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Table 2. SEM images of the structures printed at different temperatures using different nozzle diameters.

Nozzle diameter

[mm]

Printing
temperature
[C°]

0.4

0.6 0.8

220

18KkU 2 11 48 SEI

230

240

18ky

250

regardless of the nozzle diameter, indicating that the
temperature was insufficient to initiate effective foam-
ing. This observation is supported by the SEM im-
ages shown Table 2, where only a minimal number
of pores — or in some cases, none — can be observed.
Although the 0.4 mm nozzle provided higher shear
rates, the total thermal input — resulting from the
combination of residence time and viscous heating
— was still inadequate to trigger the decomposition
of the blowing agent and initiate cell nucleation at
this low temperature.

The cell structural characteristics extracted from SEM
images (Figure 7) reveal that above 230°C, smaller
nozzle diameters led to an increased number of nu-
cleated cells per unit volume, resulting in higher cell
density. This is a direct consequence of the greater
pressure drop, which promotes bubble nucleation.
Furthermore, while cell diameter remained relatively
stable across different nozzle sizes, a slight increase
was observed for smaller nozzles. This is presumably
related to the longer residence time (see Figure 3),
which may have led to more gas formation, and to the
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Figure 6. Density results of the structures printed at different
temperatures using different nozzle sizes.

fact that the material likely reached the target temper-
ature more uniformly across the cross-section, allow-
ing for a longer cell growth period before the polymer
solidifies and stabilizes the foam structure.

While these effects were still observable at 250°C,
the influence of nozzle diameter on density and
structure became less distinct compared to lower
temperatures (Figure 6). As shown in Figure 7, cell
density was still higher for smaller nozzle diameters,

suggesting enhanced nucleation. The average cell
size remained relatively stable, but SEM images
(Table 2) indicate that samples printed with larger
nozzles exhibited a more heterogeneous cell distri-
bution, including a few larger pores, regions lacking
visible cells, and areas with only partially expanded
structures. These structural irregularities balanced
each other out, resulting in similar average cell sizes
despite the visible differences in foam morphology.
At this elevated temperature, the reduced pressure
drop associated with larger nozzle diameters may
shift the balance between nucleation and growth, re-
sulting in fewer nucleated cells. These cells, howev-
er, can grow larger as more gas diffuses into them
[38, 39]. The lower internal pressure in these ex-
panding bubbles facilitates additional gas uptake,
amplifying cell growth over nucleation and forming
larger, more isolated pores.

These findings highlight that selecting an appro-
priate nozzle diameter is a crucial parameter for
optimizing in-situ foaming efficiency, as it directly
influences the extent of expansion, cell nucleation,
and final cellular morphology.
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Figure 7. Cell density (a), cell diameter (b) and cell wall thickness (c) characteristics of the foam structures printed at different

temperatures using different nozzle sizes.
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3.3. Functionally graded foams: Effect of
temperature-controlled layering on
mechanical properties

3.3.1. 3D-printing

According to the method described in Section 2.2.4.,

we created 4-layer graded structures, in which the

porosity of each layer were controlled by modifying
the printing temperature and compensating the
change in volume due to foaming with the extrusion
multiplier. The SEM images taken from the cryo-
genic fracture surfaces of each configuration are pre-

sented in Figure 8.

As shown in Figure 8, some minor voids can be ob-

served between the layers, especially in the non-

foamed regions. These are likely due to the lack of
expansion, which generally helps to fill small gaps
between layers. It is important to note that increasing
the flow rate could help eliminate these interfacial

230-230-230-230°C

18Ky

250-240-225-210°C

18Ky

c)

voids, as more material would be deposited in each
layer. In this study, however, we adjusted the extru-
sion parameters only to maintain the same overall
dimensions and mass for each configuration, so that
the effect of layer arrangement could be compared
directly.

3.3.2. Three-point bending

The results of the three-point bending tests are sum-
marized in Figure 9, illustrating the force-deforma-
tion curves, the flexural strength and modulus for
each graded structure. The results clearly show the
influence of the layer configuration on the mechan-
ical performance, demonstrating that the control over
porosity by adjusting the printing parameters can
significantly enhance flexural resistance.

The 210-250-250-210 configuration, which has
dense outer layers and a porous core, exhibited the

210-250-250-210°C
e o 2

i8ku

d)

Figure 8. SEM images of the four-layer graded structures printed with different temperatures applied to each layer. a) printed
with 230-230-230-230°C, b) with 210-250-250-210°C, c¢) with 250-240-225-210°C and d) with 210-225-

240-250°C.
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Figure 9. Force-deformation curves (a), limit bending stress (b) and elastic modulus (c) results obtained from the 3-point

bending test.

highest flexural strength (41.15+1.955 MPa) and
modulus among all tested structures. This outcome
can be explained by the general stress distribution in
bending, where the top and bottom layers experience
the highest compressive and tensile stresses, respec-
tively. Since these layers had the highest density,
they provided enhanced resistance to deformation,
while the porous core reduced weight without sig-
nificantly compromising stiffness. This design max-
imized mechanical performance while minimizing
mass, demonstrating the efficiency of a shell-core-
shell design for bending loads. The deformation re-
mained largely elastic up to relatively high loads,
with visible deflection but no sudden failure, indi-
cating stable load-bearing behavior of the dense
outer layers.

In contrast, the homogeneous structure (230-230-
230-230) exhibited a significantly lower flexural
strength (24.3£1.022 MPa). In this case, the stress was
evenly distributed throughout the sample, preventing
localized strengthening in the most highly stressed
regions. This confirms that material grading plays a
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crucial role in optimizing bending performance by
reinforcing the areas subjected to the highest loads.

For graded structures with progressively changing
density, the flexural strength varied depending on the
direction of the density gradient. The 210-225-240—
250 configuration, where the upper layers were more
porous and the lower layers denser, exhibited higher
strength (27.296+0.836 MPa) than its inverse coun-
terpart (250-240-225-210, 20.351£1.193 MPa).
This trend is closely related to the general mechani-
cal behavior of cellular materials, as foams tend to
be more resistant to compressive loads than tensile
loads. In bending, the top layer undergoes compres-
sion, while the bottom layer is subjected to tensile
stress. In the 210-225-240-250 structure, the dens-
est layer was positioned at the bottom, reinforcing
the region most sensitive to tensile loads, while the
upper porous layer was able to deform progressively
and withstand stress under compression. In contrast,
in the 250-240-225-210 structure, the bottom layer
was more porous, reducing its ability to withstand
tensile loads, which led to lower flexural strength.
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3.3.3. Impact testing

The results of the impact tests are presented in
Figure 10, which shows the peak force, perforation
energy, and ductility index for each tested layer con-
figuration.

The data indicate that modifying the layer order con-
sistently increased the force required to initiate crack
propagation and the energy needed for complete per-
foration compared to the homogeneous structure
(printed at 230 °C). However, the ductility index de-
creased, suggesting that functionally graded struc-
tures exhibited a more brittle failure than the homo-
geneous reference specimen. To better understand
these differences, we analyzed the force-time curves
(see Figure 11) recorded during the tests.

The impact response of the different layer configu-
rations varied significantly, as reflected in their
force-time curves and derived mechanical parame-
ters. The homogeneous structure (230-230-230-230)
exhibited the lowest peak force (461.9+£53.9 N) and
the highest ductility index (80.6+11.4%). The force
reached its maximum within 1 ms and then gradually
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Figure 11. Typical force-time curves recorded during the im-
pact tests.

declined over 8 ms, indicating a relatively extended
failure duration. This suggests a failure mechanism,
where energy dissipation occurs gradually through-
out the structure. However, despite its ability to un-
dergo gradual deformation, this configuration had
the lowest perforation energy (0.89+0.17 J/mm),
highlighting its limited capacity to resist impact due
to the lack of energy-dissipating effects provided by
the graded structures. The failure occurred through
gradual crack initiation and propagation through the
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Figure 10. Impact testing results of the density-graded printed samples: maximum force (a), perforation energy (b), and duc-

tility index (c).
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thickness, with less pronounced brittle fracture sur-
faces observed compared to graded structures.

In contrast, the configuration with denser outer lay-
ers and a porous core (210-250-250-210) exhibited
the highest peak force (785.6+103.1 N), which was
reached within 1.1 ms. However, this was followed
by the most rapid failure progression, with complete
perforation occurring in just 4 ms. The force-time
curve demonstrated a steep increase in force, fol-
lowed by a rapid drop, suggesting that the stiff outer
layers initially provided significant resistance, but
the weak, porous core collapsed quickly, leading to
brittle failure. The low ductility index (57.6+12.0%)
further confirms that while this configuration effec-
tively resisted the initial impact, it facilitated early
structural failure due to insufficient energy dissipa-
tion.

A different trend was observed in the configuration
where porosity increased toward the top (210-225—
240-250). This structure exhibited the highest per-
foration energy (1.73+£0.23 J/mm), indicating supe-
rior energy absorption capacity. The force-time
curve revealed a delayed force drop, with the peak
force (692.3+86.2 N) occurring at 1.5 ms, followed
by a gradual decline over 11 ms before complete per-
foration. The extended failure duration suggests that
energy was dissipated progressively through the in-
creasingly stiff lower layers, which delayed crack
propagation and structural collapse. The fracture sur-
face showed progressive damage development, with
visible crushing and compaction of the porous top
layers prior to final rupture.

The configuration with decreasing porosity toward
the top (250-240-225-210) exhibited a similar
peak force (703.3+44.5 N) to its counterpart with
increasing porosity, yet its perforation energy
(1.11£0.21 J/mm) was notably lower. The force-time
curve showed a sharp initial force increase followed
by a relatively rapid drop, with complete perforation
occurring within 6 ms. This behavior suggests a more
sudden failure, likely due to the inability of the
porous bottom layer to provide sufficient resistance
and slow down crack propagation. These trends are
in good agreement with the literature, which high-
lights that the density of the top layer — being the first
to contact the impactor — has a dominant influence
on the initial slope of the force-time curve. A de-
creasing density gradient in the loading direction re-
sults in weaker lower sections, offering less resist-
ance and allowing deformation to progress more
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rapidly toward the end of the impact event [19]. The
lower ductility index (57.6+12.0%) further supports
this observation, indicating that while peak resist-
ance remained similar, the overall energy absorption
capacity of this configuration was decreased.

These results clearly demonstrate that the layer order
and orientation have a significant influence on the
impact behavior of the printed structures. By prop-
erly adjusting the density gradient, it is possible to
optimize the strength—weight balance for a given ap-
plication. In addition to the orientation, the exact
shape of the density profile (e.g., linear, concave,
convex) may also affect the mechanical perform-
ance, as suggested by previous studies [19, 40, 41],
and could be the subject of future investigations.

4. Conclusions

In this study, we systematically investigated the in-
fluence of processing parameters on the foaming be-
havior and cellular structure of in-situ foam 3D-
printed specimens. By analyzing the combined ef-
fects of printing temperature and speed, we identi-
fied their roles in the four key stages of the foaming
process: gas dissolution, cell nucleation, cell growth,
and stabilization. Our results demonstrated that in-
creasing the printing temperature generally enhances
foaming by promoting greater gas evolution and ex-
pansion. However, excessive heat exposure at low
printing speeds led to irregular cell structures due to
premature cell collapse and coalescence. Conversely,
higher printing speeds improved cell nucleation ef-
ficiency by increasing the pressure drop at the nozzle
exit, but at the same time, excessively high speeds
limited foaming due to the reduced residence time,
which was insufficient for complete gas dissolution
in the polymer matrix.

We also explored the effect of nozzle diameter, an
aspect previously unexamined in the context of in-
situ foam 3D printing. Our findings revealed that
smaller nozzle diameters enhance foaming efficien-
cy by improving heat transfer, increasing shear-in-
duced nucleation, and promoting higher internal
pressures, which lead to a greater pressure drop
when the melted polymer exits the nozzle.

To further demonstrate process-controlled foaming,
we fabricated functionally graded four-layer struc-
tures by varying the printing temperature per layer.
Mechanical tests showed that layer order significant-
ly influences the bending and impact resistance of
the graded structures. Specimens with dense outer
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layers and a porous core exhibited superior bending
strength. At the same time, structures with an in-
creasing porosity gradient from bottom to top pro-
vided the best balance between strength and energy
absorption under impact loading. These results high-
light the potential of in-situ foam 3D printing for
producing lightweight cellular materials with tai-
lored mechanical properties.

Our findings contribute to a deeper understanding of
process-controlled foaming in additive manufactur-
ing and provide valuable insights for optimizing in-
situ foam 3D printing for structural applications. Fu-
ture research may focus on refining nozzle geome-
tries, developing custom filament formulations — in-
cluding foaming filaments made from recycled poly-
mers — and exploring advanced strategies to enhance
foaming efficiency. In addition, the influence of flow
rate and extrusion volume on the foaming process
should also be investigated, as these parameters may
significantly affect layer adhesion. These results
have potential applications in medical technology,
particularly in the development of orthotic devices
and implants, as well as in energy-absorbing systems
for the automotive and sports equipment industries.
Additionally, they contribute to improving the func-
tionality of FDM-printed parts, thereby supporting
the broader adoption of this technology in various
engineering fields.
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