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ABSTRACT: Polyethylene terephthalate (PET) is a versatile and widely utilized thermoplastic
with a significant presence in various industries, including textiles, packaging, construction,
membrane filtration, and biomedical applications. This study demonstrates the feasibility of an
innovative additive-free 3D foam printing technology for PET, utilizing preinduced crystals from
CO2 impregnation to produce high-quality foam structures. By optimizing extrusion speed and
hot-end geometry, the process effectively controls foam morphology, eliminating the need for
branching agents or chain extenders. The mechanical properties of the foamed strands were
systematically analyzed, revealing that the mechanical properties are strongly influenced by the
degree of foaming, crystallinity, and relative density. To account for this effect, a modified scaling
law was introduced, incorporating the influence of crystals on stiffness. The model accurately
describes the elastic modulus across a wide range of densities and provides a useful tool for
predicting mechanical properties. The methodology is readily applicable to commercially available
PET and standard 3D printing technology, making it a scalable and practical solution for
lightweight structured materials in diverse industries. The findings highlight the critical role of process-induced crystallinity in
enhancing the mechanical properties of foamed PET, offering a scalable, cost-effective, and sustainable method for lightweight
polymer manufacturing. This approach eliminates the reliance on chemical additives while optimizing foam performance, making it
highly relevant for industrial applications requiring high-performance lightweight materials.

1. INTRODUCTION
Polyethylene terephthalate (PET) is a widely used thermoplastic
polymer with applications spanning textiles,1 packaging,2

construction,3 membrane filtration,4 and biomedical devices.5

Due to its broad utility, PET contributes significantly to global
plastic consumption, representing approximately 8% by weight
and 12% by volume of total solid waste.1 Its excellent
temperature resistance, high impact strength, and dimensional
stability make semicrystalline PET a cost-effective and reliable
engineering thermoplastic.6

Beyond conventional uses, PET is also processed into foams
for structural applications such as wind turbine blades7 and train
compartment panels.8 Extrusion foaming is the primary
manufacturing route for PET foams,9,10 as well as for other
thermoplastics.11 However, PET foaming remains technically
challenging due to its inherently low melt strength and slow
crystallization rate,12 which can lead to foam collapse and poor
structural uniformity.

Crystallinity plays a key role in addressing these limitations. It
facilitates bubble nucleation by offering heterogeneous
sites13−15 and helps retain the blowing agent, thereby improving
foam uniformity. A particularly effective method to enhance
crystallinity is carbon dioxide (CO2) impregnation, which can
induce crystal formation even at room temperature.16,17 These

CO2-induced crystals lower the Gibbs free energy barrier for
bubble formation,18,19 and if retained during processing, they
can contribute to increased melt strength.

To further improve PET foamability, several studies have
explored the use of chain extenders and branching agents.20−22

For instance, the addition of 0.75% pyromellitic dianhydride
(PMDA) has been shown to significantly enhance zero-shear
viscosity and melt strength.23 Likewise, introducing long-chain
branching (LCB) structures has been found to increase cell
density and reduce cell size, leading to improved foam
morphology.12 Modified PET copolymers have also enabled
the production of low-density foams with superior proper-
ties.24,25

In addition to chemical modifications, foam morphology can
be refined by adding nucleating agents such as talc or carbon
black.26,27 Xi et al.26 demonstrated that PET/clay nano-
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composites, despite lower viscosity compared to PMDA-
modified PET, achieved good foam stability due to well-
dispersed clays. Bocz et al.27 found that talc increased the
crystallization temperature and yielded smaller, more uniform
cells, resulting in foams with higher porosity and enhanced
stability.

Despite these developments, a persistent challenge remains:
CO2-induced crystals often dissolve during extrusion, eliminat-
ing their beneficial effects precisely when they are most needed
for foaming. As a result, existing strategies have largely focused
on generating new crystals near the die or incorporating
additives to restore melt strength and nucleation capability.
However, these approaches frequently overlook the potential of
preserving and utilizing the crystals already present in the
polymer matrix.

Building on this gap, the central hypothesis of this study is that
CO2-induced crystals can be preserved and effectively leveraged
during the foaming process, without the need for additives or
branching agents. We demonstrate that by precisely controlling
the polymer thermal profile within a commercial 3D printer�
specifically through adjustments to printing speed and nozzle
geometry�it is possible to regulate the extent of crystal melting
in the hot-end. This approach enables direct manipulation of
foam morphology using unmodified, linear PET. The observed
improvements in foam structure are attributed to the presence of
residual CO2-induced crystals, which serve as heterogeneous
nucleation sites during bubble formation.

2. MATERIALS AND METHODS
2.1. Filament Preparation. In this study, we present

additive-free PET foamed strands produced using an innovative
3D foam printing technology. Multiple experiments were
conducted, varying both the extrusion speed and the diameter
of the 3D printer hot-end. We utilized NEOPET 82 from
Neogroup, and an overview of its physical properties can be
found in Table 1. Prior to any handling, the PET pellets were
dried for 6 h at 70 °C.

To achieve a unified single-stage foaming process during
printing, the following sequential steps are executed: (1)
extruding filaments from PET pellets, (2) incorporating the
blowing agent into the filament, (3) generating a foamed strand
using the 3D printer, and (4) stabilizing the resulting foamed
filament.

To produce a PET filament with a diameter of df = 1.5 mm, we
employed a Composer350 extruder from the 3DEVO company
(The Netherlands), and the process parameters are detailed in
Table 2. The extruded PET filament was exposed to a 6 MPa

CO2 environment for 8 days to achieve complete CO2
solubilization, based on a CO2 diffusion coefficient of D = 7·
10−13 m2/s at 25 °C,13 and to produce uniformly crystalline
samples.13

2.2. Filament Foaming. A Prusa Research I3 Mk3s 3D
printer was employed for foaming the filament. The diameter of
the hot-end of the 3D printer was adjusted to regulate the
temperature profile within the melt. The samples were
processed using the 3D printer immediately after extraction
from the CO2 pressurized chamber to prevent CO2 desorption.
This step was crucial to avoid the formation of concentration
gradients along the radial direction, which could have led to the
development of gradient foams.28,29 The foaming process was
conducted with the hot-end temperature maintained at 290 °C
for all samples.

The foams underwent characterization to determine their
bulk density (ρb) and cell density (N). The bulk density was
measured in accordance with ASTMD7710, employing an
analytical balance (Mettler Toledo, Columbus, OH). To
prepare the samples, they were initially sectioned with a razor
blade and subsequently coated with gold via a sputter coater.
The cellular structure of the foams was examined using a
scanning electron microscope (Hitachi TM 3000 SEM). The
SEM images presented in the manuscript were captured from
randomly chosen cross sections of the foamed samples. Each
SEM experiment was conducted at least three times using three
different samples to calculate the cell size distribution. N was
computed as:

i
k
jjj y

{
zzzN n

Ab

3/2

=
(1)

where ρ represents the density of the solid sample, and n
corresponds to the number of cells within the selected area A on
the SEM micrograph. The expansion ratio was computed as ρ/
ρb, and the diameter ratio as df/dn, where df is the foamed strand
diameter and dn is the nozzle diameter (dn = 0.6 mm).

To assess the cell size distribution within the cross-sections of
the samples, a custom MATLAB algorithm was employed. First,
the foam cross-section images acquired via SEM were binarized.
The algorithm then automatically detects and outlines the
individual foam cells based on the identified boundaries in the
binarized image. Next, using the total number of detected cells
and the cross-sectional area, the program calculates the cell
density by applying eq 1. Finally, the algorithm generates the cell
size distribution by measuring and cataloging the characteristic
dimensions (e.g., equivalent diameter Deq) of each detected cell.
This process enables a detailed characterization of the foam
morphology.
2.3. Thermal Analysis. Differential Scanning Calorimetry

(DSC) was performed to evaluate the thermal behavior of the
polymer samples. The measurements were conducted using a
DSC 3+ Mettler Toledo, equipped with an IntraCooler III
refrigeration system, under a nitrogen atmosphere to prevent
thermal degradation. Samples were subjected to a controlled
heating ramp from 25 to 300 °C at a rate of 10 °C/min. This

Table 1. Physical Properties of NEOPET 82

property value test method

intrinsic viscosity (IV) 0.82 ± 0.02 dl/g WN-B010-7040 D (capillary
visc.)

melting temperature
(Tm)

248 ± 4 °C WN-B010-7089 D (DSC)

acetaldehyde content
(AA)

≤ 1 ppm WN-B010-9013 D (GC)

color b ≤ 1 WN-B010-7136 D
(HUNTER Lab)

fines ≤ 50 ppm WN-B010-9031 D
water content ≤ 0.2% WN-B010-7159 D
pellets weight 1.7 ± 0.1 g/ 100

pellets
WN-B010-9038 D

Table 2. Filament Extrusion Process Conditions

screw
speed

Zone 1
(feeding)

temperature

Zone 2
(melting)

temperature

Zone 3
(mixing)

temperature

Zone 4
(shaping)

temperature
fan

speed

10
rpm

280 °C 285 °C 287 °C 290 °C 500
rpm
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heating protocol was designed to capture key thermal
transitions, including the glass transition temperature (Tg),
crystallization temperature (Tc), and melting temperature (Tm).
The degree of crystallinity (χc) of the materials was determined
from the first heating scan as

H H
Hc

m cc

c
0=

(2)

where ΔHm, and ΔHc
0 are the experimental and the

thermodynamic equilibrium melting enthalpies of PET crystals,
respectively, and ΔHcc is the enthalpy associated with the cold
crystallization peak. The value of ΔHc

0 = 140 J/g has been
assumed.30

2.4. Mechanical Properties. The mechanical properties of
the foamed strands were evaluated through compression tests
conducted using a commercial texture analyzer (Brookfield
Ametek CTX). The strands were cut into thin cylindrical
samples with a height of approximately 0.5�1 mm. The samples
were then fixed onto a plate and subjected to compressive stress,
reaching up to 50% deformation, with the upper plate moving at
a constant velocity of 0.01 mm/s.
2.5. Hot-End Geometry. This study examined two distinct

hot-end designs, both featuring an internal channel but differing
primarily in channel diameter distribution. The hot-end,
positioned just before the nozzle exit (Figure 1a), is heated by
a resistance element. Within this component, the polymer flows
through a cylindrical channel, where it undergoes the melting
process.

The experiments were designed to regulate the extent of PET
crystal melting within the hot-end, directly influencing foaming
behavior. The first design (A) features a Volcano-style nozzle,
incorporating a 2 mm inner channel that remains cylindrical
throughout the 20 mm length of the hot-end. The channel then
converges to 0.6 mm at the nozzle exit. This nozzle is in direct
contact with the heat break, ensuring a consistent 2 mm
diameter throughout the hot-end length before tapering at the
exit. The second design (B) incorporates a variable-diameter
channel over the same 20 mm length. The first third consists of
the heat break, which has a 2 mm inner diameter. The middle
third narrows to 1.5 mm, resembling the design described in.31

The final third is composed of a shorter nozzle with a 2 mm inner
channel, which then tapers down to 0.6 mm at the exit. This

configuration maintains a 2 mm diameter at the entrance and
exit while introducing a restricted flow region in the middle.

Upon exiting the nozzle, the polymer melt undergoes an
abrupt pressure reduction, serving as the primary trigger for
foaming. The resulting foamed strand is then cooled using a fan
and gathered for analysis. All foams have undergone character-
ization based on expansion ratio, diameter ratio, cell density, and
degree of crystallinity.
2.6. Rheology. Rheological characterization was carried out

using anAnton PaarMCR 702 rheometer with a 25 mm parallel
plate geometry at 290 °C. The sample was allowed to equilibrate
at the test temperature for 10 min to ensure complete melting.
Two tests were performed: a nonlinear flow curve to evaluate the
shear-dependent viscosity, and a linear viscoelastic frequency
sweep to assess the molecular structure and linearity of the PET
chains. Prior to the frequency sweep, an amplitude sweep was
conducted to verify the linear viscoelastic (LVE) region,
confirming that a strain amplitude of 1% falls within it. The
flow curve results are reported in the main manuscript, while the
frequency sweep data�obtained at a constant strain amplitude
of 1%�are presented in the Supporting Information.

3. RESULTS
It is well established that the diffusion of CO2 into PET
promotes crystal growth.13,17 Studies have shown that achieving
a steady-state crystallinity in PET at 25 °C and 6 MPa requires
approximately one day, following the establishment of a uniform
CO2 concentration throughout the sample.13

It is also important to note that the PET used in this study
consists of linear chains without branching, as confirmed by the
rheological analysis presented in the Supporting Information
and discussed in detail in ref.32

The DSC heating scans for PET both before and after CO2
solubilization are shown in Figure 2. After the inflection point
due to Tg at 70 °C the DSC scan of the PET sample without
blowing agent exhibits a cold crystallization peak at 117 °C,
followed by a melting peak at 250 °C. In the presence of CO2,
only the inflection point of Tg at 63 °C and the melting peak at
250 °C are observed, indicating that the sample is crystalline.

Figure 1. (a) Sketch of the PET filament entering the hot-end and
foaming upon the 3D printer nozzle exit. (b) Schematic representation
of the two hot-end designs. (Top) Design A, (Bottom) Design B. The
sketch is not to scale.

Figure 2. DSC heating scans of PET filament before and after CO2
solubilization at 60 bar. The degree of crystallinity χc is 0.11 and 0.28 for
PET without and with CO2, respectively.
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Notably, the glass transition temperature (Tg) decreases from 70
to 63 °C in the presence of CO2, likely due to its plasticizing
effect. The degree of crystallinity χc is 0.11 and 0.28 for PET
without and with CO2, respectively. This confirms that PET has
a relatively high crystal content as a result of CO2 solubilization.

The following sections discuss the effect of process
parameters, including extrusion speed and hot-end diameters,
on foam quality. Additionally, they explore the correlation
between these parameters and the crystal content within the
foam.
3.1. Effect of Extrusion Speed. Figure 4 illustrates the

impact of extrusion speed (U) on expansion ratio, diameter
ratio, cell density, and degree of crystallinity is presented. An
increase in U leads to an increased expansion ratio (Figure 4a)
and diameter ratio (Figure 4b) for each hot-end diameter. This
trend is consistent with previous findings in PET extrusion
foaming,33 where it was attributed to a higher pressure drop rate
(PDR) during printing. In this context, the PDR is the rate at
which the pressure in the nozzle decreases to ambient pressure
as the polymer exits.

An increase in U also leads to a higher pressure drop in the
nozzle while simultaneously reducing the residence time,
resulting in an increased PDR. In this study, U is varied between
0.5 and 45 mm/s. A rough estimate of the pressure drop rate is
given by PDR ≈8η Q2/π2(dn/2)6, where Q = Uπ df

2/4 represents
the polymer flow rate, and η is the viscosity of PET. The
nonlinear rheology measurements are shown in Figure 3. Using
these values, the PDR is estimated to vary within the range
O(102)−O(103) bar/s.

SEM analysis shown in Figure 5, reveals that higher printing
velocity increases the number of cells per unit volume (Figure
4c) while decreasing the average bubble size (Figure 10) across
all hot-end diameters. Within the velocity range investigated in
this study, cell density varies by more than 3 orders of
magnitude. This finding aligns with the behavior observed in
PET foam extrusion processes.33 Typically, this behavior is
associated with an increase in PDR.34 A higher PDR accelerates
the formation of stable nuclei, reducing the likelihood of the
blowing agent inflating newly formed bubbles and leading to a
more refined cellular structure.34

A similar trend is observed for the degree of crystallinity
obtained from DSC analysis Figure 6. Regardless of the hot-end
diameter, χc increases monotonically with U, as shown in Figure
4d. This is likely due to the fact that when the extrusion rate

increases, the residence time of the PET in the ”hot-end”
decreases, preventing already-formed crystals from melting and
allowing more crystals to survive until the nozzle exit.

Compression tests highlight a significant influence of U on the
maximum stress (σmax) reached at the end of the linear elastic
regime. As illustrated in Figure 7, σmax decreases by nearly an
order of magnitude with increasing U for both hot-end
geometries. This trend aligns with findings from previous
studies, which report a deterioration in the mechanical
properties of foamed PET under compression as the expansion
ratio increases, corresponding to a decrease in foam density.35,36

Similar behavior has also been observed in tensile strength
measurements of foamed PLA strands.28,37

However, the specific mechanical properties (σmax/ρb) of the
foamed strands exhibit a significantly smaller decrease with
increasing printing velocity compared to σmax. This improve-
ment can be attributed to the enhanced crystallinity of the
foamed samples at higher printing velocities, as shown in Figure
4d. A more detailed analysis of this phenomenon will be
provided in Section 4.
3.2. Effect of Hot-End Diameter. As mentioned earlier, in

this study we varied the hot-end diameter (dhe) between two
values: 1.5 mm and 2 mm. Figure 4 presents the impact of dhe on
expansion ratio, diameter ratio, cell density, and degree of
crystallinity. Generally, the expansion ratio is greater for the
larger diameter (Figure 4a), and the same behavior is observed
for the cell density (Figure 4c). The diameter ratio appears to be
less sensible to the hot-end diameter; however, an increase in
this parameter is observed for U values greater than 25 mm/s
(Figure 4b).

The observed increase in χc (Figure 6) with larger hot-end
diameters is primarily attributed to diminished heat transfer
efficiency to the polymer melt core. As the hot-end diameter
(dhe) increases, the radial distance between the heated barrel
wall and the center of the polymer stream also increases. Under
constant residence time and thermal diffusivity, this extended
distance impedes effective thermal conduction, thereby delaying
heat penetration into the core. As a result, the melting of CO2-
induced crystalline domains becomes incomplete, leading to a
higher retention of crystallites and, consequently, an elevated
degree of crystallinity at the nozzle exit. This mechanism and its
implications will be further examined in Section 4.

Concerning the mechanical properties of the foamed strands
at low printing velocities, the hot-end diameter (dhe) does not
appear to have a significant influence, as both σmax and σmax/ρb
exhibit similar values for the two hot-end geometries (Figure 7).
However, at higher printing velocities (U), a noticeable trend
emerges where the mechanical properties slightly improve for
samples printed with the smaller hot-end diameter (dhe = 1.5
mm). This will be discussed in Section 4.

4. RESULTS, DISCUSSION, AND MODELING
Results similar to those reported here have been linked to an
increase in PDR with U, which subsequently promotes bubble
nucleation. A 10-fold increase in PDR (Section 3.1) results in a
cell density increase of approximately 103, as illustrated in Figure
4c. However, it has been shown that an increase in PDR alone
cannot account for the significant rise in cell density observed in
this study.34 This suggests the possibility of additional
mechanisms contributing to the sharp increase in bubble nuclei
observed in the experiments.

Another widely used approach to enhance bubble nucleation
in polymers is the incorporation of additives, or nucleating

Figure 3. Viscosity as a function of shear rate for NEOPET 82 at 290
°C.
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agents. These agents facilitate heterogeneous bubble nucleation
by creating stable nuclei on their surfaces. For instance, talc
particles have been demonstrated to increase the cell density of
polystyrene by roughly 3 orders of magnitude,34 a magnitude
comparable to the increase observed in this study. The rise in the
degree of crystallinity with U and dhe may mimic the behavior of
commercial nucleating agents, thereby enhancing bubble
heterogeneous nucleation. This is further facilitated by the
significantly lower contact angle between the crystals and the
liquid phase compared to standard nucleating agents like talc.19

The quantity of crystals in foam produced through 3D
printing is closely tied to the temperature profile within the
polymer in the hot-end, which is governed by the process
parameters adjusted in this study. Although variations in PDR
can affect foam density and morphology, its impact is relatively
minor compared to that of crystallinity, particularly at the
highest extrusion speeds. In the 3D printer, the polymer filament
melts within the hot-end as heat is applied. At higher extrusion
speeds, the polymer residence time in the hot-end decreases,
resulting in a nonuniform temperature distribution in the radial
direction. As a result, the core of the filament does not reach the
same temperature of the polymer-wall interface, which is equal
to the imposed temperature. This uneven heating prevents the
complete melting of all of the crystals initially present in the
filament during the printing process.

This highlights the need to identify a parameter that
represents the temperature nonuniformity within the filament,
as the PDR alone cannot account for the observed trends. The
uniformity of temperature in the hot-end is determined by the
ratio between convective axial heat flux and conductive radial
heat flux, known as the Graetz number (Gz),38 defined as

c U R

k L
Gz

p he

eq

2

=
(3)

where cp is the specific heat, keq is the equivalent thermal
conductivity, Rhe is the hot-end average radius, and L is the hot-
end length.

As mentioned earlier, two different hot-end geometries have
been used in this study. For hot-end A, the filament diameter of
1.5 mm is insufficient to completely fill the hot-end (2 mm),
likely creating a thin air gap between the filament and the heated
wall of the hot-end. This must be considered when computing k
for the Graetz number. Given k = 0.19 W/m°C for PET and
using the equivalent thermal conductivity keq resulting from two
thermal resistances in series (one for PET and one for air), we
obtain keq = 0.07 W/m°C. This thermal conductivity is treated as
constant for the entire length of the hot-end. In contrast, for hot-
end B, only the initial third of its length would not be completely
filled, resulting in an overall keq = 0.15 W/m°C.

In 3D printing, if Gz < 10, the conductive heat flux is sufficient
to heat the polymer core to the wall temperature by the end of
the hot-end.38 However, if Gz > 10, the temperature profile in
the polymer is not homogeneous, as convective heat transfer
dominates over conductive heat transfer. The Graetz number is
particularly useful for visualizing the effects of both U and Rhe
on foaming performance. The dependence of the temperature
profile on Gz is also confirmed by numerical simulations
presented in the Supporting Information.

As illustrated in Figure 9, the proposed nondimensionaliza-
tion effectively collapses the data onto a single curve. As shown
in Figure 9d, at Gz < 10, the crystal content in the foamed
samples remains relatively low, indicating predominantly
amorphous PET. In contrast, at Gz > 10, the crystal content
increases significantly. This rise in crystallinity is attributed to
the emergence of substantial thermal gradients within the hot-
end, which lead to temperature nonuniformity, as confirmed by
previous studies.38 This thermal nonuniformity prevents the
complete melting of PET crystals, thereby promoting

Figure 4. (a) Expansion ratio of foamed samples as a function of extrusion velocity for two different hot-end diameters. (b) Diameter ratio as a function
of extrusion velocity for two different hot-end diameters. (c) Number of cells per unit volume in the foamed samples as a function of extrusion velocity
for two different hot-end diameters. (d) Degree of crystallinity of foamed samples as a function of extrusion velocity for two different hot-end
diameters.
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heterogeneous bubble nucleation and enhancing melt strength.
As a result, uniformly foamed structures are obtained, as
evidenced by the SEM micrographs in Figure 5. This behavior is
also consistent with fundamental findings from nonaqueous
foaming studies, which show that foam stability increases with
viscosity.39 Conversely, for Gz < 10, the temperature within the
hot-end remains uniform across the radial direction and equal to
the wall temperature, leading to the complete melting of crystals
and to an almost unfoamed structure. The proposed mechanism
is schematized in Figure 8a.

Figure 9a illustrates the relationship between the expansion
ratio and Gz. As anticipated, the expansion ratio increases with
Gz. At Gz < 10 foam expansion is quite poor with expansion
ratio values close to unity (Figure 8b), as confirmed by the SEM
images of samples extruded at low Gz number Figure 5. At Gz >
10, there is a sudden rise in the expansion ratio, indicating the
presence of temperature inhomogeneity at these Gz values
(Figure 8c).

A comparable trend is observed in Figure 9c, which illustrates
cell density as a function of Gz. For Gz < 10, the cell density
remains relatively low, approximately 103 cells/mm3. However,
when Gz > 10, the cell density increases dramatically by 3 orders
of magnitude, indicating that residual crystals play a crucial role
in enhancing bubble nucleation.

In contrast, the diameter ratio shows a steady increase with Gz
but does not exhibit a pronounced rise for Gz > 10, as depicted
in Figure 9b. This behavior can likely be attributed to anisotropic
expansion during significant foaming. In this case, the polymer
tends to expand more in the axial direction than in the radial
direction, thereby preventing a sharp increase in the diameter
ratio.

The cell size distribution is also dependent on Gz, as shown in
Figure 10, which presents the probability distribution of cell size
(Deq) for different values of Gz.

For Gz < 10, the cell size distribution is relatively broad, with
sizes ranging from 5 to 100 μm. As Gz increases (Gz > 10), the
distribution becomes progressively narrower, with most cell

Figure 5. SEM micrographs of the radial section of foamed PET samples produced at various process conditions. Parameters include plunger velocity
(U), hot-end diameter (dhe), and Graetz number (Gz): (a) U = 35 mm/s, dhe = 2 mm, Gz = 38; (b) U = 25 mm/s, dhe = 2 mm, Gz = 27; (c) U = 45 mm/
s, dhe = 1.5 mm, Gz = 20; (d) U = 10 mm/s, dhe = 2 mm, Gz = 11; (e) U = 5 mm/s, dhe = 2 mm, Gz = 5; (f) U = 10 mm/s, dhe = 1.5 mm, Gz = 4; (g) U = 5
mm/s, dhe = 1.5 mm, Gz = 2.
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sizes concentrated below 20 μm (Deq < 20 μm). At higher Gz
values, the variability in cell sizes decreases, with fewer large cells
and a sharper peak at smaller Deq, indicating a more uniform
bubble size distribution. This shift toward smaller, more uniform
cell sizes suggests that higher Gz enhances consistent bubble
nucleation while limiting cell growth. This behavior is likely due
to increased thermal gradients, which promote higher
crystallinity and greater melt strength in the polymer. These
findings highlight the significant role of Gz in regulating bubble
nucleation and growth, leading to finer, more uniform foamed
structures at elevated Gz values.

A similar analysis can be applied to interpret the results of
foam compression tests. The complete stress (σ)-strain (ε)
curves are presented in Figure 11a, illustrating the distinct
mechanical behavior between nonfoamed and foamed samples.
The unfoamed material exhibits the highest mechanical
performance, characterized by a steep linear increase in stress,

followed by strain hardening beyond approximately 20%
strain�a typical response of dense polymers with high load-
bearing capacity. As Gz increases, corresponding to a greater
degree of foaming, the mechanical properties degrade
significantly. The stress levels drop substantially, and the
material reaches stress saturation at lower strains, indicating
reduced stiffness and strength. The progressive decline in peak
stress with increasing Gz further confirms that higher foaming
degrees (lower densities) lead to weaker mechanical perform-
ance. This trend aligns with previous studies linking an increased
expansion ratio to reduced mechanical strength due to a higher
fraction of voids in the material.35,36 In contrast to nonfoamed or
minimally foamed samples (Gz < 10), where stress continues to
increase beyond 20% strain, highly foamed samples exhibit a
plateau, suggesting that their deformation is predominantly
governed by cell collapse rather than strain hardening.

Plotting σmax and σmax/ρb against Gz allows the data to
collapse onto a single curve, demonstrating that the chosen
nondimensionalization effectively captures the underlying
physics of the phenomenon under investigation. The maximum
stress recorded at the end of the linear elastic regime during
compression decreases consistently with increasing Gz,
confirming that higher degrees of foaming weaken the
mechanical properties due to the presence of air voids. However,
as previously observed, the reduction in specific mechanical
properties with Gz is significantly less pronounced. This suggests
that while foaming reduces absolute strength, the corresponding
decrease in density helps maintain a relatively stable strength-to-
weight ratio. Thus, although foaming weakens the material in
absolute terms, the reduction in density mitigates the perform-
ance loss when considering mechanical efficiency relative to
weight. This trend is particularly relevant for applications where
lightweight structures are prioritized over absolute strength. The
data also suggests that at low Gz, the reduction in mechanical
properties is minimal, whereas at higher Gz, the decrease in σmax
becomes more significant. This observation implies a possible
threshold around Gz ≈10, beyond which excessive foaming
leads to structural weaknesses.

The observed trend in σmax/ρb can be attributed to the high
crystallinity content at elevated Gz values. This hypothesis is
further supported by an analysis of the elastic modulus. Figure
11c presents the specific elastic modulus (ϵ/ϵp), where ϵ and ϵp
represent the elastic moduli of the foamed and pure polymer,
respectively, plotted as a function of the inverse expansion ratio
(ρb/ρ). The data follows a power-law trend up to ρb/ρ ≈0.4, as
indicated by the solid line, demonstrating that a decrease in ρb/ρ
leads to a corresponding decrease in the specific elastic modulus.
This behavior is consistent with classical scaling laws for cellular
materials, where the specific elastic modulus follows the
relationship ϵ/ϵp ∼ (ρb/ρ)2,40 which perfectly describes our
data.

At lower ρb/ρ, however, the data begins to deviate from the
expected power-law trend and stabilizes at a higher value. This
deviation suggests the presence of an additional stiffening
mechanism that prevents the elastic modulus from decreasing as
rapidly as predicted by a simple porosity-based scaling law. The
enhanced elastic modulus of the foamed PET strands at low
densities can be attributed to increased crystallinity at higher
degrees of foaming. This explanation is further supported by the
observed trend in specific crystallinity (χc/χc

p), where χc
represents the degree of crystallinity of the foamed strand and
χc

p that of unfoamed PET after CO2 solubilization. As shown in
Figure 11d, χc/χc

p decreases as a function of the inverse

Figure 6. Differential scanning calorimetry (DSC) curves of PET
samples printed at various extrusion speeds (U) and hot-end diameters
(dhe). Each curve is vertically offset for clarity. The direction of
increasing endothermic heat flow is indicated by the arrow. Key thermal
transitions, including crystallization and melting peaks, vary as a
function of processing conditions.

Figure 7. Maximum stress (σmax) and specific maximum stress (σmax/
ρb) as functions of printing velocity for foamed PET strands printed
with two different hot-end diameters.
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expansion ratio (ρb/ρ). The data follows a power-law decay, χc/
χc

p ∼ (ρb/ρ)m, with an exponent m = −1.14 obtained through
best fitting, which contrasts with previous findings reporting a
linear decrease.37

At higher relative densities, the material retains a greater
number of crystalline regions, which contribute to its overall
stiffness.41 These crystalline domains likely reinforce the cell
walls, enhancing the material load-bearing capacity and leading

Figure 8. (a) Schematic depicting the crystalline structure and its impact on foam quality at varying Gz number. (b) Picture of foamed filament at Gz =
5. (c) Picture of foamed filament at Gz = 38.

Figure 9. (a, b, c, d) Expansion ratio, diameter ratio, cell density per unit volume, and degree of crystallinity of foamed samples as a function of Gz for
two different hot-end diameters, respectively.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.5c01123
Ind. Eng. Chem. Res. 2025, 64, 12770−12780

12777

https://pubs.acs.org/doi/10.1021/acs.iecr.5c01123?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c01123?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c01123?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c01123?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c01123?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c01123?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c01123?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c01123?fig=fig9&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.5c01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to the observed stabilization of the elastic modulus at low ρb/ρ.
To account for this effect, the classical scaling law proposed by40
can be modified. By incorporating the exponents obtained from
the scaling of χc/χc

p (m = −1.14), we introduce an additional
contribution to ρb/ρ and include a power-law prefactor K,
resulting in the following modified scaling equation
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m

p

2

= +
(4)

As shown in Figure 11c, this modified scaling, with K =
0.0033, provides a satisfactory fit to the data. It thus enables the
prediction and design of the mechanical properties of foamed
printed strands over a wide range of densities, while also
accounting for the significant influence of crystallinity on the
elastic modulus. Similar scaling approaches have been
successfully applied to describe the mechanical properties of
microfoamed polymer strands, under the assumption that cell
orientation remains consistent across samples of different
densities, as illustrated in Figure 5.37 However, caution should
be exercised when applying eq 4 to extrapolate mechanical

behavior at even lower ρb/ρ. When the polymer content
becomes negligible compared to the gas content, the physical
assumptions underlying this scaling may no longer hold,
potentially limiting its validity in highly expanded foams.

It is important to note that although this study focuses on
isolating the effect of heat transport in the hot-end via the Graetz
number (Gz), other parameters�such as CO2 concentration,
saturation pressure, time, and hot-end temperature�are also
well-known to significantly influence the foaming behavior of
PET and related polymers. Prior work has shown that increasing
CO2 content enhances crystallinity through a plasticizing
effect,13 which in turn improves foam morphology and cell
uniformity in both PET36 and PLA.37 Additionally, optimal
foaming temperatures have been identified for PET,33 PLA,37,38

and olefin block copolymers,11 with suboptimal conditions
either suppressing nucleation or causing excessive cell
coalescence and collapse. In this study, these factors were kept
constant to isolate the role of thermal transport as characterized
by Gz. Future work will examine their combined effects to map
optimal foaming conditions and further validate the link
between crystallinity and mechanical performance.

5. CONCLUSIONS
This work introduces a novel additive-free 3D foam printing
strategy for polyethylene terephthalate (PET), utilizing CO2-
induced crystallinity to enable high-quality foam structures
without the need for branching agents or chain extenders. By
systematically tuning the extrusion speed and hot-end geometry,
the process allows effective control over foam morphology and
mechanical properties, using only commercially available PET
and standard 3D printing equipment.

A key contribution of the study is the demonstration that
residual crystallinity�induced by CO2 saturation and partially
retained during printing�plays a critical role in bubble
nucleation and foam stabilization. The thermal profile within
the printer hot-end, quantified via the Graetz number (Gz),

Figure 10. Cell size distribution probability of foamed samples at
different Gz.

Figure 11. (a) Stress (σ)-strain (ε) curves of foamed and nonfoamed PET strands under compression, with different levels of foaming characterized by
Gz. (b) Maximum stress (σmax) and specific maximum stress (σmax/ρb) as functions of the Graetz number. (c) Specific elastic modulus (ϵ/ϵp) as a
function of the inverse expansion ratio (ρb/ρ). The data follows a power-law with slope −2 (dashed line) at higher densities. The solid line represents
the scaling provided in eq 4. (d) Specific crystallinity (χc/χc

p) as a function of the inverse expansion ratio.
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governs the extent of crystal melting. For Gz < 10, a nearly
uniform temperature distribution leads to full melting of the
crystals, resulting in low crystallinity and poor foam expansion.
In contrast, when Gz > 10, significant thermal gradients promote
the preservation of some crystals, which act as heterogeneous
nucleation sites and improve foam quality in terms of expansion
ratio, cell density, and uniformity.

Mechanical testing confirmed that increased foaming reduces
absolute compressive strength, as expected due to increased
porosity. However, the specific mechanical properties (normal-
ized by density) remain relatively stable across a wide range of
conditions, indicating good mechanical efficiency. To describe
this behavior, a modified scaling law was proposed, which
accounts for the reinforcing effect of crystallinity on the elastic
modulus of the foamed strands.

The elimination of chemical additives such as chain extenders
offers both economic and sustainability advantages. Not only are
processing costs reduced, but the absence of molecular
branching promotes higher crystallinity, which in turn enhances
both mechanical and rheological performance. This makes the
proposed method a viable route for fabricating lightweight, high-
performance polymer structures in industrial applications.

To further advance this approach, future research should
examine the effects of additional process parameters such as
CO2 saturation pressure, duration, and hot-end temperature,
which are expected to further influence crystallinity and foam
structure. It would also be valuable to conduct control
experiments using precrystallized PET filaments without CO2
saturation, in order to isolate the role of thermal gradients in
crystal melting. Although technically challenging�since crys-
tallinity in PET is closely linked to CO2 solubilization�such
studies would help confirm whether the observed behavior is
due solely to thermal effects or to interactions between
saturation and foaming. In addition, while the present study
focused on individual foamed strands, a critical next step is to
fabricate multistrand or layered printed structures. This will
enable mechanical testing of interstrand adhesion and interfacial
strength, which is essential to assess the feasibility of scaling the
process for structural applications. Literature suggests that when
thermoplastic strands are deposited in a molten state, they can
form strong cohesive interfaces via polymer chain entanglement,
potentially allowing the creation of robust, load-bearing 3D
foam architectures.

In conclusion, this study provides a promising pathway
toward scalable, sustainable, and cost-effective production of
structured polymer foams via additive manufacturing, opening
new opportunities for high-performance lightweight materials
without the need for chemical modification. Moreover, the
underlying principle�leveraging gas-induced crystallinity and
thermal gradient control to direct foam structure�could be
extended beyond engineering polymers. In particular, this
approach holds potential for applications in food systems,42

where additive-free foaming, controlled porosity, and tailored
mechanical properties are equally desirable for developing novel
textures and functional food structures through 3D printing.
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