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Abstract. The purpose of this study was to investigate the effect of flow rate and print speed on the density and microcellular
structure of polylactic acid (PLA) foams printed via fused filament fabrication (FFF) process. Unexpanded filaments loaded with
thermally expandable microspheres (TEMs), at 2.5 wt.%, were prepared as a feedstock for in-situ foam printing process. Foam
samples were printed at three different nozzle-exit flow rate levels (i.e., 55, 85 and 100%) and at three print speed levels (i.e., 5,
25 and 125 mm.s™!) and their density, surface, and internal cellular microstructure were studied. It was found that both process
factors have significant effects on the part density, cellular morphology, and mesostructure. With a decrease in the flow rate from
100 to 55%, the part density proportionally decreased from 0.79 to 0.56 g.cm™. Whereas the part density was relatively high
(0.95 g.cm?) at the high print speed of 125 mm.s™!, low densities (0.67-0.71 g.cm™) were obtainable at low print speed range of
5-25 mm.s’\. Moreover, the highest cell density was obtained at the medium level of both flow rate and print speed. The
correlation between the process factors (flow rate and print speed) and properties (density and cellular microstructure) were
explained in terms of the melt residence time inside the heater block as well as the melt volumetric throughput. Overall, at the
medium levels of flow rate and print speed, the printed foams provided the lowest density and highest uniformity in the
morphology.

Keywords: foam, 3D printing, fused filament fabrication, thermally expandable microsphere, flow rate, print speed

Introduction

Polymer foams have numerous applications for lightweighting, insulation, energy absorption and damping, etc.
in various industries [1]. Thermoplastic-based foam products are usually made using physical [2] and chemical [3]
blowing agents, and more recently, thermally expandable microspheres (TEMs) [4][5]. Polymer foaming has been
successfully integrated in injection molding [6][7] and extrusion [8][9] processes with mature technologies and
numerous applications. However, with the traditional manufacturing techniques, it is not easy to manufacture
complex, customized, and/or functionally graded foam parts, as it would require significant modifications and
financial investment to meet such requirement.

Material extrusion (MEX) additive manufacturing (AM) also known as fused filament fabrication (FFF)is the
most common AM technology used in the fabrication of polymers. FFF basically integrates two classical fabrication
techniques of extrusion and fusion or welding in a layered fashion, facilitating the realization of complex geometries
with more flexibility in design and customization[10]. Coupling polymer foaming and MEX AM can result in an
innovative framework to produce foamed products from various thermoplastics [11][12].

Several approaches have been used to obtain cellular structures in an FFF part, most of which are not truly
through in-situ foaming process [13][14][15][16]. In-situ foam printing is referred to a method where first a foaming
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agent is introduced to the polymer matrix during the filament fabrication and then the blowing agent is activated
during the printing process to incur foaming. This method basically enables simultaneous foaming and printing
[17][18]. In our recent work, we have established a method of expandable filament fabrication for polylactic acid
(PLA) and demonstrated the feasibility of in-situ foam 3D printing of such filaments with highly uniform cellular
morphology [18]. The literature suggests significant effects of FFF print process parameters on the physical
properties of solid unfoamed 3D printed parts [19][20]. However, such in depth investigations about this process is
still lacking as foam 3D printing technology is still emerging. It will be key to understand the influence of the
printing process parameters on the properties of the resultant foams in order to better design and optimize the
process.

To move foam 3D printing process to next steps, the thorough study of the process-structure-properties
relationships must be conducted. The focus of this study is to characterize and understand the effect of nozzle-exit
flow rate and print speed on the bulk density and cellular structure of the printed foams. Unexpanded PLA filament,
at a TEM loading of 2.5 wt.% was made with a regular extrusion process. A flow rate range of 55-100% and a print
speed range of 5-125 mm.s! were used to print various foam parts in order to study their effects on the density,
surface features, and internal cellular morphology. Cellular morphologies were characterized with cell size and cell
density using cross-sectional scanning electron microscopy (SEM) images of filament and printed foamed samples.
The correlation between the process factors (flow rate and print speed) and properties (density and cellular
microstructure) were further discussed and optimum values of the process factors were identified.

Experimental Procedure

Materials: NatureWorks PLA grade, Ingeo 4043D was used as the base polymer matrix. PLA 4043D, an
extrusion grade, has an MFR of 6 g.(10min)"' and relative viscosity of 4.0. The melting point, glass transition
temperature, and density of the utilized PLA are 145-160 °C, of 55-60 °C, and 1.24 g.cm?. (Advancell P501E1
provided by Sekisui was used as the foaming agent. It is a 50 wt.% masterbatch of TEM with polyethylene(PE).
According to the manufacturer, the particle size of the microspheres ranges from 21 to 31 um and the bulk density is
1.10 g.cm™. The microspheres have a core-shell structure. The shell is made of acrylonitrile co-polymer and the core
contains liquid hydrocarbon. The TEM’s expansion starting temperature range is 160-180 °C and its maximum
temperature range is 210-230 °C. The density can be as low as 0.01-0.03 g.cm™ after full expansion of the TEMs.
Triethyl citrate (TEC), W308307 with a molecular weight of 276 g.mol! was purchased from Sigma Aldrich and
used as the plasticizer.

Fabrication of unexpanded filaments: Figure 1 shows the filament fabrication process. PLA was dry blended
with the TEM masterbatch (2.5 wt.% TEM and 2.5 wt.% PE carrier). Also, TEC was added at 2.0 wt.% as the
plasticizer. The formulation is denoted as PLA/TEC/TEM2.5%. E30P Dr. Collin extruder was used to make the
filaments. The extruder had a screw with 30 mm of diameter of 750 mm of length. The program included an
Igel/Maddock profile to increase the mixing [21]. An additional thermocouple was also used to measure the
temperature right before the die exit, denoted as Tpi.. Extruded filaments were passed through an ice/water bath and
collected using a Filabot spooler with a diameter of 1.5+0.05 mm. The barrel temperature for zones 1 to 5 was 145,
155, 152, 138, and 127 °C, respectively. The measured melt temperature and melt pressure at the die was 161£2 °C
and 20545 bar, respectively. More details about the unexpanded filament fabrication process can be found in [18].

Foam fused filament fabrication process: Fabricated PLA/TEC/TEM2.5% filament was used for 3D printing
process. Figure 2 (a) schematically illustrates the foam 3D printing process in X-Z plane. TEM particles inside the
polymer melt expand while getting extruded from the heater block assembly. Figure 2 (b) shows an example of a
foamed dog bone sample with a scanning electron microscopy image revealing the internal cellular structure. ASTM
D638 standard Type V specimen was selected, designed in SolidWorks and sliced using Ideamaker slicing software.
A Raise 3D Pro 2 3D printer was used with no modification. In this study, flow rate and print speed were variable
process parameters. While the print speed was varied, flow rate was kept constant at the middle value, i.e., 85%.
Similarly, while the flow rate was varied, print speed was kept constant at its middle value of 25 mm.s™!. Table 1
gives the variable process factors used during the 3D printing of the foams. The values for the fixed parameters were
0.8 mm, 0.8 mm, 55 °C, 200 °C, and 0.3 mm for nozzle diameter, raster width, bed temperature, nozzle temperature,
and layer height, respectively.
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Figure 1. Single-screw extrusion setup with cooling bath and filament spooler used for the fabrication of unexpanded filaments.
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Figure 2. (a) Schematic of foam 3D printing process and (b) a printed dog-bone tensile sample in Y-X plane with a cross-
sectional SEM image taken in Y-Z plane representing a foamed microcellular structure.

Table 1. Foam 3D printing process parameters

Parameter Values
Flow rate (%) 55, 85, 100
Print speed (mm.s™!) 5,25,125

Characterizations: To reveal the surface appearance of the foams, a Dino-Lite AM2111-0.3MP USB digital
microscope was used. SEM was also used for analyzing the internal cellular microstructure of the printed foams.
The SEM samples were first sputter coated with gold using a Denton vacuum sputter coater, and a JEOL JSM 6390
SEM was then used for the imaging. Cell size and cell density were obtained by the image analysis of the SEM
micrographs. Density was measured using a Mettler Toledo MS303TS kit following the ASTM D792 standard.
Three samples were examined for each condition and the means are reported with their standard deviations.

Results and Discussion

The effect of flow rate: Figure 3 and Figure 4 show the surface and the internal microstructure, respectively, of
the foam samples printed at three different flow rates. In the parts printed at 55% flow rate, the surface exhibited
clear inter-bead line gaps along the print direction (Figure 3a). Similarly, inter-bead gaps and boundaries were also
formed in the internal structure, as identified in Figure 4a. When the melt flow rate was raised from 55 to 85%, the
inter-bead gaps faded away in both the surface (Figure 3b) and the internal microstructure (Figure 4b) of the prints.
Both the surface and the cellular morphology appeared to be more uniform when the part was printed at 85% flow
rate. Further increase of the flow rate to 100% resulted in the appearance of some parallel linear marks on the
surface (Figure 3c) and decreased the uniformity of the cell morphology (Figure 4c). These linear marks were the
consequent of over-extrusion.
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Figure 5a shows the calculated cell size and cell density obtained by the image analysis of the SEM micrographs
for the foam samples printed at three different flow rates. Parts printed at 55% flow rate showed the highest cell size
(56.87 um) but the lowest cell density (1.25%10° cells.cm™). Once the flow rate was changed from 55 to 85%, the
cell size was lowered to 50.54 pm and the cell density was increased to 3.15X10° cells.cm™. Further increase of the
flow rate to 100% resulted in opposite trends, i.e., the cell size slightly increased to 52.48 um and the cell density
decreased to 2.04x10° cells.cm™. Moreover, Figure 5b gives the printed foam overall density as a function of the
flow rate. With an increase in the flow rate from 55% to 100%, the part density continuously increased from 0.56 to
0.79 g.cm>. The part density reflects the overall weight reduction due to the foaming as well as the inter-bead voids
if they are present.

(2)55% [RIRERRE H pyss% | ST (¢) 100%

A ¥ 5

X50 500pm 16 50 SEI X50 500pm 16 50 SEI

Figure 4. SEM micrographs (Y-Z plane view) showing the cellular morphology of foam samples printed at (a) 55, (b) 85, and (c)
100% flow rate.

The influence of the flow rate on the mesostructure, cellular morphology, and part density is governed by two
main factors. The first one is the volumetric throughput of the expanding material from the nozzle exit relative to the
amount of material needed to fully fill the space, based on the part design (raster cross-sectional size) and printing
process requirements (the speed at which the raster is created, i.e., print speed). The second one is the residence time
of the polymer melt inside the heater block before it exists the nozzle. In general, at a given nozzle temperature,
longer residence time assures a better temperature uniformity of the melt and provides longer times for the
expansion of the microspheres. Lower flow rate provides smaller volumetric throughput and longer residence time.
On the other hand, higher flow rate gives sufficient or excessive throughput and shorter residence time. At the low
flow rate of 55% in the case of this study, the existence of the inter-bead gaps on the surface (Figure 3a) and
microstructure (Figure 4a) is attributed to the lack of sufficient material throughput. In other words, the amount of
material per unit time used to form the raster is so low that even with the foam expansion, the inter-bead spaces are
not fully filled, leaving the gaps behind. Also, the highest cell size at 55% flow rate is explained by the longest
residence time. Therefore, the lowest flow rate provides the highest chance for the free expansion of the exiting
material from the nozzle due to a longer residence time and a lower pressure between the nozzle and the underlying
layer. Consequently, the lowest part density (Figure 5b) is obtained once the lowest flow rate is used. It can thus be
concluded that lower flow rates are favorable in achieving foams with lower densities. However, excessively low
flow rates can result in poor raster to raster bonding and substantial inter-bead gaps, which are not desired. It is
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further noted that the low cell density at low flow rate case could be related to the existence of the inter-bead gaps,
which contribute to the volume but not considered as cells. Another possibility for the low cell density could be the
excessive residence time, probably causing the collapse of some local cells. This is due to gas loss once the
microspheres are under high internal pressure for prolonged times while the system pressure (i.e., the pressure inside
the heater block) is not significantly high.
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Figure 5. Effect of flow rate on (a) cell density and cell size and (b) part density. Error bars denote £1 SD (standard deviations).

The absence of the inter-bead defects with 85% flow rate can also be explained by the above factors. 85% flow
rate provides sufficient amount of material input for constructing the raster as well as sufficient amount of associated
under-nozzle pressure due to the in-situ expansion of the material. These two result in completely filled raster cross-
sectional geometry with good bead to bead bonding and no gaps. As the flow rate is now higher, the residence time
is shorter and thus the cell sizes are smaller (Figure 5a).

The highest flow rate of 100% is obviously not a good choice for foam printing, if low densities are desired.
100% flow rate means the part should be fully made with densities close to that of solid material without any
expansion. Moreover, 100% flow rate may not provide sufficient resident time for a uniform temperature
distribution and TEM expansion. Therefore, a choice of 100% flow rate does not leave sufficient room for foam
expansion during raster deposition. Independent of the set flow rate, the high-pressure thermally expendable
microspheres expand as they exit the nozzle. This expansion coupled with the excessive amount of extruded material
causes the over-extrusion of the rasters, which is clearly seen in Figure 3c as surface defects. The cell size’s largest
standard deviation was associated with the morphology of the 100% flow rate case (Figure 5a), indicating the
nonuniformity in the cellular morphology (Figure 4c) and can be attributed to the short residence time and possible
nonuniform temperature distribution and therefore nonuniform expansion. The smaller cell density values in this
case may also be due to excessively short resident time such that some microspheres did not get an opportunity to
expand, especially in the regions with lower temperatures. Moreover, as expected, the highest flow rate resulted in
the highest density.

The effect of print speed: The second parameter studied was print speed, i.e., the velocity of the nozzle tip
linear motion. Figure 6 and Figure 7 show the surface and the internal microstructure, respectively, of the foam
samples, made at three print speeds. In the parts made with 5 mm.s™! print speed, the surface exhibited inter-bead
line gaps along the print direction (Figure 6a). Similarly, anomalies in the cellular morphology are seen, as identified
in Figure 7a. The increase of print speed to 25 mm.s™! improved both the surface and internal microstructure (Figure
6b and 7b). Further increase of print speed to 125 mm.s! resulted in the formation of the huge inter-bead line gaps
along the print direction (Figure 6¢) and due to nonuniform expansion, the internal microstructure showed
unexpanded regions, raster boundaries and nonuniform cell shapes and sizes (Figure 7¢).
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Figure 8a shows the cell size and cell density for the foam samples made at three print speeds. Parts printed at 5
mm.s™! print speed exhibited the highest cell size (54.29 pum) with the intermediate cell density (1.52x10° cells.cm™
%). Once the print speed was changed to 25 mm.s!, the average cell size dropped to 50.54 um and the cell density
was raised to 3.15x10° cells.cm?. Further increase in the print speed to 125 mm.s™! caused further reductions in the
cell size to 45.82 um and the cell density (0.74x10° cells.cm™). Part density with respect to the print speed is shown
in Figure 8b. At 5 and 25 mm.s!, the part density was found to be 0.71 and 0.67 g.cm™, respectively, with no
significant difference. However, with increase in the print speed to 125 mm.s™!, part density was the highest, i.e. 0.95
g.cm™.

(@)5mms' | (b) 25 mm.s”

. (c)125 mm.s”

X50  500pm 14 50 SEI . B = R X50  500pm 13 50 SEI
Figure 7. SEM micrographs (Y-Z plane view) showing the cellular morphology of foam samples printed at (a) 5, (b) 25, and (c)
125 mm.s™! print speed.

As explained previously for flow rate effect, the influence of print speed on the mesostructure, cellular
morphology, and part density can also be explained by two main factors, i.e., volumetric throughput and residence
time. As the print speed increases, the filament feed-in velocity increases, and thus, the melt exits nozzle at a faster
rate; thereby the volumetric flow rate increases and the residence time inside the heater block decreases. At the
lowest print speed, i.e., 5 mm.s™}, the formation of inter-bead gaps on the surface (Figure 6a) and anomalies and gaps
in the microstructure (Figure 7a) are likely due to excessive residence time of the microspheres and low material
throughput. Very low print speed means excessive residence time that could first cause the maximum expansion of
microspheres followed by their shrinkage/collapse as evident from Figure 7a (highlighted with red arrows). This
resulted in the largest cell sizes together with the largest variation in the cell size. Cell density was not the highest
which could be related to relatively low melt throughput and loss of some cells due to collapse.

Once the print speed was increased from 5 to 25 mm.s’!, the cellular morphology was improved. This speed
provided sufficient amount of expanded extrudate for constructing the raster as well as sufficient amount of
associated bead pressures from the depositing material together with an optimum residence time. These further
resulted in uniform cellular morphology and the absence of inter-bead gaps (Figure 6b and 7b). Cell density was
increased indicating that a larger number of cells could be activated and preserved while the cell size slightly
decreased due to overall short residence time.
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Figure 8. Effect of print speed on (a) cell density and cell size, and (b) part density. Error bars denote =1 SD (standard
deviations).

Samples printed with a speed of 125 mm.s™! had significantly higher filament feed-in velocity due to which the
residence time of the melt proved to be insufficient for the activation and expansion of the microspheres. Hence, this
caused partial and non-uniform expansion of the depositing extrudate which resulted in the formation of huge inter-
bead gaps along the print direction (Figure 6¢). As shown in Figure 7c, the presence of cells with nonuniform sizes
and shapes, appearance of raster boundaries with huge inter-bead gaps and unfoamed sections clearly indicate that at
the high print speed of 125 mm.s™!, the residence time was too short and proper foam expansion and filling could not
take place. Consequently, the size and population density of the cells were found to be the lowest (Figure 8a),
indicating that some microspheres did not get a chance to expand, and others expanded only partially. Due to these
reasons and the presence of unfoamed sections, the part bulk density was found to be high, reaching 0.95 g.cm™.
Hence, 125 mm.s™' was concluded to be too high for the proper foaming, especially, if lower densities are required.

In summary, to obtain printed foams with good quality and uniform cellular morphology, the melt flow rate and
the print speed should be optimized. Use of partial flow rate is an effective strategy. However, excessively low flow
rate would result in the loss of structural integrity of the printed foam, due to the lack of raster to raster connections.
Print speed should also not be very high as it can prevent foaming, due to insufficient residence time.

Conclusion

The purpose of this study was to investigate the effect of flow rate and print speed on the density and
microcellular structure of polylactic acid (PLA) foams printed via in-situ foam fused filament fabrication (FFF)
process. Unexpanded filaments loaded with thermally expandable microspheres (TEMs), at 2.5 wt.%, were prepared
and FFF print process was used to print foam samples at flow rates of 55, 85 and 100% and print speeds of 5, 25 and
125 mm.s!. It was found that both flow rate and print speed have significant impact on the cellular morphology,
mesostructure, surface features, and part density. At low flow rate, i.e., 55%, due to relatively longer residence time,
degree of expansion was the highest which resulted in larger cell size with relatively lower part density of 0.56 g.cm
3. Also, due to low throughput at this flow rate, inter-bead gaps were formed on the surface and internal
microstructure. However, at higher flow rates, i.e., 85% and 100%, due to higher throughput, part densities were
higher and inter-bead gaps vanished. At 100 % flow rate, part density was the highest (0.79 g.cm™) with over-
extrusion and large variations in the cell size, due to the insufficient residence time. Similarly, at low print speed,
i.e., 5 mm.s’, due to relatively longer residence time, anomalies in the cell shapes and sizes were observed. At the
highest print speed of 125 mm.s™!, due to relatively high filament feed-in velocity and short residence time,
expansion of microspheres could not be fully realized and resulted in non-uniform cellular morphology as well as
huge inter-bead gaps with a very high density of 0.95 g.cm™. Overall, print speed of 25 mm.s! and flow rate of 85%
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proved to be optimum processing parameters to provide a relatively low density with uniform cellular morphology
and no inter-bead gaps.
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