),
(b) 30/70 PBS/PEO blend (scale of 40 um), and
(c) 70/30 PBS/PEO blend (scale of 30 pm).

3.4. Spherulitic morphology of FFF
printed samples

PBS samples printed via Fused Filament Fabri-
cation were analyzed using POM to compare the
results with previous findings, aiming to under-
stand the influence of different process parame-
ters on the spherulitic morphology and to opti-
mize these parameters. In this study, the nozzle
and substrate temperatures were varied to eval-



uate their effects on the morphological structure
of the samples. Six samples were printed while
maintaining a constant substrate temperature
(Ts) to simulate isothermal crystallization con-
ditions.

For the first three samples, the nozzle tempera-
ture (7),) was fixed at 230°C, while T was var-
ied between 75°C, 90°C and 110°C to investi-
gate its influence on spherulitic morphologies.
Observations of the resulting films using POM
revealed that the spherulitic microstructure was
difficult to discern, likely due to the overlapping
of multiple printed layers, which obscures indi-
vidual spherulites (Figure 9a, 9b, 9¢). However,
changes in the birefringence index were evident
when T was varied, suggesting differences in the
degree and orientation of crystallinity. Higher
T, values resulted in slower crystallization rates,
potentially leading to a more stable crystalline
structure.

For the remaining three samples, the substrate
temperature was kept constant at 110°C, while
T, was varied between 175°C, 190°C and 230°C.
The POM images obtained from this study did
not provide sufficient evidence to establish a di-
rect correlation between 7, and the spherulitic
microstructural characteristics (Figure 9¢, 9d,
9e).

(b)

Across all samples, a striated microstructure
was observed, likely attributable to the layer-
by-layer printing technique. However, individ-

ual spherulites were not evident, making it chal-
lenging to directly correlate the observed mor-
phology with specific process parameters.

©

Figure 9: POM micrographs with magnification
of 25 um of 3D printed sample at:

(a) Ts=75°C and T,,=230°C;

(b) Ts=90°C and T,,=230°C;

(¢) Ts=110°C and T,,=230°C;

(d) T5s=110°C and T,,=175°C;

(e) Ts=110°C and T,,=190°C.

4. Conclusion and future work

The isothermal crystallization kinetics and
spherulitic morphology of PBS were investi-
gated using DSC, POM and SEM.

The growth rate of spherulites was observed us-
ing POM for T, values ranging from 75°C to
105°C. It was found that an increase in crys-
tallization temperature corresponded to a de-
crease in the spherulitic growth rate. Further-



more, applying the secondary nucleation the-
ory revealed the presence of two distinct crys-
tallization regimes, regime II and regime III,
with a transition temperature near 97°C. This
transition was also reflected in the spherulitic
morphology, which exhibited two main config-
urations: at lower temperatures, a ring-banded
structure with a higher number of nuclei was
predominant, while at higher temperatures, a
dendritic structure with fewer and coarser nu-
clei became dominant.

Crystallization kinetics were studied using DSC
and analyzed through the Avrami equation over
a temperature range of 75°C to 92.5°C. The
Avrami exponent (n) was found to range be-
tween 1.6 and 2.6. Values exceeding 2, observed
at temperatures above approximately 85°C, in-
dicated three-dimensional spherulitic growth,
resulting in a dendritic structure. A transi-
tion from three-dimensional to two-dimensional
growth was identified around 85°C, correspond-
ing to the shift from ring-banded to axialite-like
morphology.

SEM analysis of PBS/PEO blends revealed both
ring-banded and dendritic morphologies. The
dendritic structure consisted of two types of
crystal branches: feather-like (fully edge-on)
and fern-like (flat-on). In contrast, the ring-
banded was characterized by ridge (edge-on
lamellae) and valley (flat-on lamellae) regions.
Finally, PBS samples were printed using the
Fused Filament Fabrication (FFF) technique.
The nozzle and substrate temperatures were
varied to assess their influence on the struc-
tural characteristics, while other parameters
were held constant. Films revealed that vari-
ations in nozzle and substrate temperatures did
not significantly alter the overall structure of
PBS. However, differences in the birefringence
index among samples printed at different T
suggested variations in the degree and orienta-
tion of crystallinity. Despite these observations,
spherulitic morphology under differing process
parameters remained indistinct.

Future research should aim to identify spe-
cific process parameters that can effectively
control the morphological structure of PBS in
FFF-printed objects, enabling the production
of materials with tailored crystal structures.
Additionally, extending this investigation to a
broader range of biodegradable polymers and

polymer blends could enhance the sustainabil-
ity and functionality of materials employed in
additive manufacturing.
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