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ARTICLE INFO ABSTRACT

Keywords: Process-microstructure-property relationships are reported for microcellular foams printed via material extrusion
Microcellular materials (MEX) additive manufacturing (AM) process. Polylactic acid and thermally expandable microspheres were mixed
Foams

and extruded to prepare the filament. In situ foaming during MEX AM process was then conducted to investigate
the impact of nozzle temperature, flow rate, and print speed on the cellular morphology, mesostructure, part
density, and the mechanical behavior of the foams. The temperature and the residence time were identified as the
two key factors governing the foaming behavior and thus the resultant microstructure and properties. Too
excessive temperature and residence time resulted in the deformed, wrinkled, or collapsed microspheres due to
gas loss and contraction. On the other hand, too low temperature and residence time caused limited number of
microspheres to expand, due to insufficient energy and time. Both overly activated and partially unexpanded
microspheres provided nonuniform cellular morphologies and higher densities and thus adversely affected the
tensile properties. The foam expansion/shrinkage behavior during the MEX AM process was demonstrated as a
function of a combined process variable that unifies temperature, flow rate, and print speed. Upon the utilization
of the optimum process variables, foam samples with uniform morphology, low density, and high toughness were
achieved. The results shed light on the understanding and advancing of MEX AM process as a novel

Material extrusion additive manufacturing
Residence time
Temperature

manufacturing approach to produce quality foams.

1. Introduction

Polymeric foams are lightweight materials that have wide range of
applications in insulation, packaging, cushioning, safety, biomedical,
etc. [1-8]. Thermoplastic foams are usually made using physical [1,8,9]
or chemical [10-12] blowing agents. Recently, thermally expandable
microspheres (TEMs), which are essentially physical blowing agents
confined by a thermoplastic shell [13-15] have also been used for
foaming. Injection molding [16-22] and extrusion [1,23,24] are rela-
tively mature manufacturing technologies that are commonly used to
produce thermoplastic foams.

Material extrusion (MEX) additive manufacturing (AM) usually
works with thermoplastic materials and offer some key benefits
compared to subtractive processes such as machining and forming
processes such as injection molding and extrusion [25]. In MEX AM
method, three dimensional parts, including relatively complex shapes,
are made progressively by the deposition of a molten continuous bead
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that follows a tool path, generated based on the part design. Integrating
MEX AM and polymer foaming may offer several benefits: a) low ma-
terial usage, b) complex lightweight parts, ¢) microstructure control, c)
mitigation of warpage and inter-bead voids, and d) structural custom-
ization via functionally graded foams. The manufacturing of foams
through MEX AM is, however, a relatively new and emerging field.
Three different ways have been reported to make foams in MEX AM:
a) pre-foaming, b) post-foaming [26-28], and c) in situ foaming
[29-36]. In situ foaming, which is called foam 3D printing (F-3DP)
hereafter, synchronizes the material extrusion, expansion, and deposi-
tion and there is no pre- or post-process steps required for foam
expansion. In F-3DP, an expandable filament is used as the feedstock and
during the printing process, foam expansion occurs by providing proper
printing process conditions. The use of gas [29,30,34] and chemical
blowing agents [31,35] has been reported. In both cases, the gas needs to
be dissolved in the polymer melt in order to provide an acceptable level
of cell nucleation. Unlike the traditional physical and chemical blowing
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agents, the blowing agent (gas) does not need to be dissolved in the
polymer melt, which simplifies the foaming process and makes it
feasible with any commercial MEX AM machine, without further
modification. TEM-assisted foaming has also been examined in extrusion
foaming and foam injection molding processes and the results indicate
that a more uniform cellular morphology is obtainable with TEMs as
opposed to other blowing agents [14,15]. The bulk density and micro-
cellular structure may be controlled via the amount of TEM loading as
well as the printing process parameters.

There are few reports on TEM-assisted F-3DP process [32,37].
Andersson et al. reported the F-3DP of polylactic acid (PLA). Their report
shows a nonuniform cellular morphology with large variations in den-
sities [32]. Pawar et al. reported the F-3DP of thermoplastic elastomer
polyamide (TPE-A) [37]. They analyzed the density of the printed
sample as a function of the nozzle temperature, nozzle diameter and
layer height. The authors also recently reported the fabrication of
expandable PLA filaments with various TEM loadings and plasticizers
and demonstrated the feasibility of fabricating highly uniform cellular
morphologies with good dimensional stability in printed foams [38,39].

While there has been an increasing interest in F-3DP recently, a
deeper understanding of the key print process parameters that control
the mesostructure, cellular morphology, and dimensional stability as
well as the performance of the resultant foams is still lacking in the
literature. There has been numerous studies on regular MEX AM process
indicating that the printing parameters play a critical role on deter-
mining the print quality, inter-layer bond strength, and final mechanical
properties of un-foamed printed parts [40-43]. Understanding and
quantification of such process-microstructure-properties correlations in
F-3DP process is still missing.

In this study, first a TEM masterbatch was mixed with a model matrix
material, i.e., PLA to fabricate expandable filaments using single screw
extrusion process, assuring that the foam expansion is suppressed during
filament fabrication process. The expandable filament was then
employed as the feedstock for MEX AM to 3D print the microcellular
foams. To systematically study the process-microstructure-properties
relationships, three key print process factors, namely, the temperature
on nozzle, the melt flow rate at the nozzle exit, and the velocity of print
head (print speed) were investigated. Nozzle temperature levels were
selected based on the temperature window overlap between the TEM
expansion and the PLA melt processing requirements. The flow rate and
print speed levels were also selected based on the foam manufactur-
ability. Tensile bars were printed at various print process conditions.
The impact of F-3DP process variables on the microcellular morphology,
part density, and tensile properties of the foams were investigated in
detail. The foam expansion and contraction were also quantified and
discussed with respect to temperature, residence time, and a combined
process variable, that unifies all three process variables into one factor.

2. Experimental
2.1. Materials

The model polymer examined here was PLA (NatureWorks, Ingeo
4043D) with a density of 1.24 g.cm ™ and a flow rate of 6 g per 10 min at
210 °C under 2.16 kg load. For blowing agent, a TEM masterbatch from
Sekisui (Advancell P501E1) was used. Tri-ethyl citrate (TEC) was also
used as a plasticizer. The TEC was purchased from Sigma Aldrich
(W308307) and had a molecular weight of 276.28 g.mol*. According to
Sekisui, TEM P501E1 is a masterbatch containing 50 wt% TEM and 50
wt% polyethylene carrier. The microsphere’s initial particle size is
21-31 um with a bulk density of about 1.10 g.cm 3. The expansion start
and maximum temperatures of the TEMs are 160-180 °C and
210-230 °C, respectively. The density of TEM particles can be as low as
0.01-0.03 g.cm ™3 once they are fully activated. More details about the
TEM can found in [38]. TEC plasticizer [44] at 2 wt% was also added to
the PLA/2.5 wt%TEM formulation to tailor the viscosity during filament
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extrusion.

2.2. Filament fabrication

An extruder, Dr. Collin E30P was used to melt blend PLA, TEC at 2.0
wt%, and TEM at 2.5 wt% for preparing the filament. The extruder had a
screw diameter of 30 mm and a length of 750 mm giving an aspect ratio
of 25. The screw profile consisted of Maddock/Igel elements at the end
for better mixing [45-47]. Barrel temperatures were kept in between
155 and 127 °C with a screw rotational speed of 6 rpm. This resulted in a
melt temperature of 161 + 2 °C and a pressure of 20.5 + 0.5 MPa before
the die exit. More details about the filament preparation can be found in
[39].

2.3. Material extrusion additive manufacturing of foams

2.3.1. Foam 3D printing process

Fig. 1(a) schematically depicts the in situ F-3DP process. Expandable
filament was fed into the heater block assembly at a certain filament
feed in velocity (Uy). The heater block assembly moved at the print speed
of Up. Heater block assembly includes the heater block and the nozzle, i.

(a)

U Expandable
filament

K\

Step |

Step Il

Printer bed

Fig. 1. (a) Schematic representation of F-3DP process and (b) an isometric view
of foam printing process in action making a tensile bar. The dimensions in (a)
are not to scale.
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e., where the material will be in its molten state (Fig. 1(a)). The three
steps of in situ F-3DP process are represented in Fig. 1(a). Step I denotes
the heating stage, i.e., the TEM particles are heated up but the temper-
ature is not yet sufficiently high to trigger the expansion. Step II denotes
the initiation stage where TEM particles are hot enough to initiate the
expansion as they flow toward the nozzle exit. The amount of expansion
in this stage will depend on the nozzle pressure, the true temperature of
the TEMs, and the residence time. In step III, the TEM particles continue
growing as they exit the nozzle until the melt cools down below the
minimum expansion temperature of the TEMs where the cellular
morphology starts to stabilize. Fig. 1(b) shows F-3DP process in action
making a tensile bar. The dimensions of the printed tensile bars were
selected based on the ASTM D638 type-V specimen [48]) and the slicing
of CAD model was carried out using Ideamaker to generate the tool path.
A commercial 3D printer (Raise 3D Pro2) was utilized to make the
foamed samples.

2.3.2. Design of experiments

Table 1 shows the experimental runs to investigate the impact of F-
3DP process variables. The lowest nozzle temperature was selected as
175 °C which is close to the TEM’s expansion start temperature while
the highest nozzle temperature was set to 225 °C which is close to TEM’s
expansion maximum temperature. Also, the selected nozzle tempera-
tures were within the processing temperature window of PLA. Pre-
liminary trials also revealed that both flow rate and print head speed
significantly affect the foaming behavior. Therefore, they were selected
as variable factors. 100 % flow rate, which is typical in solid part
printing, was used as the highest level and 55 % was selected as the
lowest level. Below 55 % flow rate, incomplete prints were observed.
Print speed was also examined at its widest possible range of 5-125 mm.
s~L. The other process parameters were kept unchanged. Nozzle diam-
eter, raster width, layer height, infill percentage, print orientation, and
bed temperature were set to 0.8 mm, 0.8 mm, 0.3 mm, 100 %, 0 °, and
55 °C, respectively.

2.3.3. Residence time estimation

The residence time, t, of the material inside the heater block as-
sembly was identified as one of the fundamental factors governing the
foaming behavior and the process-microstructure relations. Therefore, t,
in each experimental run was estimated using both analytical and
experimental methods. In analytical approach, Eq. (1) was used to
calculate t,:

t—ii—l—lJrl—erl—B (€))
" &5U U U Ug

where [, I5, and I3 are the travel distances (mm) inside the heater block
assembly and nozzle, as shown in Fig. 1. Ij, I, and I3 were directly
measured from the hotend and nozzle assembly. U; and Ug are the fila-
ment feed in velocity and nozzle exit linear velocity (mm.s™), respec-
tively. U, is the average linear velocity of melt traveling through the
connical section of the nozzle, which is calculated based on the U; and
Ug. Uj is calculated using the set flow rate (FR) as:

Table 1
The design of experiment (one factor at a time) used in the F-3DP process.

No. Nozzle temperature (°C) Flow rate (%) Print head speed (mm.s™ ')
1 175 85 25

2 200 85 25

3 225 85 25

4 200 55 25

5 200 100 25

6 200 85 5

7 200 85 125
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Q (mm®.s) and dy(mm) are the volumetric flow rate and diameter of
the filament, respectively. FR (%) is the printer input flow rate in per-
centage and a is a fator that convert the flow rate from % to mm®.s™! and
it is obtained from the g-code, which takes into account the other fixed
print parameters. Ug is then calculated based on U and the ratio of the
filament and nozzle diamerters using:

d2

%

Ur = Uzdfi ()]
where d, (mm) is the nozzle diameter. When the print speed, PS (mm.s™H)
is varied, the following Eq. relates the filament feed in velocity (U;) and
PS:

U =pePS 5)

where g is a factor obtained from the g-code, taking the other fixed
printing conditions such as flow rate and nozzle diameter into account.
Therefore, Eqgs. (1)-(5) provides a method to calculate the residence
time once input flow rate or print speed is changed. In the experimental
method, the t, values were estimated by directly measuring the time that
filament took to pass from the heater block assembly and nozzle. As
further discussed in Section 3.2.2, the theoretical and experimental ¢,
values matched relatively well, indicating that the obtained time values
were reliable.

2.4. Characterizations

2.4.1. Density

A density kit (Mettler Toledo MS303TS/00) was used to obtain the
density of the filament and the 3D printed parts following the ASTM
D792 standard procedure [49]. The density samples of the printed foams
were cut from the tensile bars. At least three samples of each condition
were used in the density measurements.

2.4.2. Microscopy

A scanning electron microscope, SEM (JEOL JSM 6390) was utilized
to study the cellular morphology of the printed tensile specimens. Mi-
crographs of the microstructures were taken at several magnifications
with an acceleration voltage of about 5 kV. Before scanning, the samples
were cryo-fractured using liquid nitrogen and then coated with Au using
a sputter coater (Denton vacuum sputter coater).

2.4.3. Cell density and cell size

The cell density and cell size of the foams were obtained by image
processing of the SEM micrographs using MIPAR software. At least three
hundred cell counts of each micrograph were used in the calculations of
the cell density. The diameter of the same cells was also measured and
used to obtain the cell size in each case. Cell density, N (number of cells
per cm®) was calculated using Eq. [17]:

N=(%)? 6)

n
A
where n is the number of cells, observed within a certain area, A (in cm?)
of SEM micrographs. Eq. 6 first calculates the 2D (surface) population
density of cells by counting the number of cells observed in a certain
area (cm*cm) of SEM micrograph and then extends that to 3D (volu-
metric) population density of the cells assuming that the cell distribution
is isotropic. It is also noted the cell population density was not
normalized with respect to the sample’s density before foaming. Three
different printed samples were considered in calculating the means and



K. Kalia and A. Ameli
the provided error bars in the graphs denote the standard deviations.

2.4.4. Tensile testing

The mechanical testing of the foams was conducted by loading the
specimens in tension following the ASTM D638 [48]. A displacemnt
controlled load frame (Instron 5966 with 10 kN load cell) with a
crosshead speed of 10 mm.min~! was utilized for the testing. At least
four specimens were tested for each experimental run and the tensile
yield strength, tensile modulus, strain-at-break, and toughness are
reported.

3. Results and discussion
3.1. Effect of nozzle temperature

3.1.1. Microstructure vs. nozzle temperature

Fig. 2(a-c) shows the internal microstructure of the printed foams at
the nozzle temperatures of 175 °C, 200 °C, and 225 °C. It can be clearly
seen from Fig. 2(al-2) that at 175 °C, the inter-bead gaps and bound-
aries (shown with yellow arrows in Fig. 2(a-1)) were formed along with
the traces of unexpanded microspheres (shown with yellow arrows in
Fig. 2(a-2)). However, with an increase in the nozzle temperature to
200 °C, the inter-bead gaps vanished, and the printed foam exhibited a
uniform cellular morphology with no marks of rastering (Fig. 2(b1-2)).
Further increase of the nozzle temperature to 225 °C showed anomalies

3
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such as deformed TEM particles (shown with yellow arrows in Fig. 2(c-
2)) and wrinkles on the TEM shell (shown with red arrows in Fig. 2(c-2,
c-3). Furthermore, as shown by blue arrows in Fig. 2(a-3, b-3, c-3), the
TEM shell thickness decreased as the nozzle temperature was increased,
indicating that the TEMs expanded to a greater degree as the tempera-
ture was increased. The fact that the final stabilized cell sizes do not
appear to be the largest in the case of 225 °C is related to the TEM
shrinkage and wrinkle formation after excessive expansion, as explained
later.

The relation between the temperature and the foaming behavior can
be considered in two aspects, i.e., the pressure generated inside the
TEMs by liquid/gas phase change and the polymer viscoelastic behavior.
As the temperature rises, the heat transfer between the nozzle and the
material will occur at higher rates and the internal energy of the melt
will be greater. These will result in the rise of the gas pressure inside the
TEMs to higher levels and with faster rates, which will ultimately cause a
greater number of TEMs to activate and grow to higher degrees of
expansion. In addition, the polymer viscosity in the molten state will
decrease with temperature, following an Arrhenius type relation, n =
A exp(g—“T , where n is the viscosity, E, is the activation energy, R is the
Boltzmann’s constant and T is the temperature. With a decrease in vis-
cosity, polymer chain mobility will increase, which will thereby lower
the matrix resistance to TEM expansion. Moreover, the TEM shell’s
modulus of elasticity will decrease as the temperature increases,
allowing for deformation under lower force levels, which will further

X3,000 S5pum 14 50 SEI

b S N
X

09 50 SEI 5kV X3,000 S5um 09 50 SEI

13 50 SEI X3,000 13 50 SEI

Fig. 2. Cellular morphologies of the foams printed at the nozzle temperatures of (a) 175 °C, (b) 200 °C, and (c) 225 °C. Images of 1, 2, 3 in each row were taken at

three different magnifications of 50, 250 and 3000, respectively, from the same samples. The flow rate and print speed were 85 % and 25 mm.s

~1, respectively.
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Fig. 3. (a) Cell density and cell size and (b) density of the printed foams vs. nozzle temperature. The flow rate and print speed were 85 % and 25 mm.s -,

respectively.

ease the expansion.

It should be however noted that the excessively high temperatures
will also be detrimental to the foaming behavior, causing contracted
and/or deformed cells and defective shells. Elongated cells at high levels
of temperature could be attributed to the excessive softening of the shell
material and consequently its deformation due to the applied shear
stresses as the melt flows. The wrinkles created on the shells could also
be due to the shrinkage of the excessively expanded TEM microsphere
[50,51]. If the temperature is too high, the pressure of the gas inside the
TEM will also be high and thus the gas will attempt to diffuse out of the
shell to lower the internal pressure [51]. Since the shell is bound to the
matrix melt, it cannot freely shrink back as the gas is diffusing out and
thus it creates wrinkle marks as it contracts [51].

Fig. 3(a) shows the cell size and cell density of the foams printed at
various nozzle temperatures. At 175 °C, cell density and cell size were
found to be the lowest, i.e., 1.9 x 10° cells.cm™2 and 47 um, respec-
tively. The low cell density value indicates that some of the TEMs have
not been expanded, as also observed in Fig. 2(a-2). Also, the relatively
low cell size is confirming that the TEMs have not expanded to their full
potential at this low temperature. With an increase of the nozzle tem-
perature to 200 °C, cell density and cell size both increased to 3.3 x 108
cells.cm ™3 and 53 um, respectively, indicating that a greater number of
TEMs expanded and each TEM expanded to a greater degree. Further
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increase in the nozzle temperature to 225 °C did not cause any signifi-
cant change in the cell density and cell size. Not a significant change in
the cell density implies that the majority of the TEMs expanded at
200 °C. Moreover, as explained earlier, the cell size at 225 °C case was
also not greater than that in the case of 200 °C, due to the shrinkage of
the TEMs.

Fig. 3(b) provides the printed foams’ bulk density with respect to the
nozzle temperature. Overall, the density trends agree with the measured
cell sizes and cell densities. With an increase in the nozzle temperature
from 175 °C to 200 °C, the part density was lowered significantly from
0.95 to 0.67 g.cm 2. However, with further increase in nozzle temper-
ature to 225 °C, no significant change was observed in the density. It is
noted that the part density reflects the overall weight reduction because
of the cellular structure as well as the inter-bead voids, if any, present in
the printed foams.

3.1.2. Tensile properties vs. nozzle temperature

Fig. 4(a-b) depicts the tensile properties of the printed foams with
respect to the nozzle temperature. For 175 °C case, yield strength and
Young’s modulus were 27 MPa and 2340 MPa, whereas the strain-at-
break and toughness were 4.6 % and 0.9 J.cm™3, respectively. For
200 °C case, yield strength and Young’s modulus dropped to 14 MPa
and 1266 MPa, respectively, whereas strain-at-break and toughness

(b)  mmsm Toughness —e— Strain-at-break

16 1 1.8
—~ 14 s
o 15 P
S 12 5
husl [72]
o 8 09 @
© c
g 8 06 5
s 4 3
»H 2 0.3 +

0 0.0

175 200
Nozzle temperature (°C)

225

Fig. 4. (a) Yield strength and Young’s modulus and (b) strain-at-break and toughness of the printed foams vs. nozzle temperature. The flow rate and print speed were

85 % and 25 mm.s !, respectively.
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showed significant increases and were found to be 11.7 % and 1.5 J.
em ™3, respectively. For 225 °C case, yield strength and Young’s modulus
increased slightly and exhibited values of 15 MPa and 1473 MPa,
respectively, whereas strain-at-break and toughness decreased signifi-
cantly to 6.3 % and 0.9 J.cm 3, respectively.

Overall, the tensile properties were impacted by both the bulk den-
sity as well as the microstructure of the foams. Yield strength and
Young’s modulus were primarily governed by the bulk density. At
175 °C, the bulk density was the highest and resulted in the largest yield
strength and Young’s modulus values [14,37,52-55]. The foams made at
200 °C and 225 °C had similar densities and thus provided similar yield
strength and Young’s modulus values. However, yield strength and
Young’s modulus for 225 °C case was slightly greater than those of
200 °C case, which may be attributed to a better raster-to-raster bonding
due to the greater inter-molecular diffusions of PLA polymeric chains
deposited at higher nozzle temperature [56]. The strain-at-break and
toughness were maximum at 200 °C and dropped significantly in both
175 °C and 225 °C cases. The drop in the strain-at-break and toughness
for the case of 175 °C is related to its high bulk density. In brittle
polymeric foams such as PLA, usually strain-at-break and toughness
decrease with an increase in the density [17,20]. The drop in the
strain-at-break and toughness for the case of 225 °C is however pri-
marily related to the morphology, as the two cases of 200 and 225 °C
had similar densities. Larger cell size scatter, deformed cells, and the
defective wrinkled shells all contributed to a reduction in the ductility of
the foam. Wrinkled shells were not able to remain fully intact and
transfer loads for longer times and could have acted as stress concen-
tration locations for earlier catastrophic failure of the foams, causing the
material to exhibit more brittle behavior.

3.2. Effect of flow rate and print speed

3.2.1. Microstructure vs. flow rate and print speed

Fig. 5(a-b-c) shows the internal microstructure of the printed foams
at three different set flow rates of 55 %, 85 %, and 100 %, respectively.
For the foams made at a flow rate of 55 %, the inter-bead gaps and raster
boundaries were formed as evident in Fig. 5(a) and its inset. With an
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increase in the flow rate from 55 % to 85 %, the inter-bead mesostruc-
tural gaps vanished in the internal microstructure, and foam
morphology became more homogeneous (Fig. 5(b)). However, with
further increase of the flow rate to 100 %, the uniformity in the cellular
morphology was found to slightly decrease (large cell pointed by the
blue arrow in Fig. 5(c) inset) along with traces of unexpanded micro-
spheres (yellow arrow in Fig. 5(c) inset).

Fig. 5(d-b-e) also shows the internal microstructure of the foams,
printed at the speeds of 5, 25, and 125 mm.s*, respectively. In the parts
printed at a speed of 5mm.s }, the cellular morphology exhibited
anomalies such as elongated or deformed cells (blue arrows in Fig. 5(d)
inset) as well as defective shells with wrinkles (red arrows in Fig. 5(d)
inset). Increase of the print speed to 25 mm.s~! improved the internal
microstructure. However, the highest speed of 125 mm.s ™' resulted in
the formation of huge inter-bead gaps (Fig. 5(e)), highly nonuniform
cellular structure in terms of distribution, shape, and size, as well as
unexpanded microspheres (Fig. 5(e) inset).

The cell size, cell density, and bulk density of the foams all were
affected by both the flow rate and print speed. As seen in Fig. 6(a), parts
printed at a flow rate of 55 % had the largest cell size (57 pm) with the
smallest cell density (1.25 x 10° cells.cm™3). As the flow rate was
changed to 85 %, the cell size dropped to 51 um and the cell density
increased to 3.15 x 10° cells.cm 3. Further increase of the flow rate to
100 % resulted in opposite trends, i.e., the cell size slightly increased to
53 um and the cell density decreased to 2.04 x 10° cells.cm™>. More-
over, Fig. 6(b) shows the printed foams’ bulk density with respect to the
flow rate. Once the flow rate was increased from 55 % to 100 %, the bulk
density showed a continuous increase from 0.56 to 0.79 g.cm™>.

As Fig. 6(c) shows, the foams printed at a speed of 5 mm.s ™! showed
the highest cell size of 54 um with the cell density of 1.52 x 10° cells.
em ™3, With a change in the print speed from 5 to 25 mm.s ™}, the cell size
decreased to 51 um and the cell density increased to 3.15 x 10° cells.
em 3. Further increase in the print speed to 125 mm.s ! resulted in the
lowest values of the cell size, i.e., 46 um and the cell density of 0.74 x
10° cells.cm™. Part density showed no significant change when the
speed was changed from 5 to 25 mm.s . However, the part density was
significantly increased to 0.94 g.cm™>, when the highest speed, i.e.,

)

X50 12 50 SEI

Fig. 5. Cellular morphologies of the printed foams at various flow rates and print speeds: flow rates of (a) 55 %, (b) 85 % and (c) 100 %, and print speeds of (d)
5 mm.s~}, (b) 25 mm.s~}, and (e) 125 mm.s~!. (b) is same for 85 % flow rate and 25 mm.s~! print speed. The nozzle temperature was 200 °C.
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Fig. 6. Cell density, cell size, and part density of the printed foams as functions of (a-b) flow rate and (c-d) print speed at a print temperature of 200 °C.

! was used.

125 mm.s™
3.2.2. Residence time and nozzle throughput

With a close examination of the printing process, it can be found that
both flow rate and print speed set points are controlled within the g-code
by calculating the required filament feed-in velocity, U;. For instance, to
increase the flow rate or the print speed, U is increased in the program
accordingly. With an increase in Uy, the melt travels faster and thus the
residence time will decrease. The expansion of the microspheres is a
time dependent phenomenon, and the microsphere size will enlarge
with time, once a certain temperature range is obtained. The residence
time can thus be used as an estimate of the time at which the micro-
spheres are growing. Therefore, longer residence time translates into a
longer time given for the TEMs to expand. Moreover, longer residence
times will provide more time for the heat transfer from the nozzle to the
melt, facilitating higher levels and/or more uniform distribution of the
melt temperature. This in turn can facilitate further or more uniform
growth of the TEMs. It should however be noted that excessively longer
residence times can result in excessive gas loss through the TEM shell,
causing a shrinkage in the microsphere due to pressure loss before shell
solidification.

Therefore, one of the fundamental factors that may be used to
correlate both the flow rate and the print speed to the foaming behavior
is the residence time, t;. Table 2 lists the t, values obtained using both
analytical and experimental approaches described in Section 2.3.3.
When the flow rate is increased from 55 % to 100 %, t; is reduced from
9.47 to 5.21 s. The range of residence time for print speed was even

Table 2
Filament feed-in velocity (Up) and estimated residence time (t,) at various flow
rates and print speeds.

Flow rate (%) Filament feed in velocity (Up) Residence time, t, (s)

)
(mm.s™) Analytical ~ Experimental
55 1.87 9.56 9.47 £ 0.02
85 2.87 6.22 6.02 £+ 0.03
100 3.38 5.27 5.21 £ 0.05
Print speed (mm.
s
5 0.58 30.94 29.42 + 0.02
25 2.87 6.22 6.02 +£0.03
125 14.43 1.24 1.32 +£0.07

wider, i.e., from 29.42 to 1.32 s, corresponding to the speeds of 5 and
125 mm.s ™}, respectively.

In addition to t, the volumetric throughput relative to the prescribed
bead geometry is another important factor. Volumetric throughput is the
available volume of the material per unit time that is used to fill the
predetermined space (by the set print conditions) during the raster
deposition. In the F-3DP process, this volumetric throughput depends
not only on the process set parameters (e.g., flow rate) but also on the
degree of the foam expansion before deposition.

The lowest flow rate of 55 % resulted in a relatively long residence
time of 9.47 s (Table 2), giving enough time for the microspheres to
expand, and thus providing the largest cell sizes (Fig. 6(a)) and the
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lowest part density (Fig. 6(b)). However, it also delivered the smallest
throughput. The presence of the inter-bead gaps (Fig. 5(a)) denotes
insufficient throughput of the foamed extrudate. Even with the volume
increase due to the foam expansion, the amount of material per unit time
supplied to form the raster was too low such that the inter-bead spaces
could not be fully filled, leaving the inter-bead gaps behind. The lowest
cell density for this case (Fig. 6(a)) can be attributed to the large amount
of inter-bead free spaces, which do not contain microspheres. Upon
increasing the flow rate from 55 % to 85 %, the residence time
decreased, and the throughput increased (Table 2). Shorter residence
time lowered the degree of expansion and caused a drop in the cell size
(Fig. (6a)). Increase in the throughput resulted in a better filling during
raster deposition and thus the inter-bead voids vanished (Fig. 5(b)). This
also caused an increase in the cell density (Fig. 6(c)). At a flow rate of
100 %, the residence time was too short (5.21 s) resulting in some
unexpanded microspheres (Fig. 5(c) inset) and a reduction in the cell
density (Fig. 6(a)), with larger variation in the cell size. Lower t, values
are likely to create nonuniformity in the temperature distribution which
will cause nonuniform expansion inside the polymer matrix along with
higher probability of microspheres being in unexpanded state.

The longest residence time (29.42 s) was associated with the smallest
print speed of 5 mm.s~! (Table 2). Longer residence time did provide
longer time for the expansion which resulted in larger cell size, but at the
expense of morphological anomalies due to unwanted shrinkage of cells
(Fig. 5(c)). As seen in Fig. 5(d), the anomalies such as wrinkled shells,
deformed microspheres, and large variation in cell sizes are likely due to
the excessively long residence time causing the gas loss and shrinkage of
the already-expanded microspheres. On the other hand, the cell density
was also not the highest which may be related to the collapse of some
cells as a consequence of excessive gas loss. The part density was not the
lowest and can be related to having a relatively low cell density.
Increasing the speed to 25 mm.s ! caused a reduction in the cell size and
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an increase in the cell density (Fig. 6(c)), which were due to the
reduction of the residence time and increase of the throughput. The
changes in the cell size and the cell density balanced out and the bulk
density did not vary significantly. At the highest speed of 125 mm.s %,
however, the morphology was changed significantly. This condition
provided the lowest residence time of all the cases listed in Table 2, (i.e.,
1.3 s). This residence time was too short such that some microspheres
did not get enough heat to trigger and expand, as shown in the inset of
Fig. 5(e). This short time resulted in the smallest cell size and cell density
(Fig. 6(c)) for this case and consequently the highest part density.
Moreover, a closer look at the morphology of Fig. 5(e) shows that most
of the expanded cells reside at the exterior sections of the individual
beads while their cores are relatively free of cells. As reported in [57], at
higher print speeds or Uj, the temperature gradient inside the printer’s
barrel from the wall to the core can be relatively high. If the temperature
difference is sufficiently large, it can create a gradient in the foam
expansion as well. The melt is the hottest near the wall and the tem-
perature was sufficient to cause the TEM expansion while the core did
not experience sufficient time and temperature to activate the TEMs. It is
believed that the temperature gradient in other cases was not severe
enough to cause any measurable expansion gradient. Furthermore, un-
filled regions with visible raster boundaries (Fig. 5(e)) were observed at
this print speed which were due to the lack of sufficient expansion.

3.2.3. Tensile properties vs. flow rate and print speed

Overall, the tensile properties were also impacted by both the flow
rate and the print speed. Fig. 7(a-b) shows the tensile properties vs. flow
rate. All yield strength, Young’s modulus, strain-at-break, and toughness
increased as the flow rate was increased. One exception to this trend was
a drop in strain-at-break, once the flow rate was raised from 85 % to 100
%, which resulted in only a mild increase in the toughness (Fig. 7(b)).
The most significant increase was associated with the strain-at-break
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Fig. 7. Yield strength, modulus, strain-at-break, and toughness of the printed foams as a function of (a-b) flow rate and (c-d) print speed at a print temperature

of 200 °C.
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and toughness when the flow rate was increased from 55 % to 85 %.
Fig. 7(c-d) also depicts the tensile properties vs. the print speed. The
print speed and tensile properties exhibited somewhat similar trends to
those of the flow rate and tensile properties; however, the speed’s effects
were more signified at high print speeds. In particular, the most signif-
icant changes were observed when the speed was raised from 25 to
125 mm.s~}; yield strength and Young’s modulus were increased by 50
% and 37 %, while strain-at-break and toughness reduced by 66 % and
52 %, respectively.

Overall, similar to the temperature case, it appears that yield
strength and Young’s modulus were mainly governed by the bulk den-
sity, but strain-at-break and toughness were significantly impacted by
the microstructure. Looking at the tensile properties (Fig. 7(a) and (c)),
there was not a significant difference in the yield strength and Young’s
modulus values when process parameters were changed from 55 % to 85
% flow rate or print speed from 5 to 25 mm.s~'. With a change in the
flow rate from 55 % to 85 %, due to an increase in the throughput, the
part density increased slightly from 0.56 to 0.67 g.cm >, while a change
in the print speed from 5 to 25 mm.s~! did not cause a significant dif-
ference in the part density. However, improved cellular morphology
with uniform and homogeneous cellular structure (and the absence of
inter-bead gaps) enhanced the ductile behavior of the foams. Significant
improvement in strain-at-break and toughness was observed (Fig. 7(b)
and (d)). In the case of flow rate change, strain-at-break and toughness
increased by 54 % and 52 %, respectively, whereas for the print speed
change, strain-at-break and toughness increased by 58 % and 39 %,
respectively.

At the flow rate of 100 %, due to a relatively higher part density,
yield strength and Young’s modulus values were found to be the highest
for the flow rate cases (Fig. 7(a)). Moreover, the highest yield strength
and Young’s modulus values of all the cases of Table 2 were associated
with the print speed of 125 mm.s ™! as it yielded the highest part density.
In addition, the change in the flow rate from 85 % to 100 % did not cause
a significant difference in the strain-at-break and toughness values,
whereas the change in the print speed from 25 to 125 mm.s ! caused a
significant drop in the strain-at-break and toughness. This could be
related to the significant raster underfilling as well as anomalies and
nonuniformities observed in the microstructure (Fig. 5(e)).

3.3. Foam expansion limit

To study the overall process-density relation and find out the foam
expansion limit, a process factor, P was defined as:

T, —Tmin tr—tmin
p—_-N-‘min _ Gr—‘min )

Tmax - Tmin Tmax — Imin

where Tl is the variable nozzle temperature and Tpqy and Ty, are the
maximum and minimum nozzle temperatures tested (Table 1). Simi-
larly, t. is the variable residence time and tmgy and tm;, are the maximum
and minimum residence times tested (Table 1). Combining Egs. (1), (2),
(3), (5) and (7) defines P as a normalized factor that is a function of
nozzle temperature, flow rate, and print speed. P can be viewed as a
relative measure of the amount of energy provided to the system. P =
0 denotes the minimum temperature and minimum residence time, thus
minimum relative energy, and P = 1 refers to the maximum temperature
and maximum residence time, providing the maximum relative energy.
Fig. 8 depicts the density vs. the process variable, P for all the foams
obtained at various conditions. It is seen that with an increase in the
process variable from P = 0 to about P = 0.35, denoted as Zone I in
Fig. 8, the density decreases, which is related to the expansion of the
microspheres. As discussed earlier, in this process window, as the tem-
perature or time is increased, more energy is provided to the system and
causes a further expansion of the microspheres and thus density de-
creases. The density reaches to a minimum value of about p = 0.56 g.
em ™3 at P = 0.35. For a given material system, this corresponds to a
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maximum expansion of microspheres and thus the lowest achievable
density.

As P was further increased beyond 0.35, denoted as Zone II in Fig. 8,
the density started to rise. Zone II corresponds to the shrinkage of the
microspheres due to gas loss which is signified as the process tempera-
ture and time increases. Therefore, it can be concluded that there is an
optimum process condition that yields the maximum density reduction.
Similar explanations in achieving the maximum density reduction via
TEMs have also been reported previously in foam injection molding and
extrusion processes [51,58]. It is also interesting to note that the density
reduction in zone I occurred at a faster rate, compared to the rate of
density rise in zone II. This is likely because the shrinkage of micro-
sphere is a diffusion governed phenomenon and it takes longer time for
the gas to diffuse out, as opposed to the pressure build up inside a closed
shell of microsphere with time and temperature.

4. Conclusion

Process-microstructure-property relationships were investigated in
detail for microcellular foams fabricated via MEX AM process.
Expandable filament filled with TEM was used as the feedstock for in situ
foaming during the MEX AM process. The impact of nozzle temperature,
flow rate, and print speed on the cellular morphology, density, and
mechanical behavior of the printed parts were investigated in detail. It
was found that the residence time and temperature are the two key
factors that govern the expansion and shrinkage of the microspheres
inside the polymer melt and consequently dictates the cellular
morphology of the foams. These two factors together with the volu-
metric throughput also control the mesostructure of the prints. Opti-
mized residence time (controlled via flow rate and print speed) and
temperature enabled the 3D printing of foams with maximum density
reduction, uniform cellular morphologies, and void-free bead-to-bead
interfaces, which resulted in the highest strain-at-break as well as
toughness. The foam expansion/shrinkage behavior was observed and
demonstrated as a function of a unified printing process factor, which
combines temperature and residence time, derived from nozzle tem-
perature, flow rate, and print speed. The results of this work shed light
on understanding and advancing foam 3D printing process as a novel
manufacturing approach with numerous applications.
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