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A B S T R A C T

In this groundbreaking study, Polyethylene Terephthalate Glycol (PETG)-Fe3O4 nanocomposites were developed
for 4D printing, incorporating iron oxide (Fe3O4) nanoparticles into PETG matrix. The research contribution lies
in its innovative approach to enhancing the shape memory effect (SME) through thermo-magnetic responsive-
ness, positioning PETG-Fe3O4 as a revolutionary material in smart additive manufacturing. The composites were
synthesized using a melt mixing method, followed by 3D printing into specimens for comprehensive evaluation
through dynamic mechanical thermal analysis (DMTA), scanning electron microscopy (SEM), and uniaxial
tensile tests. The findings revealed that the incorporation of Fe3O4 nanoparticles significantly boosts the com-
posites’ storage modulus and glass transition temperature, indicative of improved stiffness and thermal prop-
erties. Notably, the 15 % Fe3O4 composite emerged as the optimal blend, exhibiting the highest tensile strength
and a favourable balance between mechanical integrity and flexibility. A key result was the enhanced SME under
both thermal and magnetic stimuli, with recovery efficiency and speed escalating with nanoparticle concen-
tration. This advancement underscores the potential of PETG-Fe3O4 nanocomposites in fabricating smart
structures capable of environmental adaptability, paving the way for impacts in biomedical, aerospace, and
robotic devices. Through this work, a new paradigm in material functionality for 4D printing has been estab-
lished, demonstrating the viability of magnetic nanoparticle integration for added smart capabilities.

1. Introduction

4D printing technology is a new research topic in the field of additive
manufacturing, building upon 3D printing technology by incorporating
smart materials [1,2]. Smart materials, also referred to as intelligent or
stimulus-responsive materials, have garnered significant attention in
scientific and engineering communities [3]. These materials can be
categorized into six distinct groups: shape memory materials, piezo-
electric materials, magnetostrictive materials, electro-rheological and
magneto-rheological fluids, and self-healing materials [4,5]. Among
these, shape-memory and self-healing materials are the most widely
researched and significant types of smart materials. The key difference
between 4D printing and 3D printing is the use of the fourth dimension:
time. Smart structures can change shape depending on time [6,7]. For
this reason, there is always a need for unique materials and special de-
signs to create three-dimensional structures that can change shape in

response to external stimuli such as heat, light, magnetic field, and
electric field [8,9].

Smart materials that can be used in this technology include shape
memory polymers (SMPs) [10], shape memory alloys (SMAs) [11],
shape-memory hydrogels [12], etc. Among them, SMPs have attracted
increasing attention due to their features such as better deformability,
lower density, lower cost, and the ability to be stimulated by various
stimuli in comparison to other smart materials [13]. SMPs can regain
their original shape after the temporary shape under the effect of
appropriate stimuli [13]. This feature makes them suitable for wide
applications including sensors and actuators [14,15], deployable struc-
tures [16], medical devices [17], textiles [18], etc.

Smart materials exhibit shape memory effect (SME), which allows
them to temporarily change shape and then recover their original shape
when subjected to a specific stimulus at a predetermined condition [13].
The most common stimulus used to trigger this recovery is heat, which
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works based on phase transitions within the material that occur at
different temperatures. Although activating the SME through direct
heating is the most common method, it cannot be used in some cases
such as biomedical applications due to tissue damage. Therefore, in
these cases, it is suggested to use indirect heat to achieve a SME.
Magnetic-sensitive (magneto response) shape-memory composites have
attracted the attention of many researchers in various fields, including
medical applications, due to outstanding features such as remote acti-
vation capability [19,20]. Iron oxide nanoparticles (Fe3O4) are one of
the most common nanoparticles that react to magnetic fields [21,22]
and are of great interest to researchers.

Zhang et al. [23] printed various structures made of poly(lactic acid)
(PLA)-Fe3O4 composite filament and investigated the shape-memory
properties of 4D printed structures created by a magnetic field. The re-
sults of their work showed that the printed structures with 15 % Fe3O4
by weight can return to their original shape at a high speed in just a few
seconds by a magnetic field at a frequency of 27.5 kHz. Zheng et al. [24]
processed Poly-d,l-lactic acid (PDLLA)-Fe3O4 biocompatible nano-
composites and evaluated the shape-memory effect by an alternating
magnetic field with a frequency of 20 kHz. The results of their research
showed very high shape recovery ratio. Huang et al. [25] designed and
processed multi-stimulus responsive smart PLA- Epoxidized natural
rubber (ENR)-Fe3O4 composite through dynamic vulcanization. The
results of their work showed excellent shape-memory properties (Re-
covery ratio (Rr) 97.72 %) for the composite its Fe3O4 content was 30
phr. Zhao et al. [26] introduced PLA-Fe3O4 shape-memory composites
as bone tissue scaffolds. The results of this research showed that these
scaffolds can be successfully stimulated by magnetic fields and greatly
improve cell attachment. Liu et al. [27] extruded and printed
PLA-Thermoplastic polyurethane (TPU)-Fe3O4 magnetically responsive
shape-memory composite filaments. The results of their work showed
that all ratios of PLA-TPU-Fe3O4 had shape fixity coefficients up to 99 %
and shape recovery coefficients up to 96.4 %. They also found that by
increasing the Fe3O4 content, the shape-memory response (shape re-
covery rate) was greatly accelerated, and by increasing the Fe3O4 con-
tent to 30 % by weight, the response time reached 40 s. As can be seen,
all these researches are on PLA and its blends such as PLA/TPU and
PLA-ENR, and the need for shape-memory polymers with suitable
printability and biocompatibility properties is quite tangible in this
research field. In addition, another limitation of this field is the need for
magnetic field stimulating filler with a high weight percentage (up to 30
%) for the production of composites, filaments, and 3D printing. As the
weight percentage of filler increases, in addition to the problems and
limitations in mechanical properties and microstructure (improper dis-
tribution of filler and clumping, improper adhesion between the sub-
strate and filler), the limitations of filament production and 3D printing
also increase. For this reason, PLA is used more for its excellent
printability.

Amorphous polyethylene terephthalate glycol (PETG) copolymer is
one of the most useful filaments used in 3D printing. It has high extru-
sion printing capability due to its excellent rheological properties [28].
Recently, there have been promising results in 4D printing. For the first
time, Soleyman et al. [29] were the first to introduce the 4D printing
ability of PETG as a novel shape memory material with excellent Fused
Deposition Modeling (FDM) printing capability. They conducted a study
on the SME of 4D-printed PETG. The results of their work showed a
shape fixity ratio of 98 % and shape recovery above 90 %. In another
study, they also investigated the effect of programming temperature on
4D-printed PETG samples [30]. In their research, they performed SME
under compressive loading for three programming conditions and
various pre-strains. The results of this research showed that the hot,
cold, and warm programmed samples had the highest shape fixity, the
highest shape recovery, and the highest stress recovery, respectively.
They found that with increasing programming temperature, the ratio of
shape recovery and shape fixity decreases and increases, respectively.
Aberoumand et al. [31] used commercial PETG filament to 4D printing

of new self-morphing samples. Their research revealed that PETG is an
amorphous SMP with physical entanglements that reduce the stress
relaxation. They also discovered that printing parameters and pro-
gramming conditions significantly impact self-morphing behavior,
shape recovery and stress recovery in 3D printed samples. Moreover,
they observed that lower printing temperature and higher printing speed
enhance self-bending and shape recovery properties.

Recent advancements in 4D printing have predominantly focused on
PLA-based shape-memory polymers (SMPs) due to their printability and
biocompatibility. However, these materials often require high concen-
trations of magnetic-responsive fillers (up to 30 %) to achieve desirable
shape-memory effects, leading to challenges in mechanical integrity and
printability [32]. The research also highlights a gap in exploring alter-
native polymers that can offer high shape recovery rates with lower filler
concentrations. This limitation underscores the necessity for innovative
materials that balance printability, mechanical properties, and efficient
response to external stimuli without the drawbacks associated with high
filler content in SMP composites. In addition, we solved the challenge of
using high-volume iron oxide nanoparticles through a novel hand-made
FDM printing method. For this purpose, the material is changed from
filament form to granule and the driving mechanism is changed from
gear mode to pneumatic system. With this work, the challenging step of
fabricating a continuous and precise filament containing 20 to 30 % by
weight of iron oxide is solved. Furthermore, the use of a pneumatic
system, in addition to facilitating the control of the melt flow, prevents
the problems caused by deviation of the melt flow, breaking or buckling
of the filament.

Addressing the identified gap, this research pioneers the develop-
ment of PETG-Fe3O4 nanocomposites for 4D printing, introducing a
novel SMP that combines the benefits of amorphous PETG with the
magnetic responsiveness of Fe3O4 nanoparticles. Unlike previous studies
focused on PLA, this work utilizes PETG for its superior rheological
properties, enhancing extrusion printing capabilities and material per-
formance. By processing nanocomposites with 10 %, 15 %, and 20 %
weights of Fe3O4, we demonstrate that a lower concentration of nano-
particles can significantly enhance shape memory effects without
compromising mechanical properties or printability. This breakthrough
is achieved through direct and indirect thermal stimulation, showcasing
PETG-Fe3O4’s dual responsiveness to both thermal and magnetic fields.
Our findings reveal that these composites exhibit high shape fixity and
recovery ratios, with the added advantage of lower filler concentration
mitigating issues related to mechanical properties and microstructural
integrity. This research not only fills a critical gap by offering an alter-
native to PLA-based SMPs but also sets a new standard for the devel-
opment of smart materials in 4D printing, promising broad applications
in sensors, actuaries, and deployable structures.

2. Method

2.1. Materials

In this research, PETG filament with a diameter of 1.75 mm manu-
factured by eSUN Company (Shenzhen, China) and Fe3O4 nanoparticles
with an average size of less than 50 nm, manufactured by Fine Nano
Company (USA) were used to prepare smart PETG-Fe3O4
nanocomposites.

2.2. Preparation of nanocomposites

PETG-Fe3O4 nanocomposites, containing iron oxide nanoparticles at
weight percentages of 10 %, 15 %, and 20 %, were produced using the
melt mixing method. The Brabender internal mixer (made in Germany)
was utilized for this process. Initially, PETG was melted inside the mixer
for two minutes at a temperature of 200 ◦C and a speed of 60 rpm.
Subsequently, iron oxide nanoparticles were added and the resulting
composition was mixed for 10 min to achieve a more uniform
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distribution of the nanoparticles within the polymer matrix. The
resulting material was then removed in lump form. In the next step, a
press machine was employed in two stages: a hot press at a temperature
of 200 ◦C, followed by a cold press with a pressure of 60 kPa. These steps
were taken to convert the lumps into thin sheets measuring 1 mm in
thickness. Finally, these sheets were transformed into granules.

2.3. 3D printing of nanocomposites

PETG-Fe3O4 nanocomposites were 3D printed using the Chakad;
CSS1 printer (made in Iran). In this process, the nanocomposite granules
were fed into the thermal chamber of the printer, eliminating the need
for filament production. Once inside the chamber, the granules melted

and were then guided into the nozzle through air pressure, allowing the
printing process to take place. Table 1 displays the FDM printing pa-
rameters of the nanocomposites processed in this research. Figs. 1 and 2
provide a schematic explanation of direct 3D printing based on material
extrusion and show the tensile test 3D printed parts, respectively.

2.4. Characterization

2.4.1. DMTA
To perform Dynamic Mechanical Thermal Analysis (DMTA) analysis,

a Mettler Toledo dynamic thermomechanical device (made in
Switzerland) was utilized. The analysis was conducted within a tem-
perature range of 25 ◦C to 100 ◦C, with a constant frequency of 1 Hz
under a three-point bending load as per the ASTM D4065–01 standard.
Samples with dimensions of 40 mm × 10 mm with a thickness of 1 mm
were prepared.

2.4.2. SEM
Scanning electron microscopy (SEM) analysis was utilized to image

the samples and assess their surface characteristics, including
morphology, component compatibility, and print quality. To accomplish
this, the Vegall device (manufactured by Tescan Company) was
employed in accordance with the ASTM (F1877–05) standard. Prior to
imaging, the nanocomposites were immersed in liquid nitrogen and
subsequently fractured to achieve a brittle state. To enhance image
quality, the cross-sections of the samples were coated with gold. Addi-
tionally, SEM-Energy Dispersive Spectroscopy (EDS) mapping analysis
was conducted to demonstrate the distribution of elements within the
samples.

2.4.3. Uniaxial tensile test
The mechanical properties were evaluated using the uniaxial tensile

Table 1
Variable parameters in 3D printing by FDM method of PETG-
Fe3O4 nanocomposites.

Velocity (mm/min) 250

Nozzle temperature (◦C) 250–260
Nozzle diameter (mm) 0.6
Bed temperature (◦C) 40–50
Layer thickness (micron) 450
Printing direction 0–90

Fig. 1. Schematic illustration of direct 3D printing.

Fig. 2. 3D Printed PETG-Fe3O4 nanocomposites for tensile test.

Fig. 3. Schematic of stress and strain changes during programming and re-
covery and how to calculate shape memory parameters.
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test. This test was conducted at room temperature using the Santam
device with three repetitions for each dog bone sample, following the
ASTM D638 type V standard. The displacement speed was set at 3 mm/
min, and the load cell was considered 100 kg. For each composite, at
least 5 samples were prepared and tested and the findings were
expressed as the mean (M) value.

2.4.4. Shape-memory analysis
The evaluation of the shape memory properties of processed nano-

composites with a beam geometry measuring 4× 1 cm and a thickness of
1 mm was conducted by applying the shape memory cycle, which in-
cludes programming and recovery. At the start of the cycle, a temper-
ature higher than the glass transition temperature was applied. In the
subsequent step, a bending strain was applied to the samples. Then, by
reducing the temperature, the applied strain could be stored. At the end
of this step, the shape fixity parameter was measured as the ratio of
stored strain to applied strain. As a result, programming was carried out
for all three samples in bending loading mode, while immersed in water
at a temperature of approximately 85 ◦C. The heating and cooling time
for the first stage was estimated to be about 60 s. In the following, heat
was again applied to the samples through both direct and indirect
methods to restore their original shape. During this stage, the ratio of the
recovered strain to the stored strain, which represents the shape re-
covery parameter, was calculated under the influence of direct and in-
direct heating. Shape recovery was also achieved through direct thermal
stimulation at 85 ◦C water, as well as indirect stimulation by applying a
magnetic field to a coil that carried a potential difference of 30 V and a
current of 10A. In Fig. 3, a diagram illustration the changes in stress and
strain during programming and recovery, as well as the method for
calculating shape memory parameters, are presented. The angle was
measured after imaging and using the angle meter software.

3. Results

3.1. DMTA

The analysis of DMTA was conducted on pure PETG to evaluate its
storage modulus and tanδ. The results, depicted in Fig. 4, exhibit distinct

sections with specific characteristics. At temperatures below approxi-
mately 67 ◦C, the material demonstrated a glassy state. During this
phase, the storage modulus reached its highest value of 520 MPa and
remained relatively stable. In this temperature range, any slight in-
creases in free volume caused by molecular motions could impact the
moduli, resulting in a slight decrease in the modulus value (E). Addi-
tionally, minor peaks (about − 47 ◦C to − 53 ◦C in this case) may appear
in both the storage modulus and tanδ evolution. These peaks are asso-
ciated with secondary transitions occurring within the glassy-state,
which are known as "local-scale motions". These motions involve rota-
tions and oscillations of side groups, as well as oscillations and partial
rotations of the polymer backbone. The application of oscillatory
deformation exceeds the relaxation time of the side-group polymer
segments, which leads to the material displaying a rigid behavior during
this temperature range [33].

Between the temperatures of 67 ◦C and 87 ◦C, the storage modulus
underwent a significant decrease, reaching values below 20 MPa. This
decline signifies the initiation of the glass transition region. The weak-
ening of molecular bonds within the polymer chains, attributed to the
increased thermal energy during the transition, is likely responsible for
this decrease. When the reciprocal of the angular frequency approaches
the relaxation time of the polymer segments, a major internal rear-
rangement occurs. This rearrangement triggers a cooperative motion of
the polymer backbone known as "crankshaft" motion. As a result of this
motion, the material experiences enhanced large-scale mobility and
transitions into a rubbery-state flow [34].

Beyond this point, the material remains in a rubbery state. The
applied oscillatory deformation is significantly slower compared to the
cooperative segmental movements that occur within the material. As a
result, the internal reorganizations effectively absorb the deformation in
an elastic manner. During this phase, the storage modulus, maintains a
constant value, which may be associated with the molecular weight
between entanglements or crosslinks within the material [24]. This re-
gion is commonly referred to as the rubbery plateau.

The temperature associated with the peak in the tanδ curve is indeed
the glass-rubber transition temperature, also known as Tg. In the case of
pure PETG, Tg is determined to be at 78 ◦C consistent with previous
research findings [28]. Tg plays a crucial role in the shape memory
behavior of the polymer. Understanding the Tg of PETG is important for
effectively designing and utilizing its shape memory characteristics
because it acts as a switching temperature in the SME.

Fig. 4(a) presents the DMTA results, specifically focusing on the
storage modulus, for PETG-Fe3O4 nanocomposites containing three
weight percentages: 10 %, 15 %, and 20 % of iron oxide nanoparticles.
The Figures sections are the same as those for pure PETG, as mentioned
earlier. It can be seen that the storage modulus in the glassy region is
highest for the nanocomposite with a weight percentage of 20 % Fe3O4,
followed by 15 % and then 10 %. This indicates that adding a higher
percentage of iron oxide nanoparticles enhances the stiffness and ri-
gidity of the nanocomposite in the glassy state. Consequently, the ma-
terial with 20 % Fe3O4 nanoparticles exhibits stronger resistance to
deformation in this region compared to the other compositions. In
general, the storage modulus curve for the nanocomposite with 20 %
Fe3O4 is positioned above the curve for 15 % Fe3O4, and the curve for 15
% Fe3O4 is above the curve for 10 % Fe3O4. This suggests that increasing
the weight percentage of iron oxide nanoparticles leads to higher storage
modulus values across the entire temperature range examined. The
ascending trend in the storage modulus implies that the nanocomposites
become progressively stiffer and more rigid as the concentration of iron
oxide nanoparticles increases. This finding aligns with prior research
conducted by Lalegani Dezaki and Bodaghi [35], which demonstrated
that the inclusion of carbon and iron in the PLA matrix significantly
enhances its stiffness. Consequently, the storage modulus of the nano-
composite surpasses that of pure PLA.

On the other hand, the nanocomposite with 10 % Fe3O4 exhibits a
drop in the storage modulus curve at lower temperatures compared to

Fig. 4. DMTA results for pure PETG and PETG-Fe3O4 nanocomposites.
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the nanocomposite with 15 % Fe3O4. Similarly, the nanocomposite with
15 % Fe3O4 exhibits a drop in the curve at lower temperatures compared
to the nanocomposite with 20 % Fe3O4. This phenomenon suggests that
the lower concentration of iron oxide nanoparticles (10 % and 15 %)
may experience a transition or phase change at lower temperatures,
resulting in a reduced storage modulus. In contrast, the nanocomposite
with 20 % Fe3O4 is less affected by such transitions and maintains a
higher storage modulus even at higher temperatures.

Fig. 4(b) shows the DMTA results in term of tanδ for PETG-Fe3O4
nanocomposites. It can be observed that the height of the tanδ curve
decreases as the percentage of iron oxide increases. The 10 % concen-
tration having the highest tanδ peak, followed by the 15 % concentra-
tion, and finally, the lowest peak observed for the 20 % concentration.
Furthermore, the peak in the tanδ curve occurs at lower temperatures for
the nanocomposites with lower iron oxide percentages. Specifically, the
10 % concentration exhibits the peak at a lower temperature than the 15
% concentration, and the 15 % concentration shows the peak at a lower
temperature compared to the 20 % concentration.

These findings suggest that the addition of iron oxide nanoparticles
to PETG affects the viscoelastic behavior of the nanocomposites. The
higher tan δ values for the 10 % concentration indicate a higher energy
dissipation during the glass-rubber transition, which may be attributed
to the dispersion and interfacial interaction of the nanoparticles within
the polymer matrix. The decreasing trend in tanδ with increasing iron
oxide percentage suggests a reduction in energy dissipation, due to
changes in the polymer chain mobility and reinforcement effects [36].
Additionally, the shift of the peak towards lower temperatures with
increasing iron oxide percentage implies variations in the relaxation
behavior and the glass transition temperature of the nanocomposites.
The glass transition temperatures (Tg) of nanocomposites containing 10
%, 15 %, and 20 % filler are measured to be 86.4 ◦C, 89.5 ◦C, and 90.8
◦C, respectively. It is evident that all these temperatures are higher than
the Tg of neat PETG. Therefore, the inclusion of Fe3O4 in the composition
has resulted in an increased Tg.

The glass transition occurs when the material’s free volume increases
with rising temperature. This increased free volume allows the molec-
ular chains in the non-crystalline regions to move more freely, leading to
a change in the material’s behavior [37]. The glass transition tempera-
ture is related to the movement of polymer chains and the free volume
within the polymer. When polymer chains can move freely, the material
becomes more flexible and has a lower Tg and lower storage modulus.
However, when iron oxide nanoparticles are added to PETG, they limit
the movement of the polymer chains and reduce the free volume,
making the material less flexible with higher storage modulus. This re-
quires more heat to reach the critical amount of free volume needed for
the transition, delaying the Tg. The extent of this delay increases as the
interaction between the polymer and nanoparticles grows stronger [38].
At low concentrations of Fe3O4, there is a smaller increase in Tg
compared to pure PETG because the nanoparticles have a weaker impact
on the polymer chains. As the concentration of Fe3O4 increases, the
nanoparticles’ restrictive effect grows stronger, resulting in a higher Tg
and higher stiffness (storage modulus) at higher nanoparticle
concentrations.

3.2. SEM

The utilization of SEM analysis was employed to visualize the sam-
ples and determine their surface characteristics, including morphology,
compatibility between the components, and print quality of the printed
samples. In the context of 3D printing, the microstructure and
morphology of the 3D printed samples are crucial in controlling their
mechanical properties. Disparities in properties arise from the presence
of voids within a 3D printed part [39]. These voids, or air gaps, are
present in parts fabricated using the Martial extrusion (MEX) technique,
as this particular method constructs parts in a layered manner. Voids
refer to the spaces or air gaps that exist between the beads in the printing

process, resulting in a structure that is loosely packed due to the
sequential deposition of material, bead by bead, to form the desired part
[40,41]. Three distinct types of voids were identified during the SEM
analysis of the 3D printed samples, namely, inter, intra, and interfacial
voids [42], as illustrated in Fig. 5.

Inter voids are voids that exist between the rasters in 3D printed
parts. Their presence is a result of the layered manufacturing process
and the spreading of individual rasters. The formation and characteris-
tics of these voids are influenced by factors such as bead orientation,
shape, size, and thermodynamic parameters associated with bead so-
lidification [43]. These parameters, in turn, are influenced by the nozzle
geometry and the flow properties of the material used in the printing
process. On the other hand, interfacial voids occur between individual
beads and are formed when there is insufficient bonding between the
rasters. This inadequate bond quality can be attributed to factors such as
lower process temperature than the glass transition temperature of the
material or non-uniform melt flow during bead spreading. These issues
can arise due to properties of the material, bed temperature, or the
cooling rate during melt solidification [44]. Intra bead voids are voids
that are observed within individual beads. These voids may arise from
the characteristics of melt flow and melt solidification during the
printing process. The presence, density and size of these 3 types of voids
can determine printing quality and can contribute to the initiation of
cracks within the structure, leading to lower mechanical strength due to
stress concentration.

Fig. 6 displays SEM images showcasing the fracture surface of 3D
printed PETG nanocomposites featuring varying weight percentages of
Fe3O4. The concentration of nanoparticles increases from top to bottom
within the Figure. This Figure depict a well-organized and densely
packed structure of the printed rasters, which is a result of favorable
printing conditions. This, in turn, contributes to the achievement of
favorable mechanical properties and shape memory effect. As observed
within the red rectangle in Fig. 6(a), the rasters demonstrate a contig-
uous arrangement where they overlap and intertwine closely with one
another, creating a tight weld. However, the voids are presents in the
structure as well.

Notably, inter voids are represented by blue triangles in these im-
ages. It is worth noting that such voids are consistently observed across
all printed samples due to the inherent characteristics of material
extrusion printing, as previously mentioned [45]. However, upon closer
examination of the SEM images, it becomes evident that the number of
inter-bead voids are significantly higher in comparison to intra-bead and
interfacial voids in FDM processed nanocomposite. In addition, the size
of these voids increases with increasing Fe3O4 concentration. This
phenomenon has been previously documented in literature when
investigating the utilization of three-dimensional printing technology in
producing nanocomposites, such as the graphene-PLA nanocomposite
[46]. This variation in void size is independent of the printing param-
eters employed because all the samples printed with same printing pa-
rameters. The observed phenomenon can be attributed to two key
factors: first, the introduction of Fe3O4 nanoparticles can modify the
viscosity of the PETG nanocomposite [47]. Higher concentrations of
nanoparticles result in increased material viscosity, thereby rendering it
more susceptible to the formation of larger inter voids during the
printing process. Second, the presence of Fe3O4 nanoparticles may

Fig. 5. types of voids in printed parts by material extrusion process (adopted
from [42]).
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Fig. 6. SEM images of the fracture surface of 3D printed PETG nanocomposite with different weight percentages of Fe3O4: (a) 10 %, (b) 15 % and (c) 20 %.
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Fig. 7. SEM images of the morphology and EDX map of PETG nanocomposite with different weight percentages of Fe3O4: (a) 10 % by weight, (b) 15 % and (c) 20 %.
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impede the packing and filling behavior of the PETG matrix during
printing. Increased nanoparticle concentrations can hinder the proper
material’s flow and distribution, consequently causing uneven packing
and larger gaps between the printed layers.

Regarding the interfacial voids shown in Fig. 5, indicated by the blue
striped rectangle, they can be observed in samples containing 10 %
Fe3O4 (Fig. 6(a) and (b)) and 20 % Fe3O4 (Fig. 6(e) and (f)). These voids
occur because of a relatively weak bond between certain sections of
neighboring layers, which is a consequence of defects that arose during
the printing process.

As it can be seen in Fig. 6 intra-voids are not observed in samples
containing 10 % and 15 % Fe3O4, but they do appear when the nano-
particle weight percentage reaches 20 %. The presence of these voids,
along with interfacial and inter-voids, can result in a decrease in me-
chanical properties in this sample. There are several potential reasons
for the occurrence of these voids:

1. Agglomeration: Fe3O4 nanoparticles have a natural tendency to
cluster or agglomerate. As the concentration of Fe3O4 nanoparticles
increases, the likelihood of agglomeration also increases [48]. These
agglomerates form larger voids during the printing process, leading
to larger gaps in the final product.

2. Changes in viscosity: As it mentioned before the addition of Fe3O4
nanoparticles can alter the viscosity of the PETG nanocomposite
[49]. Higher concentrations of nanoparticles can increase the vis-
cosity of the material, making it more susceptible to trapping air
bubbles or forming larger voids during printing.

3. Interactions and dispersion: Achieving a uniform dispersion of
nanoparticles within the PETG matrix can be challenging. Higher
concentrations of Fe3O4 nanoparticles may result in poor dispersion
and uneven distribution within the material. This uneven distribu-
tion can contribute to the formation of larger voids or gaps in the
final printed samples.

Fig. 7 presents SEM images and energy-dispersive X-ray (EDX) maps
demonstrating the morphological characteristics of PETG nano-
composite with varying weight percentages. The Figure reveals a
favorable dispersion of nanoparticles throughout the PETG matrix
across all weight percentages. This uniform distribution holds the po-
tential for enhancedmechanical properties and improved shapememory
behavior in the printed components, attributable to the uniform heating
of the sample in a magnetic field. The SEM images demonstrate that the
nanoparticle dispersions in the PETG matrix display minimal visible
aggregation. Additionally, there was only slight observable aggregation
in the composite, with aggregation sizes measuring below 5 microme-
ters. The primary factor contributing to the reduced agglomeration and
favorable dispersion of nanoparticles within the PETG matrix can be
attributed to the strong compatibility between the nanoparticles and the
matrix.

The EDXmicroanalysis is a method employed in electron microscopy
to analyze the elemental composition of specimens. It utilizes the gen-
eration of characteristic X-rays to detect the presence of elements within
the samples [50]. In our study, the EDX images (specifically, Fig. 7
located on the right-hand side) were utilized to enhance the visualiza-
tion of nanoparticle dispersion in SEM images. This was necessary
because it is challenging to distinguish nanoparticles from the matrix
and accurately observe dispersion solely using SEM images. In Fig. 7, the
yellow dots correspond to Fe3O4 particles, and it is evident that the
nanoparticle dispersions in the PETG matrix exhibit minimal visible
aggregation and a uniform distribution. However, slight aggregation can
be observed in the composite material, with the size and number of these
aggregated regions increasing as the concentration of Fe3O4 particles
rises. This aggregation can potentially lead to voids, as mentioned in the
previous section, within the printed samples.

3.3. Mechanical properties

In Fig. 8(a), the tensile test results for 3D printed PETG-Fe3O4 com-
posites are presented. According to the stress-strain diagrams, the slope
of the linear region increases with the increase of the amount of Fe3O4,
but the tensile strength is the highest for the PETG-Fe3O4–15 composite.
Also, the PETG-Fe3O4–10 composite shows the highest elongation.
Tensile strength and elongation changes of nanocomposites depend on
other factors besides the nanoparticle and its amount, the way of dis-
tribution and connection between the filler and the polymer matrix. In
the 3D printed parts, the amount of porosity, shrinkage and the
dependence of the print quality on the print parameters are also added.
For this reason, the trend of changes in tensile strength and elongation
does not change linearly with the change in weight percentage of filler
(Fe3O4).

Fig. 8(b) shows the results of tensile strength and elongation. Tensile
strength is in the range of 35.75 MPa to 38.66 MPa and as mentioned,
the highest value of tensile stress is for PETG-Fe3O4–15. By increasing
the amount of Fe3O4 from 10 % to 15 % by weight, the tensile strength
reaches from 35.75 MPa to 38.66 MPa, and with the increase of Fe3O4 to
20 %, the trend decreases and the strength reaches 36.24 MPa.

Fig. 8. Engineering stress-strain diagrams and quantitative data extracted from
tensile test for 3D printed PETG-Fe3O4 nanocomposites.

Fig. 9. Calculated toughness value up to UTS point and 30 % for 3D printed
PETG-Fe3O4 nanocomposites.
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Additionally, the elongation of nanocomposites is in the range of 12.62
% to 15.31 %. The trend of changes in elongation compared to nano-
particles is decreasing and it decreases with increasing amount of Fe3O4.
According to SEM results, the quality of printing and distribution of
nanoparticles decreases drastically with the increase of Fe3O4, and the
PETG-Fe3O4–20 composite has more agglomeration areas of nano-
particles. These points are prone to cracks and stress concentration, for
this reason, with increasing accumulation and agglomeration of parti-
cles, the mechanical properties decrease. In addition to this, increase in
nanoparticle and agglomeration area, it causes a strong increase in melt
viscosity locally during printing, which makes it difficult to control melt
flow output (stopping and connecting or increasing and decreasing),
which leads to greater porosity and weaker adhesion of the layers and
grids. These factors play a major role in reducing the strength of PETG-

Fe3O4 nanocomposite with the increase of nanoparticles.
In Fig. 9, the toughness values of 3D printed PETG-Fe3O4 nano-

composite up to UTS point and 30 % strain are presented. These values
are obtained by calculating the surface under the stress-stress curves. As
it can be seen that the process of changes is similar to the changes in
mechanical properties and the PETG-Fe3O4–15 nanocomposite has a
higher toughness due to having a higher stress level and the two PETG-
Fe3O4–10 and PETG-Fe3O4–20 nanocomposites have almost the same
values (6968 J and 6928 J, respectively), due to higher ductility and
strength, respectively.

3.4. SME

In Figs. 10 and 11, the different stages of shape recovery of 3D

Fig. 10. Direct shape recovery process over time for 3D printed PETG-Fe3O4–10 nanocomposite.
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printed PETG-Fe3O4–10 nanocomposite are presented in two ways,
directly in hot water and indirectly in a magnetic coil. These images are
after the programming stage (heating, loading, cooling and unloading)
and are extracted from videos 1 and 2. Actually at the end of this stage,
the amount of shape fixity can be measured. These values are higher
than 95 % for pure PETG and all three nanocomposites. In Fig. 12, the
shape recovery ratios in terms of time are presented for all three PETG-
Fe3O4 nanocomposites. In Fig. 12(a) and according to the results of
shape recovery under thermal stimulation, it can be seen that there is a
noticeable difference in the amount and time of shape recovery. The
shape recovery results for PETG show that compared to nanocomposites,
it has a lower recovery rate in the initial seconds and finally its recovery
value is higher than composites containing 10 and 15 % by weight. It
shows well that iron oxide particles can play a significant role in heat
transfer. The highest shape recovery ratios of nanocomposites according

to thermal stimulation is 88.95 % in 53 s, 91.22 % in 38 s and 97.06 % in
24 s for PETG-Fe3O4–10, PETG-Fe3O4–15 and PETG-Fe3O4–20, respec-
tively. Strengthening the elastic modulus and thermal conductivity are
the factors that PETG-Fe3O4–20 has the best shape memory perfor-
mance. The presence of Fe3O4 nanoparticles facilitates the heat transfer
inside the polymer and thus improves the recovery speed. Also, ac-
cording to the results of DMTA and mechanical properties, the elastic
modulus increases directly with the increase of Fe3O4. When the tem-
perature of the polymer reaches the transition temperature, the elastic
part is responsible for the shape recovery and the PETG-Fe3O4–20 shows
a higher shape recovery ratio [51]. In video 3, shape recovery can be
seen for nanocomposite containing 20 % Fe3O4. In this video, the fast
recovery rate for the composite containing more Fe3O4 is clearly
evident.

According to Fig. 12(b), this process has been repeated in the process

Fig. 11. Indirect shape recovery process over time for 3D printed PETG-Fe3O4–10 nanocomposite.
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of shape recovery under magnetic stimulation of PETG-Fe3O4 nano-
composites and the shape recovery performance is enhanced by
increasing the amount of Fe3O4. With the difference that the shape re-
covery ratios of the PETG-Fe3O4 nanocomposites is almost the same, but
the recovery speed is strongly affected by the amount of Fe3O4. The
shape recovery ratios for 3D printed PETG-Fe3O4–10, PETG-Fe3O4–15,
and PETG-Fe3O4–20 nanocomposites are 96.61%, 96.92% and 97.53%,
respectively, which is observed in 92 s, 86 s and 76 s, respectively. What
is certain is that in addition to the role of Fe3O4 nanoparticles on faster
heat distribution and strengthening of the elastic part, it also increases
the sensitivity of the field in magnetic stimulation.

In Fig. 13, 3D printed geometries with more complex auxetic struc-
tures for composite contains more percentage of iron oxide are observed,
which are subjected to programming and recovery. Videos 4 and 5 show
the recovery process. In these structures, due to the higher heat transfer
rate, the recovery speed is much higher and they can be used for ap-
plications that require a quick response to temperature.

4. Conclusion

In this paper, we aimed to enhance the remote stimulus capability of
PETG in 4D printing. To achieve this, PETG-Fe3O4 nanocomposites were
manufactured using three different weight percentages of iron oxide: 10
%, 15 % and 20 %. The summary of the results obtained from the ex-
amination of morphology, thermal analysis, mechanical properties, and
shape memory of printed nanocomposites are as follows:

• DMTA results demonstrated that the storage modulus in the glassy
region is highest for the nanocomposite with a weight percentage of
20 % Fe3O4, followed by 15 % and then 10 %. This indicates that
adding a higher percentage of iron oxide nanoparticles enhances the
stiffness and rigidity of the nanocomposite in the glassy state.

Fig. 12. Shape recovery changes over time for 3D printed PETG and PETG-
Fe3O4 nanocomposites: (a) thermal stimulation, and (b) magnetic stimulation.

Fig. 13. 3D Printed PETG nanocomposite samples after programming and recovery.
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Additionally, the glass transition temperatures of nanocomposites
containing 10 %, 15 %, and 20 % filler were measured to be 86.4 ◦C,
89.5 ◦C, and 90.8 ◦C, respectively. It is evident that all these tem-
peratures were higher than the Tg of neat PETG.

• SEM images depicted a well-organized and densely packed structure
of the printed rasters, which were a result of favorable printing
conditions. Also, the number of inter-bead voids were significantly
higher in comparison to intra-bead and interfacial voids in FDM
processed nanocomposite. Moreover, the size of these voids
increased with increasing Fe3O4 concentration.

• The results of the mechanical properties of the 3D printed of PETG-
Fe3O4 nanocomposites proved the highest tensile strength for PETG-
Fe3O4–15, and with the increase of Fe3O4 content from 15% to 20 %,
the tensile strength value decreased from 38.66 MPa to 36.24 MPa.
The amount of elongation also had a downward trend and the
highest value was obtained for PETG-Fe3O4–10 (15.31 %).

• Improper distribution of nanoparticles, deviating the output flow
control during 3D printing (increasing porosity and reducing the
quality of bonding layers) are among the reasons for the decrease in
mechanical properties with the increase of Fe3O4 nanoparticles up to
20 % by weight.

• The results of shape recovery ratios under direct heat and magnetic
field showed that with increasing amount of PETG-Fe3O4, shape re-
covery ratio and its speed value increases. Of course, the amount of
shape recovery under magnetic stimulation for all three PETG-Fe3O4
nanocomposites was almost the same in the range of 96 % to 97 %.
Strengthening the elastic part, improving heat transfer and greater
sensitivity of the magnetic field are the main reasons for the rein-
forcing role of Fe3O4 nanoparticles in shape memory performance.
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