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Abstract. Fused deposition modeling (FDM) is a versatile additive manufacturing technique for producing polymeric parts.
Incorporating a foaming agent into the filament material enables the FDM-printing of thermoplastic foams, which opens up
new possibilities for achieving desired mechanical property combinations. This study explored the process-property design
space of FDM-printed polylactic acid (PLA) foams. Tensile and compression specimens were produced at a wide range of
printing parameters using a commercial thermoplastic filament containing a foaming agent. Increasing the nozzle temperature
and decreasing the filament feed rate increased the extent of foaming. Adjustment of the nozzle temperature, feed rate, and
infill ratio controlled porosity over a density range of 0.24 to 1.17 g/cm?. Tuning of the mechanical properties over an order
of magnitude was demonstrated, with elastic moduli ranging from 0.24 to 3.7 GPa and tensile strength ranging from 4.2 to
34.5 MPa. The mechanical behavior closely followed the Gibson-Ashby model predictions. Foaming filaments provide a
new tool for tuning the mechanical response of FDM-printed parts to achieve unique combinations of mechanical properties

that are not attainable through conventional methods.
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1. Introduction

Material extrusion is a low-cost and easy-to-use
method for the manufacturing of prototypes as well
as complex load-bearing components in small quan-
tities. When the printed material is thermoplastic, the
technique is commonly referred to as fused deposi-
tion modelling (FDM) or fused filament fabrication
(FFF) [1].

The FDM process, schematically described in
Figure 1, is based on the thermoplastic material’s
melting and extrusion through a heated nozzle. The
printing head deposits the molten polymer in the de-
sired locations by moving in the XY plane. Upon
completing a layer, the build plate moves down in-
crementally, and the process is repeated [2].

The simplicity of the FDM process makes it a cost-
effective and versatile alternative for manufacturing
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complex geometries in small quantities. While ear-
lier applications have been primarily focused on pro-
totyping, recent advances in the process and filament
material technology have enabled the use of FDM-
produced parts for load-bearing and impact-absorb-
ing components [3].

Due to their desirable rheological properties and
low cost, polylactic acid (PLA) and acrylonitrile
butadiene styrene (ABS) have been the most com-
monly used filament materials in FDM. On the
other hand, there have been several advancements
in materials for FDM. Some examples include poly-
mer blends such as PLA/polyhydroxyalkanoate
(PHA) for improved ductility, elastomeric filaments
for producing compliant and hyperelastic compo-
nents, and fiber-reinforced filaments for improved
strength [4].
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Recent advances in filament fabrication technol-
ogy have also enabled the production of foaming
filaments. The unique nature of the foaming process
during printing allows the spatial control of the poros-
ity. The capability of printing polymeric foams and
the direct control over their properties adds a new
design parameter to the additive manufacturing of
polymeric structures for achieving the desired com-
binations of stiffness, strength, and density [5].

In FDM printing of an in-situ foaming polymer, the
chemical foaming agent in the filament forms gas bub-
bles triggered by the heating in the extrusion process

[6-8]. The subsequent solidification of the printed
thermoplastic provides a foam with a relatively uni-
form distribution of pores, analogous to the well-es-
tablished foam extrusion process [9]. PLA samples
produced by injection-molding foaming [10] and
FDM-printed samples share similar closed-foam mor-
phologies. Compared to microcellular injection mold-
ing [11], FDM printing with in-situ foaming tends to
provide a higher number density of pores [6].

As opposed to the conventional manufacturing of
polymeric foams, FDM enables the adjustment of
the porosity on the fly through changes in the nozzle
temperature or filament feed rate. The resulting abil-
ity to spatially control the porosity provides a unique
opportunity to design mechanical responses that con-
ventional manufacturing cannot achieve. FDM’s ca-
pability of producing architected cellular structures

[12, 13] complements this added feature of variable-
porosity, which offers a further degree of freedom in
generating lightweight and compliant structures.
Thermal insulation and mechanical cushioning ap-
plications widely use conventional polymeric foams
[14]. The development of superior polymeric foams,
especially for functional and structural applications,
is an active field of research [15]. The pore morphol-
ogy and the density of foams are a complicated func-
tion of the polymer and precursor chemistry, as well
as the dynamics of the cell nucleation, cell growth,
and eventual stabilization of the structure through
solidification [16, 17]. The mechanical response de-
pends on the solid volume fraction and the general
features of the ligament geometry, which has been
widely studied through modeling [18] and experi-
mental studies [19-21].

FDM of polymeric foams provides new possibilities
for designing and manufacturing optimized struc-
tures for various applications. The foaming combined
with the existing capability of FDM in producing
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cellular structures can give hierarchical architectures
at two different scales. Such structures enhance the
performance of biomedical scaffolds [7, 22], and
PLA’s high biocompatibility and biodegradability
make this route a readily applicable approach. In ad-
dition, the spatially tunable porosity enables the pro-
duction of parts with variable stiffness, useful for im-
plementing energy-absorbing structures and soft ro-
botics [23].

The studies on the FDM printing of polymeric foams
have focused on developing foaming technology and
optimizing the synthesis process. A common ap-
proach has been to saturate the filament with CO»,
followed by the in-situ foaming during 3D printing,
demonstrated for polyethyleneimine (PEI) [24, 25],
and PLA [26]. The second approach has been to post-
process the non-porous FDM part by applying CO,
gas-foaming [27, 28]. For the in-situ foaming method,
the current understanding regarding the effect of
FDM parameters on the mechanical performance of
printed parts is quite limited.

Compared to the conventional manufacturing of poly-
meric foams, the in-situ foaming-based FDM process
exhibits additional complications regarding the process
parameters. FDM-produced parts’ properties strongly
depend on the nozzle temperature, raster orientation,
build direction, and infill ratio. While the associated
process-property relationships have been investigated
for common filament materials such as PLA and ABS
[4, 29, 30, 31], there has not been a similar investi-
gation for the FDM of foaming filaments.

This work investigates the process-structure-proper-
ty relationships for a commercially available foam-
ing PLA filament. The study considers the effect of
nozzle temperature, infill ratio, feed rate, and print-
ing speed on the foaming characteristics, density, and
strength of the produced parts. The results provide
insight into the design space offered by the FDM
printing of foaming polymers.

2. Experimental details

An Ultimaker 2+ FDM 3D printer (Ultimaker B.V.,
Utrecht, Netherlands) printed the specimens. The fil-
ament was the commercially available LW-PLA (Col-
orfabb, Belfeld, Netherlands) with a diameter of
2.85 mm and a density of 1.24 g/cm? [32]. The fila-
ment mainly consists of PLA and is designed to foam
under certain printing conditions. While the manufac-
turer does not give detailed information about the fil-
ament formulation, a common approach is to saturate
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Figure 1. Schematic description of the fused deposition
modeling (FDM) technique.

Layer thickness

the filament with CO, or mix the filament with a
chemical foaming agent, which facilitates in-situ
foaming during printing [6, 24, 25].

Figure 2 shows a summary of the test specimen
geometries employed. The dog bone-shaped speci-
mens were based on the Type 4 geometry of the
ASTM D638 Standard Test Method for Tensile
Properties [33]. Cylindrical specimens having a di-
ameter and height of 25.4 mm were produced for
compression testing according to ASTM D1621
Standard Test Method for Compressive Properties of
Rigid Cellular Plastics [34]. The third geometry was
a rectangular slab with varying printing parameters
over the build direction for Shore A hardness testing,
according to ASTM D2240 Standard Test Method
for Rubber Property — Durometer Hardness [35].
Figure 1 shows a schematic description of the print-
ing process and indicates some process parameters.
Table 1 summarizes the printing parameters that are
common to all specimens. The printing trajectory

Table 1. Printing parameters that are common for all tensile
and compression specimens.

Parameter Value
Filament diameter [mm] 2.85
Filament density ~ [g/cm?] 1.24
Nozzle diameter ~ [mm] 0.4,0.6"
Nozzle temperature [°C] 215-260"
Bed temperature  [°C] 60

0.2-0.7 for the parametric study,

Layer thickness [mm)] 0.45 elsewhere”
2450 : :

Infill pattern 4?5 R e%(cept for the infill ratio study
with grid pattern

Infill ratio (%] 25-100 for the parametric study,

100% elsewhere*

3, except the infill ratio study that
used 2

Same as other layers

Inwall layers

Top and bottom layers

“See Table 2 for further details on these parameters.
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Figure 2. Schematic views of the specimen geometries.
a) Tensile specimen. b) Compression specimen.
¢) Rectangular slab specimen with graded proper-
ties for Shore hardness measurements. All dimen-
sions are in mm.

employed an alternating raster of 6 = £45°, as de-
fined in Figure 2c. Other raster orientations were not
considered as the primary focus of the study was on
parameters that directly influence the foaming char-
acteristics. The only exception was the grid raster
type employed for the tensile specimens with vary-
ing infill ratios. At least five identical tension and
compression specimens were printed for all printing
parameter combinations.

The study systematically investigated the effect of
nozzle temperature, layer thickness, feed rate, print-
ing speed, and infill ratio through tension and com-
pression tests. Table 2 summarizes the printing con-
ditions utilized for this parametric study.

The rectangular slab specimen was printed using a
nozzle temperature of 230°C, layer thickness of
0.45 mm, printing speed of 45 mm/s, and infill ratio
of 100%. The feed rate varied linearly from 20 to
100% in the build direction, according to the defini-
tion in Figure 2c.

A Zwick/Roell Z250 (ZwickRoell, Ulm, Germany)
universal testing machine performed the tensile and
compression tests at room temperature. The displace-
ment rate was 5 mm/min for both cases. A Type-A
hardness tester JIS (KORI SEIKI MFG, Tokyo,
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Table 2. The printing conditions employed in the parametric study for tension, compression, and Shore hardness specimens.

Fixed parameters

Parameter under Range of values considered * * * * * *
investigation g ND NT LT FR PS IR T

[mm] [°C] [mm] [%] | [mm/s] | [%]
NT [°C] 215 230 245 260 0.4 - 0.45 100 50 100 +45°
LT [mm)] 0.2 0.35 0.5 0.7 0.6 |230/245 - 100 50 100 +45°
FR [%] 100 75 50 25 0.4 |230/245| 0.45 - 50 100 +45°
PS [mm/s] 50 37.5 25 - 0.4 |230/245| 0.45 100 - 100 +45°
IR [%] 100 75 50 25 0.4 230 0.45 100 50 - Grid
Shore hardness Feed rate varied between 20 and 100% 0.4 230 0.45 — 50 100 +45°

*ND: nozzle diameter, NT: nozzle temperature, LT- layer thickness, FR: feed rate, PS: printing speed, IR: infill ratio, IT: infill type.

Japan) performed the Shore hardness measurements
with a tip of 0.79 mm diameter.

A Nikon Eclipse E200 (Nikon, Tokyo, Japan) optical
microscope imaged the specimen fracture surfaces.
There was no surface preparation before imaging.
An FEI Quanta 400F (FEI, Oregon, USA) scanning
electron microscope (SEM) imaged selected speci-
mens at 20 kV. Before imaging, a desktop sputterer
coated the specimens with 10 nm Au-Pd.

3. Results and discussion

3.1. Effect of nozzle temperature

We considered four different nozzle temperatures in
the range of 215-260 °C, going beyond the recom-
mendation by the manufacturer, 230-250°C [32].
Figure 3 shows the tensile stress-strain data of the
respective specimens. The results demonstrate the
good repeatability of the measurements and the large
influence of nozzle temperature on the mechanical
behaviour. The tensile strength and the slope of the

40
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~ 245°C
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260°C
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Figure 3. Representative tensile stress—tensile strain curves
for specimens printed at different nozzle tempera-
tures.

elastic response show a monotonic increase with de-
creasing nozzle temperature. Elongation at break re-
mains relatively constant and does not exhibit an ap-
parent variation.

Figure 4 shows the average mechanical properties,
density, and density-specific mechanical properties
as a function of nozzle temperature. Both tensile
strength and elastic modulus monotonically decrease
with increasing nozzle temperature. The nozzle tem-
perature of 215°C results in tensile strength of
33.2 MPa and an elastic modulus of 2.6 GPa. When
the nozzle temperature reaches 260 °C, the strength
and the modulus decrease almost by a factor of three
and become 12.1 MPa, and 1.0 GPa, respectively
(Figure 4a).

Elongation at break has a slightly decreasing trend
with increasing nozzle temperature (Figure 4b).
However, the variations are comparable to the stan-
dard deviation of the data. Density decreases monot-
onically with increasing nozzle temperature but at a
slower rate than strength and elastic modulus.
Figure 5 shows optical microscope images of the
fracture surfaces. The number density of pores in-
creases with increasing nozzle temperature, indicat-
ing a rising extent of foaming. The fusion zones be-
tween printing lines contain fewer pores, and the
fusion seems adequate, with no visible defects in ei-
ther of the cases. The pores exhibit an almost perfect
spherical morphology without any sign of flow-in-
duced elongation.

Increasing nozzle temperature alters PLA’s foaming
characteristics. The diffusivity of the foaming agent
rises with temperature and the bubble growth accel-
erates [36]. On the other hand, the solubility of the
foaming agents usually gets lower with temperature,
decreasing the number density of pores [36]. The
overall effect is a rise in the porosity with temperature,
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Figure 4. Effects of nozzle temperature on the density and the mechanical properties. a) Tensile strength and elastic modulus,
b) elongation at break, ¢) density, and d) specific strength and specific modulus. The error bars represent one stan-

dard deviation.

as the increase in the bubble size is more pronounced
than the decrease in the number density.

The variations in the porosity and the pore character-
istics dramatically influence the mechanical proper-
ties. The density measurements (Figure 4c) and the
microscope images (Figure 5) provide evidence for
the monotonic rise of foaming with increasing nozzle
temperature. A rising number density of pores de-
creases the apparent load-bearing area and reduces the
strength and modulus, in agreement with the measure-
ments. The decrease in strength is more pronounced
than the elastic modulus due to the stress concentra-
tion sites introduced by the pores. A qualitative inspec-
tion of Figure 5 suggests a more rapid increase in
foaming from 230 to 245 °C, which is also reflected
in the measurement results presented in Figure 4.
Nozzle temperature affects the mechanical properties
of non-foaming FDM-produced parts to a smaller
extent. In FDM, increasing nozzle temperature in-
creases the heat transfer to the deposition zone,
which improves the quality of fusion between printed
lines and layers [4, 37]. As a result, voids and gaps
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that might result from poor fusion disappear, and the
strength rises. However, the effect of the quality of
fusion on strength is usually within 10% for 100%
infill parts with quasi-isotropic raster conditions [4].
In our case, the microscope images demonstrate a
good fusion between the layers even for the lowest
nozzle temperature of 215 °C, eliminating the possi-
bility of a pronounced fusion-based effect.

Lastly, nozzle temperature can also affect the printed
part’s crystallinity, potentially affecting the mechan-
ical properties. For example, an increase in the nozzle
temperature causes a higher cooling rate, which re-
duces the PLA crystallinity in PLA/PHA blend fila-
ments [29]. However, the findings so far in the liter-
ature suggest that the crystallization-induced effects
on mechanical properties are negligible in most
cases. Furthermore, our DSC (data not shown here)
analysis showed that the crystallinity does not vary
considerably between the filament and the printed
specimens for different nozzle temperatures. In addi-
tion, the specimen surfaces exhibited Fourier-trans-
form infrared spectroscopy (FTIR) spectra that are
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Figure 5. Optical microscope images of the printed specimens as a function of nozzle temperature. a) 215°C, b) 230°C,
¢) 245°C, and d) 260 °C.The average pore size and its standard deviation is indicated for each case.

virtually the same as that of pure PLA, suggesting
that there are no significant changes in the composi-
tion of the specimen surface (data not shown here).
Therefore, we conclude that the foaming behavior is
the primary cause of the observed mechanical prop-
erties variations.

As the specimens exhibit a wide range of densities,
considering the specific strength and modulus values
is helpful for better understanding the trends. The
corresponding data in Figure 4d demonstrates that
the specific strength and modulus decrease as the
nozzle temperature increases and the density de-
creases. The drops in strength and modulus are more
significant beyond 230 °C, suggesting that the pores’
interaction and coalescence play a role in further
weakening the porous structure [38].

3.2. Effect of filament feed rate

The filament feed rate defines the filament flow rate
into the printing head. Most FDM printers automat-
ically adjust the feed rate through their feeder mech-
anism to ensure continuous filling of the printing tra-
jectory for a given nozzle diameter, printing speed,
and layer thickness. The feed rate is usually defined
in percentages, where 100% corresponds to the de-
fault flow rate that ensures continuous and void-free
printing. While printing with conventional filaments,
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the default feed rate of 100% does not need further
adjustments. However, for the printing of the foam-
ing PLA, feed rate becomes a very powerful tool to
tune the extent of foaming. Figure 6 shows the four
feed rates considered in this part and the correspon-
ding flow rates calculated by measuring the total fil-
ament consumption and printing time in a build.

Figure 7 shows specimens’ density and mechanical
properties as a function of feed rate for two different
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Figure 6. Relationship between the feed rate and measured
filament flow rate for a nozzle diameter of 0.4 mm
and a printing speed of 50 mm/s.
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Figure 7. Effects of feed rate on the density and the mechanical properties. a) Tensile strength and elastic modulus, b) elon-
gation at break, c) density, d) specific tensile strength and elastic modulus. Each plot shows the results for two dif-

ferent nozzle temperatures of 230 and 245 °C.

nozzle temperatures, namely, 230 and 245 °C. Den-
sity, tensile strength, and elastic modulus increase
sharply as the feed rate increases for both cases of
nozzle temperatures. For the case of 230 °C, the
dependence of the properties on feed rate is more
pronounced. As the feed rate increases from 25 to
100%, tensile strength increases by a factor of about
6.5, and the rise in the elastic modulus reaches al-
most an order of magnitude.

Elongation at break varies with feed rate differently
for the nozzle temperatures of 230 and 245°C. At
230°C, elongation at break improves as the feed rate
increases. For 245°C, the elongation at break is
around 25% for feed rates of 50% and higher and
then exhibits a rapid drop to below 10% for the feed
rate of 25%.

Figure 8 shows SEM images of the fracture surfaces
of selected specimens printed at different feed rates.
As the feed rate decreases, the number density of
pores increases, and the layer interfaces start show-
ing some gaps and defects.
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Feed rate has a dramatic effect on the density and
mechanical properties of the specimens. A low feed
rate increases the travel time of the polymer through
the hot zone and provides extra time for further gasi-
fication and porosity formation [39]. The resulting
porosity reduces the printed parts’ density and load-
bearing capacity.

The effect of feed rate on density and mechanical
properties is more severe for the nozzle temperature
of 230°C. Figure 7d shows the specific strength and
modulus, indicating that even the density-normalized
data depends on the nozzle temperature. For a given
feed rate, 245 °C specimens show inferior specific
properties. These observations agree with the adverse
effect of nozzle temperature on the specific properties
discussed in the previous section (see Figure 4d).
Elongation at break data shows a more complicated
trend, which can be understood by considering the ef-
fect of nozzle temperature on the quality of fusion.
Especially for the 50 and 75% feed rates, the nozzle
temperature of 245 °C provides a considerably higher
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Figure 8. SEM images of the fracture surfaces of selected specimens printed by using different feed rates of'a) 100%, b) 50%,
and ¢) 25%. Nozzle temperature is 230 °C. SD: stands for standard deviation.

ductility than those of 230°C. The higher resistance
of 245 °C specimens to fracture is likely to result from
the superior fusion between printing lines and layers
at this temperature [40, 41]. The dependence on noz-
zle temperature diminishes at the lowest and highest
feed rates due to the dominating effects of excess
porosity and excess material flow, respectively. For
example, at a feed rate of 100%, the 230 °C specimen
does not exhibit any apparent lack of fusion, as shown
in Figure 8a. As a result, the effect of nozzle temper-
ature on the elongation at break becomes small.

The increasing extent of foaming with decreasing
feed rate can be attributed to the hydrostatic pressures
involved in the process. As the filament material goes
through the heating section and the nozzle, the diam-
eter of the polymer flow cross-section decreases al-
most by an order of magnitude, resulting in a pressure
rise. This pressure is highest in the case of 100% feed
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rate, which hinders the expansion of the gas bubbles.
A decrease in the feed rate is analogous to a reduction
in the flow rate of a liquid through a channel, which
reduces the pressure build-up in the heated section.
As a result, the gas bubbles expand more quickly, re-
sulting in a more significant fraction of porosity.
For the wide range of feed rate values considered in
this study, the print quality remained satisfactory,
which makes feed rate an excellent parameter to tune
the porosity on the fly. As opposed to other parame-
ters such as nozzle temperature, layer thickness, and
infill ratio, feed rate does not cause any ‘side-effects’
that alter the resolution or quality of the print.

3.3. Effect of printing speed

Printing speed refers to the velocity magnitude of the
nozzle during printing. Figure 9 shows the density
and mechanical properties of the specimens as a
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Figure 9. Effects of printing speed on the density and the mechanical properties. a) Tensile strength and elastic modulus,
b) elongation at break, ¢) density, and d) specific tensile strength and specific elastic modulus.

function of printing speed, considered for two nozzle
temperatures.

Overall, the printing speed does not significantly in-
fluence the mechanical properties. The only major
trends are an increase in the density with increasing
printing speed for the case of 245 °C and an increase
in the elongation at break with increasing printing
speed for the case of 230 °C.

As printing speed decreases, the filament stays longer
in the heating section, promoting foaming and de-
creasing density. At 230°C, the lower rate of the
foaming reaction is insufficient to cause a strong de-
pendence on printing speed. The small increase in
elongation at break with printing speed can be ex-
plained by the slight increase in the density and ac-
companying reduction in the porosity, reducing the
occurrence of stress concentration sites.

Printing speed is not a major parameter for tuning
the foaming, which renders it useful for controlling
other features. For example, the compromise be-
tween manufacturing rate and build quality can be
the primary focus for optimizing the printing speed
in practical applications.
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3.4. Effect of infill ratio

Infill ratio is one of the most commonly varied param-
eters in additive manufacturing to establish a compro-
mise between printing time, weight, and strength. A
lower infill ratio implies shorter printing times and
lower weight at the expense of lower strength. The re-
sulting cellular geometry often introduces stress con-
centrations, leading to low elongations at break [42].
In practice, most FDM-produced parts are covered
with a 100% infill shell to improve structural rigidity
and provide a smooth and gapless surface for proper
functionality. In this study, however, we considered
tensile specimens without top and bottom shells to
better understand the effect of the infill ratio. The in-
fill pattern choice was grid (see Figure 11), one of
FDM'’s most commonly used patterns.

Figure 10 shows the density and the mechanical
properties of specimens printed at different infill ra-
tios. As the infill ratio increases, the density and the
mechanical properties show an increasing trend.
100% infill ratio provides the highest tensile strength
and elastic modulus of 22.1, and 2073 MPa, respec-
tively. Elongation at break values are considerably
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Figure 10. Effects of infill ratio on the density and the mechanical properties. a) Tensile strength and elastic modulus, b) elon-
gation at break, c) density, d) specific tensile strength and specific elastic modulus.

lower than those measured in the previous sections,
around 6% for all infill ratios.

Low elongation at break is a common feature of low
infill ratio specimens. The stress concentrations due
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Figure 11. Photographs of selected specimens after testing
with different infill ratios.

326

to the grid pattern are the primary reason for the pre-
mature failure. On the other hand, the 100% infill
ratio specimen exhibiting a similarly low elongation
requires a separate explanation. For 100% infill, the
raster employed a grid pattern different from the +45°
alternating layers employed for the rest of the study.
We attribute the low elongation to the grid pattern
that increases the likelihood of poor fusion and de-
fects in a solid print. Further investigation of the ef-
fect of different printing patterns can give more in-
sight, which has been beyond the scope of this work.

3.5. Effect of layer thickness

The layer thickness has a relatively smaller effect on
the mechanical properties within the range of process
parameters considered in this study. The results did
not show clear trends; we only provide some key
values here. For the nozzle temperature of 230 °C,
0.5 mm layer thickness yielded the highest tensile
strength and elastic modulus of 33.3 MPa, and
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3.14 GPa, respectively. On the other hand, 0.35 mm
layer thickness provided the largest elongation at
break (30%). At the higher nozzle temperature of
245°C, 0.7 mm layer thickness yielded the best re-
sults with a tensile strength of 22.5 GPa and an elas-
tic modulus of 2.08 GPa. Changing the layer thick-
ness did not affect the density of the specimens, ir-
respective of the nozzle temperature.

The results suggest that tuning the layer thickness
can optimize the surface quality, dimensional accu-
racy, and printing time, similar to the FDM printing
with conventional filaments [2, 7, 43].

3.6. Overview of the design space

Table 3 compares the results with the key properties
of PLA foams produced by injection molding [11,
44] and 3D printing [8] reported in the literature. In-
jection-molded parts can exhibit a wide range of
porosities and mechanical properties depending on
the implementation of the foaming agent and the
process parameters. The example data taken from
our work show that the mechanical properties of
FDM-produced PLA foams are comparable to those
of injection-molded parts, demonstrating the tech-
nology’s suitability for use in applications.

At a similar porosity level, FDM-produced specimens’
tensile strength and ductility were lower than those of
injection molded specimens, possibly due to the addi-
tional fusion defects that FDM introduces. As the av-
erage pore size and its variation tend to be larger for
injection molded specimens [44], a direct comparison
is difficult, and future work is needed in this regard.
Figure 12 summarizes all mechanical property meas-
urements as a function of density. The figure also in-

cludes the mechanical properties of a non-foamed
specimen (nozzle temperature = 200 °C) produced
by the same LW-PLA filament [45] and an FDM-
produced conventional pure PLA specimen [46].
This comparison shows that the pure PLA specimen
from the literature provides considerably higher
strength than the foamed specimens. Examining the
specific strength—density curve indicates that the
higher strength of pure PLA is beyond the density’s
contribution to strength. On the other hand, the elastic
modulus of the pure PLA specimen is comparable to
our specimens, suggesting that the pores and defects
in the foamed specimens weaken the load-bearing
capacity.

The data demonstrates the general trends in strength
and modulus as a function of density that is common
to all printing conditions. Tensile strength and elastic
modulus increase with density (Figures 12a and 12b).
The rate of increase in the mechanical properties
amplifies with increasing density, and the scatter in
the data widens accordingly. Specific strength also
improves with density in general (Figure 12c¢). Es-
pecially for densities around 1000 kg/m?, specimens
with similar densities can yield considerably differ-
ent specific strengths, depending on the correspon-
ding printing conditions. Overall, 230 °C nozzle tem-
perature provides superior performance in absolute
and specific strength. Tensile strength and elastic
modulus are linearly proportional for most of the
data, as shown in Figure 12d.

The entire data for each mechanical property follows
a curve with a relatively narrow scatter, suggesting
that the density, in fact, the porosity, is the primary
parameter that governs the mechanical behavior of

Table 3. A comparison of the findings of this study with injection molded and FDM-produced specimens reported in the lit-

erature [8, 11, 44].

Reference [44] [11] [8] This study
Production method M* M* FDM FDM FDM
Nozzle temperature [°C] 170 180 215 230 230
Feed rate [%] - — 95 100 50
Infill ratio [%] - - 100 100 100
Mold temperature [°C] 25 10 - - -
Screw speed [rpm] 400 100 - - -
Elastic modulus [GPa] 0.91 1.46 1.89 2.34 0.96
Tensile strength [MPa] 25.1 33.6 31.2 28.9 11.5
Elongation at break [%] 43 30 - 25 12
Porosity [%] 28 - - 24 56
Pore density [#/cm?) 0.48-10° 0.23-108 - 0.16-10% 0.8-10°
Average pore size [um] 90 120 - 14 40

“IM: injection molding
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Figure 12. A summary of all mechanical property data. a) Tensile strength vs. density, b) elastic modulus vs. density, ¢) spe-
cific strength vs. density, and d) strength vs. elastic modulus. Each data point shows the average properties for a
given combination of printing parameters. The printing parameters for non-foamed samples were nozzle temper-
ature of 200 °C, raster angle of £45°, and layer height of 0.2 mm, and the infill ratio of the conventional PLA

sample was 100% [45, 46].

the foaming PLA. In other words, the influence of
process parameters on the mechanical properties is
mainly through a change in the porosity. The effects
of fusion defects and crystallinity are of secondary
importance, supporting the previous discussion in
Section 3.1.

The results show that porosity can be tuned by con-
trolling a wide range of parameters, including nozzle
temperature, feed rate, printing speed, layer thick-
ness, and infill ratio. Most of these parameters also
alter other features of the build at the same time. For
example, increasing nozzle temperature improves
the fusion between the layers, layer thickness affects
the z-resolution of the build and the surface rough-
ness, and printing speed would impact build quality,
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manufacturing speed, and cost. Feed rate, on the
other hand, only affects the porosity and does not in-
fluence the other feature significantly, making it the
ideal choice for controlling the foaming. Controlling
the feed rate for tuning foaming also provides the ad-
vantage of quickly adjusting the foaming spatially
over the part. In contrast, on-the-fly adjustment of
the nozzle temperature or the layer thickness is not
as practical.

In summary, the findings suggest that 230 °C nozzle
temperature is an effective value providing high
specific strength. After this selection, the layer height
and printing speed should be adjusted according to
the requirements of the print, such as build quality
and time restrictions. Then, the feed rate will provide
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control over the extent of foaming. Lastly, the infill
ratio and raster pattern can be used to adjust the
weight of the printed part further.

As the study does not explore all possible combina-
tions of printing parameters, the statements here are
the implications of the existing data rather than con-
clusions, which would require a more comprehen-
sive exploration of the entire design space. Such a
future study should also investigate possible syner-
gistic effects, such as how the impact of feed rate
might change as a function of nozzle temperature
and layer height.

The data for specimens with different infill ratios
agree well with the porous specimens printed with
100% infill for a given density. Infill ratio tunes the
density through a macroscale architected porosity,
whereas the porous specimens achieve density con-
trol by foaming. The results suggest that foaming
PLA printing is an excellent alternative to the con-
ventional low-infill printing frequently used to reduce
printing times, material consumption, and weight.
The Gibson-Ashby model is a useful and simple ap-
proach to predicting the mechanical properties of
cellular materials and foams. The model predicts the
elastic modulus and strength of the cellular struc-
tures as follows in Equations (1) and (2) [18]:
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where E is the elastic modulus, o is the strength, and
¢ is a fitting parameter. Subscripts S and F refer to
the fully solid and foamed specimens, respectively.

Figure 13 shows the elastic modulus and strength pre-
dictions of the Gibson-Ashby model using the prop-
erties of solid PLA from the literature [47] and com-
pares the predictions with our data. The prediction
curve exhibited a high coefficient of determination
and low standard deviation, as indicated in the fig-
ures. The fitting constant, ¢, is determined as 0.85
for both curves, in agreement with the literature val-
ues reported for polyurethane foams in the range of
0.8-0.85 [20, 48].

3.7. Compression testing

Compression testing of specimens provided further
insight into the mechanical behavior of foaming
PLA. We focused on specimens with varying feed
rates, the simplest and most effective parameter to
tune the porosity.

Figure 14a shows representative compressive stress-
strain curves of specimens printed at different feed
rates. The curves exhibit a linear-elastic regime, fol-
lowed by a stress plateau and a second rise in stiffness,
respectively. The slope of the elastic response and
the magnitude of the stress plateau increase with in-
creasing feed rate.

The stress-strain curves exhibit the typical charac-
teristics of foams under compression. After the initial
nearly-linear elastic response, the ligaments and sur-
faces surrounding the pores buckle, which reduces
the load-bearing capacity. With further compression,
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Figure 13. A comparison of all mechanical property data and Gibson-Ashby model predictions. a) Elastic modulus and
b) tensile strength. E.x and Ein: the maximum and minimum percent difference respectively. AD: average dif-
ference. SD: standard deviation. R?: coefficient of determination.
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buckling and collapse propagate to the remainder of
the specimen at a relatively constant stress level. As
the collapse of the structure nears completion, de-
formations in the solid zones become more pro-
nounced, which increases the measured stiffness. As
the feed rate decreases, the porosity increases, and
the onset of this stiffness rise is postponed to higher
compressive strains.

Figures 14b, and 14c represent the density and the
compressive mechanical properties as a function of
feed rate for 230 °C nozzle temperature. Compres-
sive strength corresponds to the local peak in the
stress-strain curves right after the linear deformation
segment. Density, compressive strength, and elastic
modulus increase rapidly by increasing the feed rate.
As the feed rate increases from 25 to 75%, the elastic
modulus and compressive strength increase by fac-
tors of 13.3 and 9.5, respectively.

Figure 14d shows photographs of the compression
specimens after testing. 100% feed rate specimen does
not show any obvious damage upon a compression
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exceeding 60% strain. As the feed rate decreases to
75 and 50%, the irreversible damage becomes more
pronounced. In fact, 25% specimen shows little re-
covery upon unloading. All specimens apart from the
100% feed rate case show some delamination-like
failure. Delamination planes are perpendicular to the
build direction, suggesting that the fusion between
layers is weaker than the fusion between adjacent
printing lines.

3.8. Shore hardness measurements

The last part of the mechanical analysis was per-
formed on a printed rectangular block with varying
porosity over its build direction to demonstrate the
foaming PLA’s capability to generate structures with
graded morphology. Decreasing the feed rate incre-
mentally after the completion of each layer tuned the
porosity in the build direction.

Figure 15 shows the Shore hardness measurements
as a function of the build length and a photograph of
the specimen. Shore hardness is 54.7 for the layers
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Figure 14. Effect of feed rate on the compressive mechanical properties. a) Representative compressive stress-strain curves
of specimens printed using different feed rates. b) Compressive strength and elastic modulus as a function of feed
rate. ¢) Specific elastic modulus and density as a function of feed rate. d) Photographs of compression specimens

upon testing rate [%o].
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Figure 15. The Shore hardness measurements as a function of the feed rate and a photograph of the specimen. a) A photograph
of the printed specimen with varying feed rates, b) front view of the specimen, where blue dots show the hardness
measurement locations for the feed rate of 100% and c) Shore hardness over the thickness of the specimen. The
error bar represents one standard deviation of five different measurements.

with an average feed rate of 20%, and it monotoni-
cally increases with feed rate, reaching 93.0 at a feed
rate of 100%. The dependence of Shore hardness on
feed rate is much smaller than those observed for
tensile strength and compressive strength.

The specimen photographs suggest a reduction in the
surface quality with decreasing feed rate. Further
characterization of the surface properties would be
necessary to implement such heterogeneous struc-
tures effectively in applications.

4. Conclusions

This study investigated the mechanical properties

of 3D-printed PLA foams under different printing

parameters. The nozzle temperature, feed rate, and

infill ratio significantly affect the extent of foaming,

density, and mechanical properties. We can summa-

rize the findings as follows:

= Increasing the nozzle temperature from 215 to
260°C increased foaming and decreased density
by 40% and strength by 60%.

= Feed rate was also effective in tuning the foam-
ing. By only adjusting the feed rate between 25
and 100%, it has been possible to achieve strength
values in the range of 5 to 40 MPa.

= Infill ratio, printing speed, and layer thickness
also influenced the foaming. However, these pa-
rameters are not practical for precise control of
the density and strength due to their weak influ-
ence on foaming or the complicated trends in-
volved.
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= The Shore hardness strongly varied as a func-
tion of the feed rate. Decreasing the feed rate
from 100 to 20% reduced the Shore hardness
from 93.0 to 54.7. Nevertheless, this variation
was less pronounced than those observed for
tensile strength.
Foaming filaments provide additional control over
printed parts’ density and mechanical properties. With
the capability to spatially control these properties,
foaming filaments offer new opportunities for design-
ing compliant mechanisms, soft robotics compo-
nents, and biomedical scaffolds.
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