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4D Printing of Multifunctional and Biodegradable
PLA-PBAT-Fe;O, Nanocomposites with Supreme
Mechanical and Shape Memory Properties

Mohammad Amin Yousefi, Davood Rahmatabadi, Majid Baniassadi, Mahdi Bodaghi,*

and Mostafa Baghani*

4D printing magneto-responsive shape memory polymers (SMPs) using
biodegradable nanocomposites can overcome their low toughness and
thermal resistance, and produce smart materials that can be controlled
remotely without contact. This study presented the development of 3D/4D
printable nanocomposites based on poly (lactic acid) (PLA)-poly (butylene
adipate-co-terephthalate) (PBAT) blends and magnetite (Fe;O,) nanoparticles.
The nanocomposites are prepared by melt mixing PLA-PBAT blends with
different Fe;O, contents (10, 15, and 20 wt%) and extruded into granules for
material extrusion 3D printing. The morphology, dynamic mechanical thermal
analysis (DMTA), mechanical properties, and shape memory behavior of the
nanocomposites are investigated. The results indicated that the Fe;O,
nanoparticles are preferentially distributed in the PBAT phases, enhancing the
storage modulus, thermal stability, strength, elongation, toughness, shape
fixity, and recovery of the nanocomposites. The optimal Fe;O, loading is
found to be 10 wt%, as higher loadings led to nanoparticle agglomeration and
reduced performance. The nanocomposites also exhibited fast shape memory
response under thermal and magnetic activation due to the presence of Fe;O,
nanoparticles. The 3D/4D printable nanocomposites demonstrated
multifunctional multi-trigger shape-memory capabilities and potential

1. Introduction

Fused deposition modeling (FDM), a type
of 3D printing technology, has become
more widely available to homes and small
businesses.!l"”) As FDM printing has shifted
from prototyping to small-scale production,
3D printable materials must be adapted
to meet the increasing requirements for
printed products’ mechanical and thermal
properties.3#]

Poly (lactic acid) (PLA) is known as the
most used thermoplastic in FDM 3D print-
ing. Also, in today’s world, PLA is the most
commonly preferred biodegradable poly-
mer, a renewable, bio-based, biodegradable,
and aliphatic linear polyester derived from
sugar. It has desirable properties such as
high mechanical strength, transparency,
and non-toxicity.>”’] However, PLA also has
some shortcomings, such as low melt flow
index, low thermal stability, low service
temperatures/heat deflection points, and
brittleness.*'% In order to overcome these

applications in contactless and safe actuation.
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problems, scientists have blended PLA

with ductile polymers, such as elastomers
and PBAT, to enhance its toughness and processability. These
blends also reduce the need for plasticizers, which can impair
the composability of PLA.[''"13] One of the most suitable poly-
mers to blend with PLA is PBAT, a petroleum-based aliphatic-
aromatic copolymer that exhibits high ductility, robustness, and
melt strength.['*17] The PLA-PBAT blend is a feasible option in
this respect, as it has outstanding physicochemical and mechan-
ical characteristics as well as biodegradability.!'8-21]

The following sections review some recent research on 3D
and 4D printing of PLA-PBAT. Andrzejewski et al.'l reinforced
PLA with PBAT (10%, 20%, 30%) for FDM 3D printing. With
30% PBAT (the optimal percentage), impact resistance increased
from 30 ] m~! to over 700 ] m~! without compromising thermal
properties.

Mathew et al.??] proposed an eco-friendly alternative to con-
ventional fossil fuel-derived filaments from a PLA matrix tough-
ened with varying concentrations of PBAT. The addition of 30%
PBAT notably improved toughness and impact resistance while
maintaining thermal stability. SEM analysis confirmed changes
in fracture morphology, explaining the enhanced toughness.
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Table 1. Compositions of PLA-PBAT and PLA-PBAT-Fe;O,.

Sample PLA PBAT Fe;O,
g g g
PLA-PBAT 42 18 0
PLA-PBAT-F10 42 18 6
PLA-PBAT-F15 42 18 9
PLA-PBAT-F20 42 18 12

Sritham et al.[?*] reported that PLA/PBAT blends exhibited im-
proved elastic modulus with a 40% PLA concentration. However,
the ultimate tensile strength remained consistent across differ-
ent PLA concentrations. Elongation at break (E,) reached a min-
imum of 13% when PLA content exceeded 30%.

Research by Cardoso et al.?*] assessed the impact of print set-
tings on PLA-PBAT blends using a Design of Experiment ap-
proach. Finer settings improved flexural strength by reducing
porosity, while PBAT increased tear resistance despite reduced
stiffness. Thermogravimetric analysis (TGA) confirmed thermal
stability, and SEM revealed that lower settings strengthened fil-
ament bonds and minimized voids, enhancing mechanical ro-
bustness.

Chen et al.I®] examined degradation of PLA-PBAT prepared
via solution casting. Results showed that while Young’s modulus
remained stable, tensile strain significantly decreased with degra-
dation, indicating reduced mechanical performance.

www.mrc-journal.de

By combining PLA and PBAT with 3D printing technology,
smart materials with shape memory effect (SME) may be created,
which might result in the creation of 4D structures. These smart
materials offer self-assembly, multiple functions, self-repair ca-
pabilities, and exhibit time dependence and predictability.[26-28]
SMPs have the ability to return from predetermined tempo-
rary shapes to their original forms when an external stimulus
is applied, including water, thermal, magnetic, electric, optical,
and other activation methods.[?% Iron (I1I) oxide (Fe;0,) par-
ticles are among the commonly employed fillers for achieving
magnetic-active shape memory effects.*! The ability to induce
SME through thermomagnetic and electromagnetic methods al-
lows embedded SMP devices to be activated remotely via an
external magnetic field, thus enabling non-contact control.?]
Such capabilities open up application opportunities, including
tissue engineering scaffolds,***# tracheal stents,*>3°] drug de-
livery systems,3”] and implant devices.[3*"]

Zhang et al.!] explored the impact of Fe;O, on the shape
memory behavior and thermal properties of PLA/Fe; O, compos-
ites. The composite’s shape memory was analyzed with various
stimuli. Quick shape recovery within 5 s occurred in the hot water
bath, while magnetic stimulation took 8, 10, and 14 s for Fe;O,
concentrations of 10%, 15%, and 20%, respectively. The glass
transition temperature (T,) values increased with higher Fe, O,
concentrations, which are 65 °C, indicating improved thermal
stability. It was found that 20% of Fe,O, exhibited the highest
and most efficient shape memory properties and thermal stabil-
ity compared to lower concentrations.
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Figure 1. Process of nanocomposite preparation.
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Figure 2. The schematic of the direct FDM 3D printer utilized for this experiment.

Liu et al.*?l developed magneto-responsive SMPs based on
PLA, thermoplastic polyurethane (TPU), and Fe;O, particles for
4D printing applications. The Fe; O, addition enhanced PLA crys-
tallinity, achieving shape fixity and recovery ratios of ~100% and
>91%, respectively, with rapid magnetic response times (as short
as 40 s) and robust tensile strength (up to 54 MPa).

In this study, we aimed to elevate the development and fabrica-
tion of magneto-responsive SMP nanocomposites derived from
blends of PLA-PBAT reinforced with varying concentrations of
magnetite nanoparticles (Fe;O0,). Unlike previous research on
various PLA-based blends, our approach introduces the unique
combination of PLA and PBAT, enhancing flexibility, microstruc-
ture, and mechanical properties while maintaining biodegrad-
ability, an important advantage over non-biodegradable TPU.
PBAT’s compatibility with PLA ensures that the environmental
benefits of PLA are preserved. The blend is melt-mixed into gran-
ules for FDM 3D printing, a key innovation that avoids the addi-
tional thermomechanical cycle of filament-based methods, pre-
serving material structure with greater accuracy. Analyses were
conducted to investigate the effects of Fe,;O, nanoparticle ad-
ditions on dynamic mechanical properties, tensile mechanical
performance, printability, morphology, and actuation induced by
both thermal and magnetic stimuli. Collectively, the resulting
nanocomposites exhibit superior load-bearing capacity and rapid
magnetic actuation compared to traditional PLA-based blends. By
addressing a critical gap in the literature, this study provides new
insights into the magneto-responsiveness and fabrication of PLA-
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PBAT-Fe;0, nanocomposites via a pneumatic direct 3D printing
process, providing a significant contribution to the advancement
of multifunctional, next-generation materials, primarily used in
biomedical applications.

2. Materials and Methods

2.1. Materials

The raw materials used in this study to prepare the PLA-PBAT
blends included 2003D-grade PLA granules from Nature Works,
with a molecular weight of 42,700 g mol~!, and KD 1024-grade
PBAT granules, with a molecular weight of 52,100 g mol~!,
sourced from Zhuhai Wango Chemical Co. Prior to processing,
the raw materials were dehumidified in an oven at 60 °C for PLA
and 40 °C for PBAT for a duration of 9 h. Magnetic iron oxide
particles (Fe;0,) with an average particle size of 20-30 nm were
obtained from US Nano.

2.2. Nanocomposites Preparation

In the preparation of nanocomposites, the commingling of
polymers PLA and PBAT was performed using a melt mix-
ing procedure, adhering to constant PLA-PBAT weight ratios
of (70/30). Additionally, according to Table 1, PLA, PBAT, and
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Table 2. 3D printing conditions of printed samples.

Parameters Conditions
Nozzle temperature ([C] 200+ 10
Bed temperature [°C] 60
Printing speed [mm ~'s] 300
Raster 0/90
Number of walls 2
Nozzle diameter [mm] 0.6
Layer thickness [mm] 0.4

Fe;O, were combined in different weight percentages, result-
ing in PLA-PBAT-Fe; O, ratios of (70/30/10phr, 70/30/15phr, and
70/30/20phr). The raw materials were melted and homogenized
using a Brabender internal mixer with a 60 cc capacity, operating
at a temperature of 190 °C and a rotational speed of 100 rpm. Af-
ter a 2-min interval from the onset of PLA’s melting phase, PBAT
raw materials were introduced to the fully molten PLA. The blend
was processed for an additional 10 min to ensure their complete
assimilation within the polymer matrix. The materials produced
were lumpy blends. Following the mixing phase, a two-step press-
ing process was employed. First, the material was heated to 200
°C for 6 min using a hot press, and subsequently cooled under
60 kPa pressure in a cold press for 4 min. After this, the formed
sheets were granulated to prepare them for 3D printing. This pro-
cess is depicted in Figure 1.

2.3. 3D Printing

The PLA-PBAT-Fe; O, specimens were 3D printed using a new-
generation FDM 3D printer. The schematic illustration of the
printer used in this experiment is shown in Figure 2. Unlike
conventional printers that rely on filament extraction, this sys-
tem directly feeds material granules into the thermal chamber
via a pneumatic system. Direct granule printing bypasses the
filamentation step, reducing the number of thermomechanical
processes the material undergoes. This reduction could enhance
the material's mechanical, thermal, and shape memory proper-
ties due to the significant effects of thermal and stress history on
polymer characteristics. In this method, the granules are melted
within the cartridge and achieve the appropriate rheological prop-
erties in a semi-molten state before being directed into the nozzle
through air pressure for printing. To ensure a stable output flow
and prevent nozzle clogging due to the addition of Fe,O,, two key
parameters, nozzle temperature, and air pressure, were adjusted,
as the printing parameters vary with different Fe;O, concentra-
tions. The temperature was varied within a range of 200 + 10 °C,
while the pressure behind the nozzle was controlled between 3—
8 bar. This allowed for effective rheological control and consistent
material flow across all composite variations. The FDM process
involves various parameters, as listed in Table 2, that greatly in-
fluence both production efficiency and the characteristics of the
manufactured part. The printing temperature for the PLA-PBAT
blend was initially determined based on the PLA’s printing tem-
perature. However, it was lowered to accommodate the reduced
melting point caused by the addition of PBAT, ensuring optimal
printing conditions. Additionally, The dogbone-shaped samples,
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Figure 3. Printed tensile samples: ASTM D638-V standard dimensions
(unit: mm).

measuring and intended for the tensile test, were fabricated us-
ing 3D printing technology, as shown in Figure 3.*]

2.4. DMTA

An analysis that combines thermal and mechanical properties
was performed to study the materials’ fundamental elastic char-
acteristics, including their storage modulus and the relationship
between loss and storage moduli. Rectangular samples with di-
mensions of 40 mm X 10 mm X 1.5 mm were prepared and
tested according to the standard DMTA procedure. This was done
using a Mettler Toledo dynamic thermomechanical device from
Switzerland. During the tests, a steady temperature increase of
5 °C min~! heating rate was maintained within a temperature
range of —100 to 100 °C. The level of deformation applied to the
samples was kept constant, and the stress was applied at a steady
frequency of 1 Hz.

2.5. Mechanical Properties

Investigations were conducted to determine how the print set-
tings affect the bending qualities, such as Young’s modulus, Ul-
timate Tensile Strength (UTS), and Elongation, for parts printed
utilizing FDM. The tensile strength of the 3D-printed test pieces
was measured using a standard material testing device, Santam,
which is designed with a tensile testing apparatus and a load cell
capable of 500 kN. This machine was operated at a uniform rate of
3 mm min~! for testing all samples, in alignment with the speci-
fications of ASTM D638-V, and a gage length setting of 9.53 mm
was used. Each test was repeated at least three times to verify its
repeatability.

2.6. Morphology and Printability

The morphological and printability analysis of the tensile frac-
tured surface of the composite samples was conducted by em-
ploying SEM (Tescan Vega Machine). Prior to examination, the

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH

- yBepog 1Py IN A T9900FZ0Z 2eW/Z00T OT/I0p/LIod"A3| 1M Arelq feuluoy/sdny Wwoy papeojumoq ‘0 ‘LZ6€TZST

85UB017 SUOWIWOD BA 181D 8|qeot dde 8y} Aq peusenob afe Sa1e YO 8SN JO S9INJ 10} ARIq1T 8UIUO A8|IAA UO (SUOTIPUOD-PUR-SLLIBY WD A8 | 1M Aeq 1 Ut |UD//Stiy) SUONIPUOD pue swis 1 841 88S " [7202/0T/2T] uo Ariqiauluo A(IM ' AisBAIN 1l L weyBumoN


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

{M}gggulor

Rapid Communications

www.advancedsciencenews.com

Original Shape

www.mrc-journal.de

Deformed
Shape

T<T, ﬂ Cooling

@ B Recovered @ Temporary
}  Shape | T T, Shape
| Heating |

Figure 4. Shape recovery analysis process.

cross-sectional surface was acquired through a brittle fractureina
liquid nitrogen environment, in accordance with standard labora-
tory procedures, and the fractured filament samples were coated
with gold and subsequently dried at room temperature.

2.7. 4D Printing

The PLA-PBAT-Fe;0, nanocomposites were evaluated for the
magnetic-induced shape recovery effect using a high-frequency
induction with a magnetic induction coil. Rectangular specimens
measuring [40 X 10 x 1.5 mm?] were employed for the tests. The
magnetic induced and the shape memory process are depicted
in Figure 4. First, the rectangularly shaped sample underwent a
heating process and was loaded to 80 °C (above T, of nanocom-
posites) in a hot water bath. Then, it was cooled in a water bath
to obtain a fixed shape. The external force was continuously ap-
plied until the temperature of the sample was reduced below its
T,, resulting in hardening. The angle achieved was recorded as
a. The specimen, now in a fixed shape, was placed in a magnetic
field and into the water bath to induce reheating. Once the spec-
imen temperature exceeded its T, the sample was unfolded and
regained its initial shape. The unrecovered angle of the sample
after the experimental process was marked as . A video cam-
era recorded the shape recovery process of the specimens. The

Macromol. Rapid Commun. 2024, 2400661 2400661 (5 of 18)

formulas for calculating the shape fixed ratio (Ry) and shape re-
covery ratio (R,) are given by equations (1) and (2).

R (%) = O 100 (1)
7T 1800
erecoverd
R, (%) = 2t 100 @
180

The angle 0,,.,.., represents the deformation angle when the
original shape is restored, which is 180° — §, while the angle 6.,
is equal to 180° — a, denoting the supplementary angle of « at
which the specimen of fixed shape returns after the external stim-
uli are removed, and cooling is applied.

3. Results and Discussion

3.1. DMTA

As an immiscible polymer blend, the PLA-PBAT composition dis-
plays discrete thermal transitions corresponding to the individual
components in the storage modulus and Tan § diagrams (Figures
5and 6). PLA’s T, is higher than that of PBAT, attributed to the
more ordered and rigid structure of PLA chains compared to the
flexible nature of PBAT chains. Below the T, the material is in
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Figure 5. Temperature-dependent storage modulus changes with varied Fe;O, contents from —100 to 100 °C.

a glassy state, characterized by a high storage modulus due to
restricted chain mobility.*! In this region, all Fe,0,-reinforced
blends exhibit a storage modulus between 2500 and 3000 MPa,
surpassing that of the neat PLA/PBAT blend. As the T, is reached,
the storage modulus decreases, reflecting an increase in chain
mobility and material flexibility. This reduction occurs twice in
the blends, indicating two distinct T, points, corresponding to
two different phases.

The sharp decrease at #—25 °C correlates with the T, of the
PBAT phase. The more intense decline in modulus initiating at
roughly 60 °C aligns with the T, of PLA. The PBAT material dis-
plays a glassy state within the temperature range of —100 °C to
~—25 °C, with Fe;0,-15% showing the highest and most consis-
tent storage modulus value of 2910 MPa. PLA possesses a glass
transition temperature in the range of 50 to 70 °C (depending on
PLA grade) and a melting point temperature between 180 and
220 °C.[*#] In this case, the T, of the PLA phase becomes ap-
parent at 65-70 °C, which contributes to the strength and extent
of the blend transition peak due to its higher relative volume frac-
tion compared to PBAT.

Macromol. Rapid Commun. 2024, 2400661 2400661 (6 of 18)

The addition of magnetite nanoparticles induces noticeable
enhancements in storage modulus across the entire temperature
sweep. Specifically, at room temperature in the glassy state, mod-
ulus values show incremental improvements of ~#12%, 13%, and
8% for the 10%, 15% and 20% Fe, O, formulations, respectively,
compared to the pure PLA-PBAT. The impact of varying percent-
ages of magnetite nanoparticles on storage modulus persists up
to &75 °C, marking the transition region’s end and the rubbery
state’s onset. Notably, the Fe;0,-15% formulation deviates from
this trend, aligning with the pure PLA-PBAT behavior at 65 °C
and exhibiting distinct characteristics compared to other Fe;O,
percentages. The glass-rubber relaxation region is responsible for
the significant decrease in storage modulus from ~1048 MPa,
1213 MPa, 1156 MPa, and 1132 MPa to 46 MPa, 256 MPa, 50 MPa,
and 162 MPa MPa, respectively, for Pure PLA-PBAT, 10%, 15%,
20% of Fe; O, between 60-70 °C. Relatively more minor enhance-
ments are observed in the rubbery state, suggesting that the
strengthening effect primarily originated from the constraints
imposed by the nanoparticles on the movement of amorphous
chain segments.
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Figure 6. Temperature-dependent Tan é changes with varied Fe;O, contents from —100 to 100 °C.

It should be noted that immiscible polymers with proximate
T, values can exhibit improved interfacial adhesion and compat-
ibility through molecular interdiffusion across the boundary.!*®]
Here, the sizable T, discrepancy of ~90 °C between PLA (65-70
°C) and PBAT (—25 °C) signifies their relatively poor miscibility.
In the glassy state below each constituent T,, polymer chain
segment mobility is heavily restricted, conferring maximal
stiffness as evidenced by the highest storage modulus values in
the diagrams. The glass-to-rubber relaxation process spans each
transition region until a plateau emerges, marking the onset of
rubbery state viscous flow behavior.[*]

Tan 6 is used to quantify the ability of a viscoelastic mate-
rial to dissipate energy, showing the relationship between its
viscous and elastic properties.’®! Tan & represents the ratio
of the loss modulus, which indicates the material’'s viscous
properties, to the storage modulus, which reflects its elastic
properties.[*] This parameter is essential for assessing a ma-
terial’'s capacity to absorb and release energy when subjected
to external forces, a key factor in analyzing shape memory
behavior.

Macromol. Rapid Commun. 2024, 2400661 2400661 (7 of 18)

As the Fe,0, content increases, the Tan § peaks show a slight
downward shift, indicating that the inorganic particulate phase
impedes the molecular relaxations in both polymer constituents
by introducing additional interfaces and confined micro-domains
that the polymer chains must navigate. Peaks in Tan § are associ-
ated with polymer chain movements and phase transitions, and
the observed shift in peak values, along with higher peak temper-
atures, suggests a reduction in chain mobility. This reduction is
likely caused by the Fe,O, nanoparticles, which act as obstacles,
restricting molecular motion and increasing the temperature re-
quired for the polymer chains to transition between phases.

Consequently, the embedded magnetite nanoparticles impart
stepwise improvements to the stiffness, thermomechanical sta-
bility, and restriction of molecular motions in the PLA/PBAT
matrix. Such observations align with established nanocomposite
theory, where the high interfacial area facilitates strong polymer-
filler interactions. An inorganic phase loading threshold appears
to occur between 15% and 20%, beyond which modulus en-
hancements become significant. Notably, the transitions in the
nanocomposites, particularly the glass-to-rubber transition, play
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Figure 7. SEM analysis of PLA-PBAT nanocomposites with different weight percentages of nanoparticles: a—c) 10%, d—f) 15%, and g—i) 20% at various
magnifications (35x, 50x, 100x).
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Figure 8. SEM morphology analysis of PLA-PBAT-Fe; O, nanocomposites with different weight percentages of magnetic nanoparticles: a) 10%, b) 15%,
and c) 20%.
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Figure 9. a) Stress-Strain curves for various Fe;O, concentrations, b) Fe;O, concentration (wt%) correlation with UTS and uniform elongation, c)
Correlation of Fe;O, concentration with toughness: Analysis of toughness ranges from 0 to the UTS point and 0 to 30% elongation.

a crucial role in shape memory behavior, as the temperature at
which they occur acts as the switching point for shape recovery.
Conversely, drawbacks such as embrittlement and challenging
processability would be expected at the highest loadings exam-
ined.

3.2. Printability

The cohesion between layers plays a critical role in FDM 3D
printing, as enhancing interlayer adhesion has the potential
to positively impact the mechanical characteristics of printed
objects.°1*2] Furthermore, printing parameters significantly in-
fluence the quality of interlayer bonding and the formation of mi-
crovoids. The PLA-PBAT-Fe, O, blends were printed under con-
sistent, optimized printing conditions to minimize these effects.
The printability characteristics of fractured surfaces from 3D-
printed PLA-PBAT-Fe;O, nanocomposites are meticulously ex-
amined utilizing SEM in Figure 7. The nanocomposites, com-
prising varying concentrations of Fe;O, (10%, 15%, and 20% by
weight), are scrutinized to elucidate the influence of Fe; O, on the
printability and printing quality of the PLA-PBAT matrix. SEM
micrographs captured at magnifications of 35x, 50x, and 100x re-
vealed discernible differences in surface topography correlated
with the Fe;O, content.

The first set of images (a, b, and c) corresponds to the PLA-
PBAT-Fe;0,-10% blend. This composition has the lowest Fe;0,

Macromol. Rapid Commun. 2024, 2400661 2400661 (10 of 18)

content and the highest PLA-PBAT content among the three
blends. The images reveal that the surface morphology of this
blend is relatively smooth and uniform, with consistent striations
along the printing direction. This indicates that the printability
of this composite is high, as the PLA-PBAT provides rigidity and
stability to the printed structure. This blend’s layer adhesion and
structural integrity are also good, as there are no visible gaps or
cracks on the surface. The low Fe;O, content does not signifi-
cantly affect the printing performance of PLA-PBAT, but it may
impart some magnetic properties to the composite.

Figure 7 (d, e, and f) reveals a different nanocomposite of PLA-
PBAT-Fe;0,-15%, with more Fe;O, and constant PLA-PBAT
than the previous one. Unlike the smooth and uniform one of the
first composites, this nanocomposite has a rough and irregular
surface. The layers are not well aligned, and some flaws are visi-
ble on the surface. It is noteworthy that the surface of the mate-
rial contains a greater number of voids compared to the previous
sample. This suggests that the printability of this blend is lower,
as the Fe; O, reduces the rigidity and stability of the printed struc-
ture. This composite’s layer adhesion and structural integrity are
also compromised, as there are some voids and cracks on the sur-
face.

As shown in the final set of Figure 7 (g, h, and i), the nanocom-
posite with the highest Fe;O, among the three nanocomposites
is the PLA-PBAT-Fe;0,-20%. The larger voids contribute to
the overall irregularity and non-uniformity of the surface mor-
phology, giving it a distinct and visually striking quality. The
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- yBepog 1Py IN A T9900FZ0Z 2eW/Z00T OT/I0p/LIod"A3| 1M Arelq feuluoy/sdny Wwoy papeojumoq ‘0 ‘LZ6€TZST

85UB017 SUOWIWOD BA 181D 8|qeot dde 8y} Aq peusenob afe Sa1e YO 8SN JO S9INJ 10} ARIq1T 8UIUO A8|IAA UO (SUOTIPUOD-PUR-SLLIBY WD A8 | 1M Aeq 1 Ut |UD//Stiy) SUONIPUOD pue swis 1 841 88S " [7202/0T/2T] uo Ariqiauluo A(IM ' AisBAIN 1l L weyBumoN


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

M

Rapid Communications

www.advancedsciencenews.com

www.mrc-journal.de

Figure 10. Shape recovery analysis in a hot water bath for Fe;0,-10%.

printability of this blend is very low, as the Fe;O, dominates the
printed structure and causes severe warping and layer separa-
tion. This blend’s layer adhesion and structural integrity are also
very poor, as there are large gaps and cracks on the surface.

In consequence, the SEM images show that the Fe,O, content
significantly affects PLA-PBAT’s printability and printing quality,
which is the primary matrix. As the Fe;O, content increases,
the printability and printing quality of PLA-PBAT decrease. This
implies a trade-off between the printing performance and the
functional properties of the PLA-PBAT blends, which should
be considered for specific application requirements. Diederichs
et al®3 recommended that enhancing cohesion could be
achieved by modifying the melt temperature. Increasing the melt
or nozzle temperature resulted in smaller void sizes between
layers. In addition to the material, the FDM print mechanism
itself is also one of the main sources of microholes between
rasters.>+>]

3.3. Morphology
The morphology development in immiscible polymer blends is

influenced by the interplay of process variables (such as tem-
perature, deformation types, and rate), as well as the proper-

Macromol. Rapid Commun. 2024, 2400661 2400661 (11 of 18)

ties of blend components (including composition, viscosity ra-
tio, interfacial tension, continuous phase viscosity, and elasticity
of the components).[>®! As depicted in Figure 8, the morphology
images of the tensile fractured surface of the PLA-PBAT-Fe;0,
nanocomposites are depicted at a magnification of x5000. The
PLA-PBAT blend displays a characteristic “sea-island” morphol-
ogy, with PBAT spheres distributed within the PLA matrix. The
observed phase separation of the PLA and PBAT blends suggests
a lack of strong interfacial adhesion due to their immiscibility, a
phenomenon documented in other studies.[*’13] The addition
of Fe; O, nanocomposite from 10 to 20 wt% does not disrupt this
inherent phase separation, although the discrete domains expe-
rience selective structural modifications.

Evident from the micrographs, the Fe,;O, nanoparticles, high-
lighted as yellow dots, are distributed throughout the material
without significant accumulation at any particular point. This
indicates favorable interactions between the nanofillers and
PBAT over PLA. The uniform distribution of Fe,O, nanoparti-
cles throughout the material, ensures consistent reinforcement
across the PBAT domains. This even distribution minimizes
the risk of stress concentration points, enhancing the overall
mechanical performance. As a result, the PBAT phases adopt
a roughened morphology, with the uniformly embedded Fe,0,
nanoparticles serving as effective reinforcement sites. This

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 11. Shape recovery analysis in a hot water bath for Fe;04-15%.

leads to improved load distribution within the PBAT regions.
Meanwhile, the continuous PLA phase remains largely unaf-
fected, maintaining its morphology due to the limited interaction
with the nanoparticles.

With rising Fe,O, content from 10 to 20 wt%, the density of
nanoparticles housed within the PBAT appears to increase pro-
gressively. This suggests that the extent of phase localization and
mechanical property enhancements are likely dependent on the
nanoparticle loading. The changes in domain morphology also
imply that the interfacial adhesion between discrete and contin-
uous phases may be altered. Compositional variance would need
to be correlated with quantitative measurements of mechanical
reinforcement to ascertain these structure-performance interre-
lationships.

Accordingly, the addition of Fe;O, nanocomposite induces se-
lective morphological modifications and reinforcement of the
discrete PBAT domains in PLA/PBAT blends. The nanoparti-
cle localization patterns indicate preferential filler-matrix inter-
actions that could enable targeted enhancements of the phase-
separated morphology. Enhancing compatibilization can de-
crease the interfacial tension that stabilizes the dispersed phase,
resulting in the formation of smaller sizes and ultimately refin-
ing the dispersed phase.l*"]

Macromol. Rapid Commun. 2024, 2400661 2400661 (12 of 18)
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3.4. Mechanical Properties

The stress-strain curve in Figure 9a depicts the mechanical per-
formance of PLA-PBAT nanocomposites as Fe;O, nanoparticle
loading increases. This property is crucial for addressing the in-
herent brittleness of PLA. In addition, Table A1 displays quanti-
tative data concerning the mechanical properties of all samples.
As evidence, introducing magnetic nanoparticles leads to both
beneficial enhancements and detrimental reductions dependent
on the integrated concentration. 3D printing constructs objects
through the sequential deposition of material layers. The inter-
layer bonding in 3D-printed objects may exhibit lower strength
when contrasted with the cohesive structure of conventionally
manufactured components. This diminished adhesion between
layers has the potential to lead to a decrease in the overall tensile
strength of the printed objects.["!

The addition of Fe;O, leads to noticeable improvements in
UTS and elongation. The nanocomposite with 10 wt% Fe,O,
shows optimal performance, with a UTS of 35.89 MPa and uni-
form elongation of 7.55%, representing increases of 16% and
1.1%, respectively, compared to the unfilled PLA-PBAT blend.
This enhancement results from strong interfacial interactions
that restrict chain mobility and dissipate stress. In comparison,
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Figure 12. Shape recovery analysis in a hot water bath for Fe;0,-20%.

previous studies reported UTS values between 28.2 and 32.3 MPa
and uniform elongation of 7.42% for PLA/PBAT (70/30 wt%)
without Fe,0,,[226162] highlighting the significant reinforcement
provided by the nanoparticles and the method of 3D printing in
this study.

100
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Figure 13. Temporal evolution of shape recovery (%) in a hot water bath:
A comparative graph with time.
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Further additions of Fe;O, beyond 10 wt% lead to incre-
mental declines in mechanical properties. The 15 and 20
wt% nanocomposites display reduced UTS values of 29.8
and 27.7 MPa, along with uniform elongations of 7.16% and
7.37%, respectively. These values fall below those of the pure
PLA-PBAT blend, indicating a detrimental effect at higher
nanoparticle concentrations. Two factors contribute to this
trend. First, nanoparticle agglomerations become increasingly
likely, acting as flaws that facilitate premature failure. Second,
the viscosity of the melt mixture rises with higher filler content,
introducing difficulties in dispersion and defects from improper
mixing.

It is important to note that the bar charts in Figure 9b
confirm the optimal 10 wt% Fe;O, loading for simultaneous
enhancement of UTS and uniform elongation percentage.
Toughness values, which are represented in Figure 9c, follow
comparable trends. Toughness represents the ability of a ma-
terial to absorb mechanical energy without fracturing.(??! The
nanocomposite with 10 wt% Fe;O, loading achieves the highest
toughness values of 1691.10 m] (measured to the UTS point)
and 6281.70 m] (measured to 30% elongation). These values
represent increases of 15% and 13%, respectively, compared
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Figure 14. Shape recovery analysis in a magnetic field for Fe;O4-10%.

to the unfilled PLA-PBAT blend. In contrast, higher Fe,O,
concentrations lead to reductions in toughness. The 15 and
20 wt% nanocomposites exhibit decreased toughness values of
1385.97 and 1335.16 m] (to UTS) and 3833.89 and 3582.05 m]
(to 30% elongation), respectively. These values are notably lower
than those of the pure PLA-PBAT blend, indicating a signifi-
cant loss of energy absorption capacity at higher nanoparticle
loadings.

As a result, the mechanical property trends observed in
PLA-PBAT-Fe;O, nanocomposites reveal a critical concentra-
tion threshold at 10 wt% loading. This optimal concentration
yields a 16% increase in UTS and 15% increase in toughness
compared to the pure blend, likely due to effective stress trans-
fer between nanoparticles and the polymer matrix. However,
higher loadings (15 and 20 wt%) result in property degradation,
with values falling below those of the pure blend. This decline
may be attributed to nanoparticle agglomeration and increased
melt viscosity, compromising material integrity. These findings
underscore the importance of precise concentration control in
nanocomposite fabrication.

Macromol. Rapid Commun. 2024, 2400661 2400661 (14 of 18)

3.5. Shape Memory Effect (SME)

The recovery process of all three composites and their thermal
response are presented in Figures 10-12. The temporary shape
of the specimens is visible in the 0 s of all Figures. According to
these figures, almost 100% shape recovery is observed in all sam-
ples, but the nanocomposites with different Fe; O, contents have
different recovery times. For example, Fe;0,-10% takes more
than 18 s to recover its original shape. In contrast, Fe;0,-15%
and Fe;0,-20% samples show significantly faster recovery times,
achieving more than 90% of their original shape in 4 and 3 s,
respectively. This underscores the notable characteristic of the
Fe;0,-15% and Fe;0,-20% samples: their rapid shape recovery
and quick response to heat. Figure 13 and Table A2 show the
comparison of the shape recovery ratio among the specimens,
which were obtained from Eq. 1. It is important to highlight that
the thermal conversion efficiency increases with the content of
Fe,;0,, but this trend is observed not from pure PLA-PBAT to
10% Fe,0,, but rather from 10% to 20%. Hence, the Fe;0,-10%
sample exhibits the lowest, while the Fe;0,-20% sample has the
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Figure 15. Shape recovery analysis in a magnetic field for Fe;04-15%.

highest shape recovery rate in the hot water bath. These findings
demonstrate that the higher the weight percentage of Fe;0,, the
more rapid the heat-response of the fabricated PLA-PBAT-Fe,0,
nanocomposites.

In the second test, shape recovery under alternating magnetic
field stimulation was tested for each nanocomposite to evaluate
the response of the printed PLA-PBAT-Fe,O, nanocomposites
to the magnetic field over time in terms of their shape memory
behavior. The images depicting shape recovery over time are
presented in Figures 14-16. SMPs containing magnetic particles
within their polymer matrix can be activated by a magnetic field
remotely, enabling contactless and safe actuation.!®’] Magnetic
nanoparticles oscillate within an alternating magnetic field,
producing thermal energy that facilitates alterations in shape.[*!]
The polymer heated up internally when exposed to an alternat-
ing magnetic field, initiating the magneto-inductive recovery
process. The shape recovery process, along with the thermal dis-
tribution and the instantaneous shapes, is illustrated in Figure 4.
The location and the magnetic field were consistent for all PLA-
PBAT-Fe;0, composites. The specimens, which were bent into
a temporary shape, slowly regained their original rectangular
shape under the magnetic field. For instance, the sample with
10% Fe;0, starts to quickly recover in 44 s, while the samples
with 15% and 20% Fe; O, do so in ~40 s. The samples with 10%,
15%, and 20% Fe,O, respectively, take ~64, 54, and 56 s to fully

Macromol. Rapid Commun. 2024, 2400661 2400661 (15 of 18)

recover. They exhibit a similar pattern as the previous test in
the hot water bath, except they take longer to fully recover their
original shape. In Figure 17 and Table A3, the amount of shape
recovery at different times is quantitatively presented. As can
be seen, all three nanocomposites show almost similar shape
recovery behavior and magnetic response, with the difference
that the recovery start time completely depends on the weight
percentage of magnetic nanoparticles. It is worth mentioning
that the samples with higher Fe,0, content recover their original
shape faster due to their magnetic characteristic. The blend
matrix can quickly distribute the heat from the magnetic field
due to the high thermal conductivity of Fe;0,.[64]

The above analysis shows that PLA has been widely utilized as
an SMP with shape recovery ability. A small amount of PBAT is
added as a toughening agent, which shows a ductile behavior at
room temperature to preserve PLA from permanent damage dur-
ing the deformation and shape recovery process. A noteworthy
finding is that the amorphous region of PLA in the glassy state
became mobile and formed a temporary shape when the temper-
ature exceeded the T, of PLA. The Fe; O, particles dispersed in the
specimen are activated by the magnetic field, and they produce
and transfer a large amount of heat and energy to the polymer
matrix. The specimens regain their original shape in a specific
time span when the temperature in the samples reaches the T,
of PLA again, as the elastic energy stored in the glassy molecular
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Figure 16. Shape recovery analysis in a magnetic field for Fe;04-20%.

chain is released. Thus, the process by which PLA-PBAT-Fe,0,
composites undergo magneto-thermal conversion has been ex-
plained and inferred.

4. Conclusion

This work pioneers the development and advanced characteriza-
tion of 3D/4D printable PLA-PBAT nanocomposites reinforced
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Figure 17. Temporal evolution of shape recovery (%) in a magnetic field:
A comparative graph with time.
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with varying weight percentages (10%, 15%, and 20%) of Fe;O,
nanoparticles. The multifunctional performance enhancements
spanning thermomechanical properties, tensile attributes, print-
ability, and rapid thermal and magnetic actuation have not been
reported previously. The key conclusions arising from this study
are summarized as follows:

(@) The DMTA and SEM results confirm that the PLA-PBAT
blends are two-phase and immiscible, with DMTA further
revealing that the transition temperatures of PBAT and
PLA are crucial for determining material compatibility. The
intensity and magnitude of peaks in the graphs indicated the
volume percentage of each material in the mixture. Achiev-
ing closer transition temperatures enhanced compatibility,
while the glassy state and rubbery plateau regions signify
different mechanical properties at varying temperature
ranges.

(b) The incorporation of 10 wt% Fe;O, nanoparticles into
PLA/PBAT blends significantly improved mechanical prop-
erties, including a 16% increase in UTS (35.89 MPa) and
a 15% increase in toughness (1691.10 m]) compared to
the unfilled blend. This improvement stems from strong
nanoparticle-polymer interactions, enhancing stress transfer
and energy dissipation. However, further increases in Fe;O,

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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concentration (15 and 20 wt%) led to reduced mechanical
performance, with UTS dropping to 29.8 and 27.7 MPa, re-
spectively, due to nanoparticle agglomeration and elevated
melt viscosity. This highlights the importance of maintain-
ing an optimal nanoparticle loading for enhanced material
performance.

(c) SEM images indicated that all 3D-printed blends exhibit high
printing quality, likely due to the enhanced control of mate-
rial flow provided by the new pneumatic system on the FDM
printer. However, as the Fe;O, content increased from 10%
to 20%, SEM micrographs revealed increasing roughness
of PBAT domains, suggesting enhanced interfacial interac-
tions and targeted property augmentations. Despite the high
printing quality, the printability, printing quality, and layer
adhesion of PLA-PBAT decreased significantly with higher
Fe,O, content. This decline is attributed to increased sur-
face voids and enhanced flexibility, ultimately diminishing
stability.

(d) Increasing the Fe;O, concentration accelerated both the ther-
mally and magnetically activated shape memory response
and recovery kinetics of the PLA-PBAT-Fe,O, nanocom-
posites. All samples exhibit almost 100% shape recov-
ery, but the time it takes for recovery varies depend-
ing on the Fe;O, content in the nanocomposites. Higher
Fe,0, concentrations reduced recovery times due to im-
proved thermal conductivity and more efficient heat dis-
tribution within the polymer matrix. This enabled tunable
4D printability and actuation performance based on tailored
nanoparticle additions, especially in thermal and magnetic
environments.

Overall, the magnetite nanofillers imparted noticeable yet
balanced enhancements of PLA-PBAT blend attributes, signif-
icantly increasing both mechanical and shape memory prop-
erties without compromising printability. The work highlights
the promise of this multifunctional reinforcement approach
in developing high-performance, sustainable materials and
4D-printed structures with remote activation and actuation
capabilities.

Appendix

Table A1. Quantitative outcomes derived from the tensile test.

Samples Tensile Test
UTS [MPa] Uniform Toughness [m]]
Elongation [%]
0to UTS point  0to 30% El

Pure PLA-PBAT 30.93 7.47 1470.07 5565.80
Fe;0,4-10% 35.89 7.55 1691.10 6281.70
Fe;04-15% 29.81 7.16 1385.97 3833.89
Fe;04-20% 27.72 7.37 1335.16 3582.05
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Table A2. Shape recovery (%) results derived from the shape memory test
in a hot water bath.

Sample Time [s]

1 2 3 4 6 8

Pure PLA-PBAT 7.97 40.00 71.29 93.33 95.23 96.22

Fe;0,4-10% 22.31 55.98 68.30 69.73 74.59 77.10
Fe;04-15% 10.07 43.30 85.46 90.01 95.22 96.32
Fe;0,-20% 5.70 79.03 94.42 96.20 97.18 97.22

Table A3. Shape recovery (%) results derived from the shape memory test
in a magnetic field.

Sample Time [s]

30 34 40 46 52 58
Fe;04-10% 6.27 9.03 25.36 73.32 91.16 96.58
Fe;04-15% 8.33 13.00 33.49 72.73 93.54 96.63
Fe;0,4-20% 7.65 16.36 36.00 74.68 91.94 96.58
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