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ARTICLE INFO ABSTRACT
Keywords: This research introduces PETG-CB (poly(ethylene terephthalate) glycol modified with carbon black) composites,
4D printing a new class of shape memory polymers 4D printed using the Fused Deposition Modeling (FDM) method.

PETG-CB composites

Shape memory polymers

Fused deposition modeling (FDM)
Nanocomposites

Mechanical properties

Nanocomposites with varying concentrations of CB (0.5 %, 1 %, and 3 % by weight) are developed to enhance
the functional performance of PETG in 4D printing applications. Comprehensive characterization at the micro-
and macro-scale, including dynamic thermal mechanical analysis (DMTA), scanning electron microscopy (SEM),
and mechanical testing, is employed to assess the viscoelastic behavior, microstructural integrity, and me-
chanical strength under thermal stimulation. Experimental results reveal that CB addition significantly alters the
glass transition temperature and improves mechanical properties, with the 1 % CB composite demonstrating
optimal tensile strength and enhanced shape memory effects. SEM analysis confirms a uniform distribution of CB

* Corresponding author.
** Corresponding author.
E-mail addresses: mahdi.bodaghi@ntu.ac.uk (M. Bodaghi), baghani@ut.ac.ir (M. Baghani).

https://doi.org/10.1016/j.matchemphys.2024.129737

Received 3 May 2024; Received in revised form 10 July 2024; Accepted 16 July 2024

Available online 17 July 2024

0254-0584/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:mahdi.bodaghi@ntu.ac.uk
mailto:baghani@ut.ac.ir
www.sciencedirect.com/science/journal/02540584
https://www.elsevier.com/locate/matchemphys
https://doi.org/10.1016/j.matchemphys.2024.129737
https://doi.org/10.1016/j.matchemphys.2024.129737
https://doi.org/10.1016/j.matchemphys.2024.129737
http://creativecommons.org/licenses/by/4.0/

D. Rahmatabadi et al.

Materials Chemistry and Physics 325 (2024) 129737

particles, contributing to the improved mechanical properties and printability of the nanocomposites. The shape
memory tests show excellent recovery rates above 97 %, with faster recovery observed in composites with higher
CB content. These findings highlight the potential of PETG-CB composites in applications requiring rapid
response and high mechanical performance, making them promising materials for future advancements in the 4D

printing technology.

1. Introduction

Additive manufacturing, also known as three-dimensional (3D)
printing, is one of the most advanced manufacturing technologies [1]. It
involves producing 3D structures using a computer-aided design (CAD)
file by applying materials layer by layer [2]. The range of materials that
can be used in this process includes polymers, metal alloys, ceramics,
and composites [3]. Compared to traditional manufacturing methods,
this technology offers advantages such as the ability to design complex
structures, cost-effectiveness, and the ability to save raw materials [4].
While 3D printing has transformed the manufacturing industry by
enabling rapid prototyping and production of complex geometries, it
still faces several limitations that necessitate the development of 4D
printing technologies [5]. One significant limitation of 3D printing is its
inability to address the issue of shape memory and self-healing materials
[6,7]. 3D-printed parts are often rigid and cannot change shape or adapt
to changing conditions, which can limit their functionality and dura-
bility. In contrast, 4D printing enables the creation of systems that can
change shape in response to temperature, light, or other environmental
stimuli [8,9]. For example, it is possible to create biomedical devices
that can change shape in response to body temperature or pH levels
[10]. Similarly, aerospace components can be developed that adapt to
changing conditions, such as solar cells of a satellite that can change
shape in response to sunlight [11]. Additionally, smart textiles can be
created that adjust their shape or stiffness in response to environmental
conditions, such as clothes that can change texture in response to tem-
perature or humidity [12].

In the meantime, shape memory polymers (SMPs) due to the
cheapness of their printing mechanism, better Shape Memory Effect
(SME), the possibility of changing and adjusting mechanical, physical
and shape memory properties (adding sensitivity to different and mul-
tiple stimuli at the same time) and high plasticity and biocompatibility
have attracted the most attention in the field of 4D printing. SMPs can
alter their shape over time when exposed to external stimuli in the form
of heat [13], electric field [14], magnetic field [15], light [16], or pH
[17]. These features makes SMPs highly promising for various applica-
tions, including sensors and actuators [18], as well as the development
of intelligent medical devices [19].

Among the various 3D printing techniques, the Fused Deposition
Modeling (FDM) method is considered the most widely used method due
to its ease and lower cost [20]. In this method, thermoplastic polymers
are used as raw materials. These materials are extruded through a nozzle
layer by layer based on the designed digital file and connected to create
a 3D object [21]. One of the advantages of FDM 3D and 4D printing is
cheap and recyclable thermoplastics, although due to the low strength of
mechanical properties and poor stiffness, most materials need to be
reinforced [22].

Amorphous Poly(ethylene terephthalate) glycol, also known as
PETG, is a versatile filament often used in 3D printing. Recently, re-
searchers have taken an interest in this transparent material due to its
high extrusion printing capability [23]. In a study by Soleyman et al.
[24], the SME and 4D printing capability of PETG were investigated. The
results showed that PETG has an excellent SME with a shape recovery
rate of over 96 %. Subsequent studies [25] looked at the effect of pro-
gramming temperature on PETG 4D printing samples and found that
increasing the programming temperature reduces the shape recovery
ratio, while increasing the shape fixity ratio. Another study conducted
by Aberoumand et al. [23] focused on the self-forming ability of PETG

4D printed samples. They also examined the impact of planning condi-
tions and printing parameters on self-forming behavior. They found that
lower printing temperatures and higher printing speeds improve the
self-bending and shape recovery ability of the printed parts. Summary of
these results showed that PETG is a SMP with high SME in different
modes and temperatures with high deformation. These features,
together with the excellent printing ability, put PETG next to Poly(lactic
acid) (PLA) as the most widely used pure commercial SMP for 4D
printing by FDM. Because thermoplastics do not have strong crosslinks
(hard points), they mostly require strengthening this part. Usually, to
achieve more favorable SME, two methods of strengthening are used by
blending or synthesizing of a new SMP. The additional operation to
enhance the SME is accompanied by many complications, and this
problem is aggravated by considering the challenges of 3D printing of
new materials. Therefore, PLA and PETG can be mentioned as the only
pure SMP with excellent printability.

Due to the unique features and numerous applications of PLA, solv-
ing the issue of brittleness and low formability of PLA has been one of
the key areas of focus in the field of 3D and 4D printing, and its softening
with different thermoplastic elastomers (TPEs) has been done in recent
years [26]. Rahmatabadi et al. [27] used the FDM method to uniformly
mix thermoplastic polyurethane (TPU) with PLA, 3D printed the blends,
and found that higher TPU content led to decreased strength but
increased flexibility in the blends. These results indicate that adjusting
the TPU content can modify the mechanical properties of PLA-TPU
blends. Sangeetha et al. [28] conducted a study to investigate the ef-
fects of using Styrene Ethylene Butylene Styrene (SEBS) block
co-polymer as a toughening agent on the toughness, strength, and heat
resistance of PLA. Based on reviewed literature, it has been found that
pure PLA exhibits significant brittleness. Therefore, for 4D printing ap-
plications that require enhanced mechanical properties through the
addition of fillers, strengthening the plasticity of PLA through impreg-
nation with TPEs becomes necessary. Furthermore, due to the low
strength of 3D printed parts by FDM, it is necessary to strengthen the
mechanical properties, and the use of carbon-based fillers to strengthen
the mechanical properties of PLA requires the use of plasticizers and
TPEs.

In contrast, PETG demonstrates high plasticity at ambient tempera-
ture, allowing the addition of fillers without the need for TPEs, thereby
improving its mechanical properties [25]. The shape memory potential
of PETG copolymer is promising, though its mechanical properties,
specifically tensile strength, require further enhancement. The ability to
cold program and high formability at ambient temperature distinguishes
PETG from PLA [21,25]. In addition, PETG, unlike PLA, can be rein-
forced with carbon black without the need for softening and blending
with TPEs. Carbon black (CB) is a widely utilized reinforcing filler
within the rubber industry, offering significant improvements to tensile
strength, elasticity modulus, and compressive strength.

In this investigation, we meticulously explore the capabilities of
PETG-CB composites across varying concentrations of carbon black (0.5
%, 1 %, and 3 %) tailored for 4D printing using the FDM method. This
research aims to systematically assess the mechanical and shape mem-
ory properties of these composites when subjected to thermal stimula-
tion, offering a novel insight into their adaptability and resilience. By
employing advanced techniques such as dynamic thermal mechanical
analysis (DMTA) and scanning electron microscopy (SEM), we not only
verify the enhanced thermal properties but also scrutinize the printing
dynamics and morphological characteristics of the printed composites.
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The outcomes of this study are poised to make substantial contributions
to the advancement of 4D printing technology, showcasing the potential
of PETG-CB composites to revolutionize applications that require ma-
terials with superior mechanical robustness and dynamic performance
capabilities. Our findings underscore the potential of integrating carbon
black with PETG, setting a new benchmark for the design and devel-
opment of next-generation smart materials.

2. Materials and methods
2.1. Materials

For the preparation of PETG-CB nanocomposites, we used a 1.75 mm
diameter PETG filament manufactured by eSUN (Shenzhen, China) and
carbon black nanoparticles (CB) manufactured by fine nano. The PETG
filament was first crushed into granules using a plastic grinder. Addi-
tionally, the granules were dehumidified in an oven at a temperature of
60 °C.

2.2. Processing of PETG-CB nanocomposites

PETG-CB nanocomposites were prepared through a melt mixing
method using a Brabender internal mixer made in Germany. Three
different concentrations of CB nanoparticles, 0.5 %, 1 %, and 3 %, were
employed. First, PETG granules were melted inside the mixer at 200 °C
and a speed of 60 rpm for 2 min. Following this, CB nanoparticles were
added to the molten PETG. The mixture was kept inside the machine for
10 min to ensure a uniform distribution of the nanoparticles in the
polymer field. The output material was obtained in a lump form, which
was further processed using a press machine. A hot press with a tem-
perature of 200 °C and a cold press with a pressure of 60 kPa were used
to convert the lumps into thin sheets with a thickness of 1 mm. The
resultant thin sheets were then transformed into granules. The sche-
matic of the steps of producing PETG-CB composites and converting
them into sheets and then granules is presented in Fig. 1.

2.3. 3D printing

In this study, the Chakad CSS1 printer manufactured in Iran was
utilized to flawlessly 3D print PETG-CB nanocomposites. According to
Fig. 2, by melting the granular materials within its thermal chamber, the
printer effectively eliminated the requirement for filament removal. The
melted materials were then directed to the nozzle through air pressure to
initiate the printing process. This direct granule-based printing mecha-
nism can be very useful for 3D printing of composites containing a high
weight percentage of reinforcement. In addition, the use of a pneumatic
system helps to provide the ability to continuously control and manip-
ulate the output melt flow and avoid clogging of the nozzle and
disconnection and connection of the flow. Table 1 lists the FDM printing
parameters used to process the nanocomposites in this study.

2.4. Characterization

2.4.1. DMTA and MFI

DMTA is a technique used to identify the viscoelastic properties of
polymers. This process involves applying an oscillating force on a
sample and analyzing the material’s response to that force. In this
research, a Mettler Toledo dynamic thermomechanical device manu-
factured in Switzerland was utilized. The test was conducted in the
temperature range of 25 °C-100 °C, at a constant frequency of 1 Hz, and
under a three-point bending load. Also, to evaluate the rheological
behavior of the extruded material and its effect on printability, the Melt
Flow Index (MFI) was calculated for about 10 g of pure PETG and all
three composites granules at the printing temperature (200 °C) with a
weight of 2.16 kg according to the ASTM D1238 standard.
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Fig. 1. Schematic of different manufacturing stages PETG-CB composites and
preparing granules for 3D printing.

2.4.2. Microstructure evaluation

SEM analysis is used to image samples and determine their surface
characteristics, including morphology, component compatibility, and
print quality. In this study, the Vegall device, manufactured by Tescan,
was used to image the samples. To reduce the brittleness of the samples,
they were first immersed in liquid nitrogen and then broken. The frac-
ture surface of the samples was covered with gold to improve image
quality.

2.4.3. Mechanical properties

The mechanical properties of the material were assessed through a
uniaxial tensile test, utilizing the Santam machine. To ensure precise
results, the test was repeated three times for each dog bone sample,
following the ASTM D638 type V standard at room temperature. The
displacement speed was set to 3 mm/min, and the load cell was cali-
brated at 100 kg.

2.4.4. Shape memory effect

The shape memory properties of 3D printed PETG-CB composites
were thoroughly evaluated using the shape memory cycle. According to
Fig. 3, this cycle consists of two stages: shape programming and shape
recovery. By applying heat exceeding the glass transition temperature of
the polymer, a specific strain was created in the part, based on the
loading mode. Upon reducing the temperature, the sample stored the
strain, and the stabilized strain-to-applied strain ratio was measured as
the shape fixity parameter. The final stage of this cycle involved heating
the samples again, enabling them to regain their original shape. This
resulted in the ratio of the recovered strain to the stabilized strain,
known as the shape recovery parameter. The programming and shape
recovery stages were conducted using the bending loading mode in both
water at a temperature of approximately 100 °C. The heating and
cooling time of the first stage was estimated to be 60 s. The parts’
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Fig. 2. Schematic of direct granule-based 3D printer and printed parts.

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

Printing Parameters Values
Velocity (mm/min) 300
Nozzle Temperature (°C) 200
Bed Temperature (°C) 45
Nozzle Diameter (mm) 0.6
Layer Thickness (mm) 0.4
Printing Direction 0/90
Air pressure (Bar) 3-5 bar

geometry was considered as a beam with dimensions of 4 x 1 cm and a
thickness of 1 mm. Shape memory performance was measured based on
Fig. 3.

3. Results and discussion
3.1. DMTA

Fig. 4 illustrates the dynamic mechanical thermal analysis conducted
on neat PETG and its nanocomposites containing varying amounts of
carbon black (0.5 %, 1 %, and 3 % by weight). This analysis serves as a
valuable method for assessing the viscoelastic behavior of materials
across different temperatures [29]. Understanding the viscoelastic
behavior of materials across different temperatures is essential for
analyzing the shape memory properties of the material [30]. The test
measures how the materials respond to cyclic stresses, such as sinusoidal
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Fig. 4. DMTA results for neat PETG and its nanocomposites.

forces, under different temperature conditions [31].

In viscoelastic materials, the response to an applied force can be
characterized by two components: the elastic response (represented by
the storage modulus, E') and the viscous response (represented by the
loss modulus, E’’) [32]. The elastic response reflects the reversible
deformation of the material akin to a spring-like behavior, while the
viscous response indicates the dissipation of energy within the material
resembling a damper-like behavior. Viscous responses arise from factors
like molecular movement, intermolecular friction, and heat generation
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mechanisms, especially in the segmental motion within the solid state
[33]. The ratio of the loss modulus to the storage modulus, known as
Tan §, quantifies the material’s damping ability. This parameter helps in
gauging how effectively the material dissipates energy in response to
applied stresses.

Fig. 4 (a) depicts the change in tan § as a function of temperature for
pure PETG and its nanocomposites. Peaks on the tan & versus tempera-
ture graph indicate transitions in the material’s state. The most signifi-
cant peak in tan § diagram signifies the transition from a glassy state to a
rubbery state, occurring at the glass transition temperature (Tg) of the
material [34]. These transitions, particularly the glass-rubber transition,
are integral to the material’s shape memory behavior because the tem-
perature at which these transitions take place serves as the switching
temperature for shape recovery.

As the temperature rises, the free volume within the material in-
crease, leading to a higher degree of movement among the molecular
chains in the non-crystalline section. This eventually results in the
emergence of the glass transition [35]. It is observed that the peak for
pure PETG appears around 85 °C. With the addition of 0.5 % carbon
black, this temperature noticeably shifts to approximately 93 °C. Further
additions of carbon black have a diminishing effect on Tg. Specifically,
the introduction of 1 % and 3 % carbon black increases the Tg to 94 °C
and 95 °C, respectively.

The glass transition temperature (Tg) is associated with the poly-
mer’s chain mobility. Greater chain mobility leads to increased flexi-
bility and a lower Tg of the material. Incorporating carbon black
nanoparticles into PETG elevates the Tg due to their ability to restrict the
mobility and flexibility of the polymer chains. Consequently, this re-
striction results in a more rigid behavior of the material and a higher Tg.
The extent of Tg change is influenced by the interaction between the
polymer and the filler material [36]. At lower concentrations of carbon
black, a significant increase in Tg compared to pure PETG is observed
due to the pronounced restriction effect on polymer chains. However,
with higher concentrations of carbon black, the likelihood of agglom-
eration increases, resulting in diminished interactions between the
polymer and particles. This leads to a lesser increase in Tg.

It is noticeable that when carbon black is added to PETG, the height
of tan § increases compared to pure PETG. This indicates that the ratio of
the loss modulus to the storage modulus increases, showing that the
material exhibits more damping behavior rather than elastic behavior.
This change is due to the interaction between the polymer and particles,
leading to a more viscous behavior of the material. The increased
damping behavior of the material with the addition of nanoparticles is
also explained by Suhr et al. [37]. Consider a single nanoparticle
embedded within the polymer matrix, experiencing deformation as
depicted in Fig. 5 under a uniaxial load. The energy dissipation (AW)
resulting from the interfacial slippage of this nanoparticle can be
quantified using Equation 1.

AW = /15, (6u)ds

where 7, is the critical interfacial shear stress, Su is the slipping distance,

Carbon black (line contact with matrix)

:> Applied strain

De-bonding due to normal stresses

@

-

Fig. 5. Schematic of deformation profile around a nanoparticle (adopted
from Ref. [37]).

Materials Chemistry and Physics 325 (2024) 129737

and dS is the active area of the filler that participates in the sliding.
When normal and shear stresses are applied to the particle, the normal
stress causes significant separation between the nano particle and the
matrix. As a result, the contact between the matrix and the particle
becomes linear.

When nano particles are added to the polymer matrix, it increases the
active interfacial contact area (dS) and contributes to interfacial slip-
page. According to equation 2, this increase in contact area leads to
higher energy loss (AW) and consequently increases the damping of the
material, which is reflected in the heightened tan 5. However, as the
number of extra nanoparticles increases and these particles cluster
together, the active interfacial contact area (dS) decreases, leading to
reduced energy loss and damping. This decrease in damping is evident in
the reduced height of the tan 6.

Fig. 4 (b) illustrates the variation of storage modulus across a tem-
perature range of 25-100 °C. The Figure illustrates three distinct re-
gions: a glassy region with a high storage modulus, indicating limited
movement of polymer chains; a transition region where the storage
modulus drops suddenly; and a rubbery region where the storage
modulus remains constant with increasing temperature.

At room temperature, an increase in the concentration of nano-
particles correlates with a rise in the storage modulus. Moreover, com-
posites containing higher levels of carbon black (CB) exhibit heightened
rigidity within this temperature range. The viscoelastic properties of
nanocomposites are influenced by factors such as filler content, the
quality of bonding between filler and matrix, and the arrangement of the
filler particles. Typically, the enhancement in storage modulus observed
across various nanocomposites can be attributed to the interaction be-
tween the polymer matrix and the nanofillers, which restricts the
mobility of the polymer chains [38].

In the rubbery region, it is observed that all nanocomposites behave
similarly to neat PETG at higher temperatures and beyond the glass
transition temperature. This indicates that the addition of nanoparticles
does not significantly alter the mechanical behavior of the material in
this phase.

3.2. MFI and printability

MFI of a thermoplastic material is a measure of how easily it flows
when melted and subjected to a specific temperature and pressure. It is
defined as the amount of material that flows through a small opening in
10 min. The MFI is an important indicator of a material’s flowability
[39]. The material extrusion 3D printing process involves melting and
extruding material. Direct pellet printing, is very similar to MFI testing.
In both processes, a syringe-like mechanism is used to push the melted
material through a small opening. Because of this similarity, the MFI test
can help us understand how a material behaves when it’s melted and
how it will behave during the direct printing process. However, to fully
evaluate how well a material can be printed, we also need to consider
other factors beyond just its melted behavior [40].

MEFI for pure PETG and PETG-CB composites with weight percentage
of 0.5 %, 1 % and 3 % were 7.34 + 0.35, 7.16 + 0.49, 7.03 + 0.51 and
6.81 + 0.63 g/10 min, respectively in printing temperature. It shows
that MFI slightly decreases with the increase in the weight percentage of
CB. The decrease in MFI with increasing CB content in nanocomposites
has also been reported by other researchers for polyethylene compounds
[41]. Furthermore, Shenavar et al. [42] investigated the flow and me-
chanical properties of carbon black-filled acrylonitrile butadiene styrene
(ABS) and found that MFI decreases with increasing CB content.

It is expected that better flowability of neat PETG can result in better
printability compared to CB-filled counterparts. MFI decreasing trend
can be attributed to the high surface activity of CB particles, which
causes significant hydrodynamic interaction, leading to an increase in
flow resistance between the sliding layers of molten material. Addi-
tionally, nanoparticles restrict the free movement of polymer chains
within the melt, decreasing flowability. However, these effects are
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minimal in low-content CB composites. As evident from the data, the
variation of MFI with carbon black content is very small. It is noticeable
that with the addition of 3 % CB, the MFI varies only by about 7 %
compared to neat PETG. Moreover, it has been shown by reserachers
that increasing pressure in the MFI test also increases MFI [42]. Simi-
larly, in direct pellet printing processes, the flow of melted material can
be regulated and increased by adding pneumatic pressure. The small
variation in composite MFI can be disregarded by increasing air pressure
slightly during the printing process.

Fig. 6 shows the SEM images of the fracture section of pure PETG and
PETG-CB composites 3D printed by the material extrusion method. The
rasters, layered structure and triangular microholes in SEM images for
PETG and all three PETG-CB composites are clearly visible, which are
characteristics of 3D printed parts. These characteristics can be strongly
or weakly displayed according to the physical properties and printing
ability of the material. In materials with suitable rheological properties
and uniform morphology, the volume of microholes can be smaller and
the quality of the layers’ connection can be stronger. According to Fig. 6,
the connection in the interfaces and between the layers and grids is
stronger for pure PETG, but the connection of the layers and the density
of triangular microholes are almost the same for all three composites.
Based on the images in Fig. 6(a—c), although PETG is also a material with
good printing ability, it still has triangular microholes. The exit of the
melt from the spherical nozzle causes grids with a circular cross-section
to be placed together and the gap between these grids creates triangular
holes that can be seen in all samples. This problem can be reduced by
increasing the output flow and integrating the grids into each other or
increasing the temperature of the nozzle to flow more melt. The pres-
ence of carbon-based fillers decreases the MFI of the melt and in this way
can contribute to the increase of micropores. In addition, the increase in
weight percentage of CB is another factor to reduce printability. With
the increase of CB fillers, which remain unchanged in the molten poly-
mer at the printing temperature, the possibility of nozzle clogging in-
creases greatly, and by cutting and connecting the output flow, it can
destroy the connection of the layers and increase the empty space. The
only positive point of adding CB fillers in terms of printability is
reducing the shrinkage coefficient of composites, which prevents the
reduction of the cross-sectional area and the weakening of the bonding
interface of the grids. The addition of CB, with much lower shrinkage
and thermal sensitivity compared to the polymer matrix, improves the
bonding quality of layers and printability. This issue can be the reason
for the improved printability for the composite containing more CB
(Fig. 6 (-M).

In addition, other factors play a role in the high printing ability of all
three PETG-CB composites. Using the optimal volume percentage of CB
and the proper mixing method, in addition to achieving a uniform
morphology and proper distribution of the filler, improves printability
and mechanical properties. CB fillers with spherical geometry is the best
option for strengthening the mechanical properties of 3D printed parts
due to its ability to distribute and create better rheological properties,
and it brings the least printing challenges, and allows the addition of
high weight percentages. In addition to all the mentioned factors related
to CB fillers and its distribution, the polymer matrix (PETG) and the
printing mechanism used also play a fundamental role in achieving high
printability. PETG is one of the most widely used commercial materials
in this field due to its high printing ability. Using a pneumatic system to
control, manipulate and strengthen the feeding system helps to create a
stable output flow, so that the it can be continuously controlled, and in
case of clogging of the nozzle or reduction of the output flow by
increasing the air pressure, the disruption of the output flow should be
prevented. For this reason, increasing the weight percentage of CB fillets
has not affected the printing ability.

3.3. Morphology

In Fig. 7, the morphology and distribution of CB in the PETG matrix
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in three different weight percentages are presented. According to Fig. 7
(a)—(c), the composite containing 0.5 % by weight CB has a uniform
distribution of fillers and a uniform structure is observed. The use of
melt mixing method with application of high shear stress, almost low
volume and spherical geometry of CB fillers is one of the factors of
uniform distribution in this composite. According to Fig. 7 (d)-(f), with
the doubling of the weight percentage of the fillers, uniform distribution
is still observed in the polymer matrix. The presence of tracks of CB in all
composites (even the composite containing 0.5 % by weight) can be due
to the mechanism of material extrusion 3D printing. The flat and smooth
fracture surfaces for the composite containing 0.5 % and 1 % by weight
of CB can be seen in Fig. 7 (a) and (d), indicating a lower filler-matrix
interface. In the composite containing 3 % by weight of CB, the un-
even fracture surfaces and the accumulation of fillers is observed in
some areas.

In composites containing filler, several other factors affect
morphology, printability and ultimately mechanical properties. Weight
percentage, geometry, filler distribution and filler-matrix bonding are
four important factors in polymer matrix composites to achieve desired
properties. The presence of filler in the polymer matrix increases the
mechanical properties due to its higher strength and hardness, but the
relationship between the weight percentage of the filler and the me-
chanical properties of composite is not direct, and the optimal me-
chanical properties are achieved at a specific weight percentage of the
filler, and this weight percentage is determined by other factors. Proper
filler distribution is the most important factor in achieving optimal
mechanical properties. Increasing particles up to a certain weight per-
centage can achieve a homogeneous and balanced structure, and with
excessive increase of particles, non-uniform morphology with agglom-
erate areas increases. These accumulation areas of filler are the source of
crack propagation and growth due to high porosity and lack of strong
strength. The geometry of the filler is also effective in determining the
optimal volumetric value of the filler in the polymer matrix, and fillers
with spherical geometry have a larger volume to proper distribution and
prevent agglomeration.

3.4. Mechanical properties

Results from tensile tests conducted on 3D printed pure PETG and
PETG-CB composites, as depicted in Fig. 8, provide valuable insights.
The stress-strain graphs reveal a significant observation: as the quantity
of CB increases, there is a noticeable ascent in the slope during the linear
phase of the curves. This finding indicates a positive correlation between
CB quantity and mechanical strength. Remarkably, the composite PETG-
CB-1% stands out by peaking at tensile strength among the tested var-
iants. In fact, the upward trend of the tensile strength and the slope of
the linear region continues until the composite containing 1 % CB, and
with the increase of the amount of CB to 3 %, the tensile strength and the
slope of the linear region decrease. This outcome underscores the po-
tential for enhancing the mechanical properties of PETG-based com-
posites through controlled CB incorporation. The interaction between
various factors influences the tensile strength and elongation of nano-
composites. Beyond nanoparticle concentration, factors like distribution
and filler-polymer matrix bonding play vital roles. Additionally, the 3D
printing process introduces porosity and shrinkage, impacting part
quality. Consequently, the relationship between tensile strength, elon-
gation, and filler weight percentage is nonlinear due to these intricate
interactions.

The p-value calculated for Ultimate Tensile Strength (UTS) was
0.003, which indicates high significance. A p-value of 0.05 or lower is
generally considered statistically significant. The data depicted in Fig. 9
illustrates the behaviour of elongation and strength during a uniaxial
tensile test until the UTD point. Notably, there’s a fluctuation in tensile
strength, ranging from 37.19 MPa to 42.69 MPa. The highest strength is
observed for PETG-CB-1%, reaching 42.69 MPa, which has increased by
14.8 % compared to pure PETG. Increasing the weight percentage of CB
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Fig. 6. SEM images to check the printability of: (a—c) pure PETG and PETG-CB composites containing: (d-f) 0.5 %, (g-i) 1 % and (j-1) 3 % carbon black.
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Fig. 7. Morphology of 3D printed PETG-CB composites containing: (a—c) 0.5 %, (d-f) 1 % and (g-i) 3 % carbon black.

from 0.5 % to 1 % enhances strength, but further increment to 20 %
reverses this trend, reducing strength to 40.74 MPa. SEM results indicate
that higher CB concentrations adversely affect 3D printing quality and
nanoparticle dispersion within PETG-CB composites. Specifically, the
PETG-CB-3% composite exhibits significant nanoparticle agglomera-
tion, likely leading to crack initiation and stress concentration, thus
compromising mechanical properties. Moreover, increased nanoparticle
content and agglomeration elevate melt viscosity during printing,

hindering melt flow regulation and resulting in increased porosity and
weaker bonding between printed layers and grids. These factors
collectively contribute to the strength diminishment of PETG-CB nano-
composites with higher nanoparticle content.

The toughness values for the 3D printed pure PETG and PETG-CB
nanocomposite up to the UTS threshold and at 30 % strain are depic-
ted in Fig. 10. These values are determined by calculating the area under
the stress-strain curves, reflecting a trend similar to the variations in
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composites in terms of weight percentage of carbon black.

mechanical properties. Specifically, the pure PETG nanocomposite ex-
hibits the lowest toughness at 6223J, attributed to its stress level, while
PETG-CB composites according to the increase in weight percentage of
CB show identical values at 6690J, 7499J and 7298J, respectively.

3.5. SME

The ability of 4D printed PETG-CB composites to recover their
original shape when exposed to heat was tested by immersing them in
boiling water to ensure they reached their glass transition temperature
(Tg), which was determined through dynamic mechanical thermal
analysis (DMTA). To assess the shape recovery of the 4D printed
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composites, a digital camera was employed to capture frames from a
video showing the shape recovery process at different time intervals, as
depicted in Fig. 11.

It is noteworthy that all the PETG-CB composites exhibited
outstanding shape fixity, with values surpassing 95 %, which can be
attributed to the substantial contrast in storage modulus before and after
reaching the glass transition temperature (Tg). This discovery aligns
with previous reports concerning neat PETG [24]. Another significant
observation is that all the composites are able to recover their perma-
nent shape in under 20 s, indicating a short recovery time, thus
rendering these composites suitable for swift-response applications,
such as rapid actuators.

Fig. 12 presents the shape recovery outcomes for pure PETG and
PETG composites with varying CB concentrations. It is clear that both
pure PETG and all the PETG-CB composites exhibited exceptional shape
recovery, with a recovery rate exceeding 97 %. Specifically, composites
containing 1 % and 3 % CB concentrations achieved 100 % shape re-
covery, while the pure PETG and composite with 0.5%wt CB achieved
97 % and 98 % shape recovery. The enhancement in shape recovery is
caused by the formation of a physical network through the introduction
of CB, which supplies extra entropic elasticity that helps restore speci-
mens during the shape memory test. The addition of a small amount of
CB established a suitable balance between fixed and reversible domains
in PETG [43]. This formation of a CB physical network led to an
improvement in the shape memory property of the composites. Addi-
tionally, the presence of a higher concentration of CB may lead to
improved heat transfer within the material, facilitating better response
to the heat stimulation and thus resulting in more effective shape
recovery.

The study’s findings also suggest that the addition of CB influenced
the shape recovery speed of the composites. Specifically, samples with 1
% CB showed faster shape recovery than those with 3 %, and 3 %
showed faster recovery than those with 0.5 % and pure PETG. In fact,
pure PETG and composite containing 0.5 % CB have almost the same
performance in shape recovery rate, especially in the initial seconds.
This suggests that relatively high dosages of CB, had a detrimental effect
on the preservation of the shape memory effect by causing bad chain
flexibility. Therefore, it’s evident that the dosage of CB has a significant
impact on the shape recovery speed and the overall shape memory
properties of the composites.

4. Conclusion

This study provides a comprehensive evaluation of the effects of CB
nanoparticle incorporation on the properties of PETG composites,
showcasing their enhanced capabilities for 4D printing applications. The
incorporation of CB significantly improves the mechanical and shape
memory properties of PETG, with the 1 % CB concentration demon-
strating the most favorable balance between enhanced strength and
effective shape memory behavior. The experimental results reveal that
these composites not only exhibit superior tensile strength but also
achieve exceptional shape recovery rates, surpassing 97 %. This makes
them particularly suitable for applications requiring rapid and reliable
responses to environmental stimuli. Furthermore, the research high-
lights the critical role of CB concentration in optimizing the viscoelastic
and mechanical properties of the composites. While higher concentra-
tions of CB lead to increased rigidity and potentially higher functional
performance, they also introduce challenges such as particle agglom-
eration and increased porosity, which can adversely affect the print
quality and mechanical integrity. The findings from this study under-
score the potential of PETG-CB composites to revolutionize the field of
4D printing by providing materials that are not only mechanically robust
but also exhibit dynamic, programmable behaviors suitable for a wide
range of advanced applications. Future research should focus on
exploring the long-term performance and environmental durability of
these composites, as well as their practical implementation in industrial
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and biomedical applications.
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