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ABSTRACT: A facile manufacturing method to enable the in situ
foam 3D printing of thermoplastic materials is reported. An
expandable feedstock filament was first made by incorporation of
thermally expandable microspheres (TEMs) in the filament during
the extrusion process. The material formulation and extrusion
process were designed such that TEM expansion was suppressed
during filament fabrication. Polylactic acid (PLA) was used as a
model material, and filaments containing 2.0 wt % triethyl citrate
and 0.0−5.0 wt % TEM were fabricated. Expandable filaments
were then fed into a material extrusion additive manufacturing
process to enable the in situ foaming of microcellular structures
during layer deposition. The mesostructure, cellular morphology,
thermal behavior, and mechanical properties of the printed foams
were investigated. Repeatable foam prints with highly uniform cellular structures were successfully achieved. The part density was
reduced with an increase in the TEM content, with a maximum reduction of 50% at 5.0 wt % TEM content. It is also remarkable that
the interbead gaps of mesostructure vanished due to the local polymer expansion during in situ foaming. The incorporation of TEM
and plasticizer only slightly lowered the critical temperatures of PLA, that is, glass-transition, melting, and decomposition
temperatures. Moreover, with the introduction of foaming, the specific tensile strength and modulus decreased, whereas the ductility
and toughness increased severalfold. The results unveil the feasibility of a novel additive manufacturing technology that offers
numerous opportunities toward the manufacturing of specially designed structures including functionally graded foams for a variety
of applications.

KEYWORDS: foam, 3D printing, material extrusion additive manufacturing, fused filament fabrication,
thermally expandable microsphere, microcellular

1. INTRODUCTION

Traditional manufacturing methods such as foam injection
molding1−6 and extrusion foaming7−9 have been extensively
studied in regard to material development and novel
processing techniques. However, additive manufacturing
(AM) of polymeric foams is a recent and emerging field
which can integrate the benefits of AM and cellular
structures. AM provides great flexibility for designing
sustainable, lightweight, and multifunctional parts. Material
extrusion AM, aka fused filament fabrication or fused
deposition modeling, is a highly commercialized manufactur-
ing technology, which provides numerous advantages over
traditional manufacturing processes.10 In the material
extrusion AM process, 3D objects are manufactured directly
from a computer-aided design model, through layer-by-layer
deposition of molten thermoplastic polymers. Compared to
traditional manufacturing processes, there are several
advantages of the material extrusion AM process such as
design freedom, customized products, low-cost manufacturing

of complex parts, shorter lead or cycle time, and inexpensive
resources.11−15

Polymeric foams are some of the most widely used
materials, playing an important role in the plastic
industry.7,16−22 Polymeric foams can be manufactured using
several methods including physical blowing agents,7,22

chemical blowing agents,23−25 and thermally expandable
microspheres (TEMs).26−29 Polymer foams have a very
wide range of applications due to their lightweight, flexibility,
resistance to impact, high thermal insulation, energy
absorption, and damping properties. Foamed materials are
thus extensively used in personal protective gear, such as
helmets and pads, as well as medical, automotive, aerospace/
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defense, construction, and electronic applications. As polymer
foams are ubiquitous, the successful integration of AM and
polymer foaming provides a unique and creative manufactur-
ing approach with countless applications. Lightweight
structural and functional products with complex shapes and
graded characteristics30 (e.g., density and stiffness) can
potentially be realized within a printed part. The develop-
ment of printed cellular structures is, however, in its early
stages, and foam 3D printing is emerging.
Overall, three approaches can be used to fabricate foamed

parts in the material extrusion AM process: (a) prefoaming,
(b) postfoaming,31−33 and (c) in situ foaming.34−37 In the
prefoaming approach, the feedstock filament is usually
foamed during filament fabrication and used as feedstock
for 3D printing. The issue with this approach will be the lack
of foaming control during the actual printing process, which
limits the range of cellular structures that can be obtained.
Moreover, it is likely for the premade cells to lose their
structure as they pass through the printing process.
In the postfoaming approach, the cellular structure is

introduced to the part after the printing is completed. Song
et al. reported a method in which gas foaming was applied on
3D-printed parts. Saturation of CO2 gas in the 3D-printed
part was provided using a high-pressure autoclave, followed
by depressurization to generate macroporosities.31 Park et al.
also reported the postfoaming of 3D-printed grids made of
the copolymer polyethylene terephthalate−polyethylene
naphthalate using a similar CO2 saturation and depressuriza-
tion approach and studied the compressive and thermal
properties of the parts.32 This approach has several
shortcomings: (i) the need for additional expensive and
lengthy postprocessing steps of gas impregnation at a
relatively high pressure as well as the rapid depressurization
device, (ii) difficulty in controlling the part’s final shape and
dimensions as a fixture may be needed,31 (iii) limited
expansion ranges, and (iv) difficulty of the process scale up.
In situ foam printing is the method that truly integrates the

foaming and material extrusion AM processes. In this
approach, an unexpanded filament loaded with a blowing
agent is first prepared and foam expansion occurs during the
printing process, as the filament exits the nozzle. Both
physical and chemical blowing agents can be used with this
approach. Li et al. reported CO2 gas-impregnated polyether-
imide and polylactic acid (PLA) filaments34 that were used to
print foamed parts. Zhang et al. also demonstrated the
preparation of polyurethane foamed scaffolds using a similar
approach.35 The cell nucleation, growth, and stabilization
occurred as the CO2-saturated filament was heated during
printing. The challenge with the use of a gas as a blowing
agent is the need for an additional gas impregnation step
before printing. Moreover, as soon as the gas-saturated
filament is removed from the high-pressure chamber, it starts
to loose gas quickly.34 This complicates the storage and
handling of gas-impregnated filaments and the widespread
application of the process. Damanpack et al. also recently
reported 3D-printed PLA foams using filaments loaded with
chemical blowing agents36 and studied the effects of flow rate
and print temperature on the part density and mechanical
properties. Overall, achieving a uniform polymer/gas solution
from a gas or chemical blowing agent during the material
extrusion AM process is challenging as it requires longer
times and higher pressure levels than what a standard 3D
printer can offer. As a result, using a gas or chemical blowing

agent usually results in poor cell nucleation, low cell density,
and irregular morphology with large cells. In other words, to
obtain quality foams with dissolved chemical or physical
blowing agents, a specially designed printer system or
preprocessing steps are needed.
In contrast, an alternative approach for in situ foam 3D

printing could be the use of TEMs,38−41 which do not
require achieving a single-phase polymer/gas solution before
cell nucleation and growth. The use of TEM has also proven
to provide a more uniform cellular structure in traditional
foam processes of extrusion and injection molding, compared
to other foaming methods.26,28,29 This approach does not
require any additional preprocess or postprocess steps or a
specialized 3D printer machine and can potentially tackle the
aforementioned challenges. Andersson et al. recently reported
the in situ foam 3D printing of PLA mixed with TEM-
ethylene vinyl acetate masterbatch and measured the
mechanical strength and morphology of the resultant
foams.37 However, the reported foams exhibited a nonuni-
form cellular morphology, large variations in densities, brittle
behavior, and rough surfaces, which could be attributed to
the lack of uniform TEM dispersion as well as material
formulation. The morphological nonuniformities could be a
consequence of utilizing an extruder incapable of providing
sufficient mixing.
Here, we report a new material formulation coupled with a

Maddock mixer-equipped pilot-scale single-screw extrusion
process that results in printed foams with highly uniform
cellular morphologies and repeatable physical and mechanical
characteristics. PLA was mixed with 2.0 wt % triethyl citrate
(TEC) plasticizer and 0.0−5.0 wt % of acrylonitrile-based
TEM with a polyethylene carrier and used as the feedstock
material. The unexpanded filaments were fabricated using an
optimized extrusion process, followed by in situ foam 3D
printing using a commercially available printer machine. The
microstructure, cellular morphology, density, thermal behav-
ior, and mechanical properties of the printed foams were
thoroughly evaluated and correlated to the level of foam
densities and TEM content.

2. EXPERIMENTAL SECTION
Figure 1 shows the overall workflow of the in situ foam printing
process, including (a) a scanning electron microscopy (SEM)
micrograph of TEM particles used as blowing agents, (b)
expandable filament fabricated using a single-screw extrusion, (c)
part design and schematic of the in situ foam 3D-printing process,
and (d) an example of the printed foam sample.

2.1. Materials. PLA (Ingeo 4043D, NatureWorks), TEM
masterbatch (Advancell P501E1, Sekisui with 50 wt % polyethylene
carrier), and TEC plasticizer (W308307, MW 276.28 g·mol−1,
Sigma-Aldrich), which is miscible in PLA,42,43 were used in this
study. PLA 4043D extrusion grade, provided by NatureWorks, is a
relatively high-viscosity resin with a melt flow rate (MFR) of 6 g·10
min−1, a peak melt temperature of 145−160 °C, a glass-transition
temperature of 55−60 °C, and a density of 1.24 g·cm−3. TEM
P501E1 is a 50% masterbatch with polyethylene carrier with an
initial average particle size of 21−31 μm and a bulk density of 1.10
g·cm−3. TEM spherical particles contain low-boiling-point liquid
hydrocarbon inside an acrylonitrile copolymer shell. The expansion
start temperature (Tstart) and maximum expansion temperature
(Tmax) of TEM are 160−180 °C and 210−230 °C, respectively.
After full expansion, the TEM’s density can reach 0.01−0.03 g·cm−3.
Isothermal thermogravimetric measurements at 200 °C for 30 min
showed that 24 wt% of TEM particles is made of the blowing agent
and the rest is shell material. This translates into 0.24, 0.6, and 1.2
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wt % blowing agents in the examined compositions of PLA/TEC/
1.0 wt %TEM, PLA//TEC/2.5 wt % TEM, and PLA/TEC/5.0 wt
% TEM, respectively.
2.2. Fabrication of Unexpanded Filaments. Melt blending of

PLA/TEC/TEM was conducted to prepare feedstock filaments
using a Dr. Collin single-screw extruder (model number: E30P) with
a screw diameter of 30 mm and a length to diameter, L/D, ratio of
25. The system is equipped with a Maddock screw profile which is
extensively used in the single-screw extrusion process for efficient
mixing.44−46 This mixing capability, together with the use of a
masterbatch, promoted the uniform dispersion of the microspheres.
The main objective here was to avoid any substantial foaming
during filament fabrication. For this purpose, PLA, with an MFR of
6 g·10 min−1, which has a relatively high viscosity and high melt
strength was selected. Plasticizer, 2.0 wt % TEC, was dry blended
with PLA pellets to tune the PLA’s viscosity and melting
temperature, such that the extrusion temperatures could be lowered
during the filament fabrication process to avoid foaming. With 2.0
wt % TEC, PLA/TEC/TEM compositions were successfully
extruded, while the melt temperature (measured right before the
die exit) remained below 165 °C. On the one hand, this
temperature was high enough to melt PLA and provide a consistent
melt flow at pressures below the extruder pressure limit. On the
other hand, it was at the low end of TEM’s activation temperature
range (Tstart), preventing the TEM expansion and foam occurrence.
Also, the rotational screw speed was adjusted so as to yield minimal
shear heating but enough to provide good mixing of TEM

masterbatch with PLA matrix and stable die pressure. Table 1 lists
the processing parameters utilized for the filament fabrication
process. The extruded filaments with a diameter of 1.5 ± 0.05 mm
were passed through a cold water bath and spooled on Filabot
spoolers. It is noted that as there was no upper temperature
limitation for PLA and PLA/TEC 2.0 % case, they were extruded at
slightly higher temperatures.

2.3. Material Extrusion AM Process. The 3D model for tensile
type-V samples was designed according to American Society for
Testing and Materials (ASTM) D638 standard.47 IdeaMaker slicing
software was used to convert the model into separate cross-sectional
layers that define the printing path (Figure 1c, top). A Raise 3D
Pro2 printer, which is capable of providing Z-axis resolution up to
0.01 mm, was used to print foamed and unfoamed samples. Table 2

lists the 3D-printing parameters utilized for printing the samples.
The variable parameters were the TEM content as well as the
nozzle-exit volumetric flow rate for the case of unfoamed samples.
Flow rate adjustment to use partial flow rate is one of the key
processing means here to accommodate polymer expansion and
density reduction during foaming. For the unfoamed baseline PLA/
TEC 2.0% samples, the typical 100% flow rate was employed, while
the flow rate for the foams was selected at 85%. The flow rate for all
the foamed samples was kept unchanged so that the sole effect of
TEM content on the properties of the printed foams could be
analyzed. All the samples were printed without an outer shell, and
no forced cooling was used during printing.

2.4. Characterizations. 2.4.1. Density. The densities of the
filaments and the 3D-printed foam parts were measured using the
Mettler Toledo MS303TS/00 density kit as per ASTM D792.48 The
gauge length (narrowed) section of the tensile samples was cut and
used for the density measurements. The reported values are the
means and standard deviations of three replications in each case.
The theoretical densities of the filaments were also calculated using
the rule of mixture and the densities of PLA, TEC, PE, and TEM
being 1.24, 1.14, 0.97, and 1.10 g·cm−3, respectively.

2.4.2. Microscopy. Optical, scanning electron, and laser confocal
microscopy were used for morphological and microstructural
investigations. A Dino-Lite AM2111-0.3MP USB digital microscope
was used to capture the surface morphology of the printed samples.

Figure 1. Overview of the in situ foam 3D-printing process: (a)
TEM particles as blowing agents, (b) extruded expandable filament
with an inset SEM micrograph showing its cross-sectional view, (c)
part design and schematic of the in situ foam printing process, and
(d) example of the printed tensile sample with a SEM micrograph
showing the microcellular morphology in the Y−Z plane.

Table 1. Single-Screw Extruder Processing Parameters Utilized for Filament Fabrication

barrel zone temperatures (°C)

filaments zone 1 zone 2 zone 3 zone 4 zone 5 screw speed (rpm) melt temp. before die (°C) die pressure (bar)

PLA 150 202 199 170 145 8 183 ± 2 117 ± 3
PLA/TEC2.0% 150 202 199 170 145 8 182 ± 2 96 ± 2
PLA/TEC/TEM1.0% 145 155 152 139 127 6 161 ± 2 215 ± 5
PLA/TEC/TEM2.5% 145 155 152 138 127 6 161 ± 2 205 ± 5
PLA/TEC/TEM5.0% 145 155 152 138 126 6 160 ± 2 185 ± 5

Table 2. Parameters Utilized in the 3D Printing of Solid
and Foam Samples

variable parameters

1 TEM content (wt %) 0.0 1.0 2.5 5.0
2 flow rate (%) 100 85 85 85

fixed parameters

1 nozzle diameter (mm) 0.8
2 raster width (mm) 0.8
3 bed temperature (°C) 55
4 nozzle temperature (°C) 200
5 print speed (mm·s−1) 25
6 filling pattern linear (0°)
7 layer height (mm) 0.3
8 infill density (%) 100
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Fractured tensile samples, as well as cryo-fractured samples, were
used for SEM. The samples were Au sputter-coated (Denton
vacuum sputter coater) for 6 min at currents between 3 and 4 mA.
The microstructure of coated samples was then observed using SEM
(JEOL JSM 6390) under an acceleration voltage of 5 kV. An
Olympus LEXT OLS5000 laser confocal microscope was used to
reveal foam morphologies on the sample surface.
2.4.3. Cell Size and Cell Density. SEM micrographs taken in

Y−Z view (from Figure 1c) of cryo-fractured print samples were
used to study the cellular morphologies and measure the cell size
and cell density. The image processing was carried out using MIPAR
image analysis software. The cell density was measured using the
following equation

= i
k
jjj

y
{
zzzN

n
A

3/2

where n is the number of cells in the micrograph, A is the area of
micrograph in square centimeters, and N is the cell density in
number of cells per cubic centimeter (cells·cm−3). The mean and
standard deviation of the cell size and the cell density were
calculated from at least three SEM images obtained from three
sample replicates.
2.4.4. Thermal Properties. Thermogravimetric analysis, TGA,

was conducted on the printed samples using a TA Instruments
Discovery TGA (S/N 1-0165) system to analyze their thermal
stability. Printed samples were heated from 40 to 600 °C with a
heating rate of 20 °C·min−1. For TGA testing, platinum pans were
used. Each sample had a mass of 7−8 mg. Testing was conducted
under a nitrogen atmosphere, and the gas flow rate was kept at 25
mL·min−1.
TA Instruments Discovery differential scanning calorimetry, DSC

(S/N 1-0188), was utilized to evaluate the thermal properties of the
3D-printed samples. Samples, weighing 5−6 mg, were hermetically
sealed in aluminum pans, and a heating cycle was applied at a rate
of 5 °C·min−1. A temperature sweep was done between 0 and 170
°C in a nitrogen atmosphere of 50 mL·min−1 flow rate.
TA Instrument’s Trios software was used to analyze both DSC

and TGA data. The degree of crystallinity (χc) was calculated using
the following equation

χ =
Δ − Δ

Δ °
×

H H
H

100%c
m cc

m

where ΔHm and ΔHcc are the melting enthalpy and the cold
crystallization enthalpy, respectively. Δ °Hm is the theoretical melting
enthalpy of 100% crystalline PLA, that is, 93 J·g−1.49 It is noted that
only the PLA weight fraction was used in the case of PLA/TEM
compositions and the enthalpy values were adjusted in the equation
for the true PLA mass.
2.4.5. Tensile Testing. According to the ASTM D638 standard,47

type-V tensile samples were used for mechanical characterization. An
Instron 5966 load frame with a load cell capacity of 10 kN was used
with a crosshead displacement speed of 10 mm·min−1. Four samples
were tested under each condition, and the average and standard
deviation of the mechanical properties are reported. Toughness was
calculated as the area under the curve of stress−strain plots until the
strain-at-break.

3. RESULTS AND DISCUSSION
3.1. Unexpanded Filaments. Overall, the fabricated

filaments showed consistent density (Table 3) and diameter
(1.5 ± 0.05 mm) with good cross-sectional circularity. Figure
2a−d shows the SEM micrographs taken from the cross
sections of extruded filaments containing 0.0−5.0 wt·% TEM.
The very low standard deviation of density measurements
(less than 0.6% of the mean) indicates the relatively uniform
and consistent dispersion of TEM particles, as it is also
evident from Figure 2b−d. No significant difference was

observed between the experimentally measured and theoret-
ically calculated density values of the PLA/TEC/TEM
filaments; the measured densities were lower than the
theoretical values only by 1−4.5%, which could possibly be
due to the expansion of some scarce particles or the existence
of other types of voids. This range of density drop is however
negligible compared to the density ranges of interest in
foams, indicating the insignificant expansion of TEM
particles. Moreover, as seen in Figure 2b−d, the size of
TEM particles is around 20−30 μm, which agrees well with
the particle size distribution of as-received TEM particles,
provided by the manufacturer. These observations indicate
that the majority of the TEM particles remained unexpanded
during the filament fabrication.
Furthermore, Figure 2 shows that the number of TEM

particles increases as the TEM content is increased. It is also
seen that the TEM particles were pulled out as intact
microspheres and did not fail during the sample cryo-fracture
process. The intactness of microspheres is likely due to their
relatively thick shells, which constitutes about 75 wt % of the
microspheres, according to TGA measurements, and their
highly elastic behavior.

3.2. Mesostructure and Microcellular Morphology of
3D-Printed Foams. Figure 3a−d depicts the SEM micro-
graphs of 3D-printed samples with four different composi-
tions: (a) PLA/TEC2.0% (unfoamed), (b) PLA/TEC/
TEM1.0%, (c) PLA/TEC/TEM2.5%, and (d) PLA/TEC/
TEM5.0%. The view of micrographs in Figure 3 is parallel to
the print direction (i.e., X−Z view in Figure 1c) to reveal the
rasters in their axial direction. Similarly, Figure 4a−d shows
the microstructure of the same material compositions but in a
view normal to the print direction (i.e., Y−Z view in Figure
1c), revealing the rasters’ cross sections. A remarkable
observation from Figures 3 and 4 is the evolution of the
print mesostructure, upon the introduction of foaming and
increasing the TEM content. As seen in Figures 3a and 4a,
large interbead gaps with diamond-shaped cross sections are
formed along the print direction during the 3D printing of
unfoamed PLA/TEC2.0%. Such gaps were even visible on
the part surface (Figures S1a and S2a). This is a
characteristic of the material extrusion AM process as
repeatedly reported,15,50−54 which is due to the stacking of
extruded cylindrical beads that naturally tend to take a curved
cross-sectional form as the material flows out of the nozzle.
The mesostructure was however significantly altered as

foaming was introduced to the beads during printing. At
PLA/TEC/TEM1.0% foam, the interbead gaps were
significantly reduced in cross-sectional size (Figure 4b), but
the gap lines were still visible inside the part (Figure 3b) as
well as on the surface (Figure S2b). At PLA/TEC/TEM2.5%,
the interbead gaps were hardly identifiable (Figures 3c and
4c) and at PLA/TEC/TEM5.0%, they fully vanished (Figures
3d and 4d). With the introduction of in situ foaming, the
extruded raster expands as the melt is deposited on top of the

Table 3. Measured and Theoretical Densities of PLA/
TEC/TEM Filaments

TEM (wt %) measured density (g·cm−3) theoretical density (g·cm−3)

0.0 1.232 ± 0.007 1.238
1.0 1.218 ± 0.008 1.234
2.5 1.221 ± 0.003 1.227
5.0 1.167 ± 0.004 1.218
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underlying raster. This local expansion and resulting pressure
upon raster deposition provide an effective mechanism to fill
up the free spaces (interbead voids) of the printed structure.

Furthermore, with an increase in the TEM content, the cell
density and overall foam expansion increase (see Figure 5).
This increase in the expansion causes further local pressures

Figure 2. SEM micrographs showing the cross sections of extruded feedstock filaments of PLA/TEC/TEM filaments with (a) 0.0, (b) 1.0, (c)
2.5, and (d) 5.0 wt·% TEM contents.

Figure 3. SEM micrographs taken parallel to the print direction (X−Z view in Figure 1c), of (a) PLA/TEC (unfoamed), (b) PLA/TEC/
TEM1.0%, (c) PLA/TEC/TEM2.5%, and (d) PLA/TEC/TEM5.0%. Yellow arrows in (a−c) are visual guides to point the layer-to-layer gaps.
Yellow crosses in (d) indicate the top and bottom surface of a layer, but they are uniformly bond to the neighboring layers, leaving no gaps.

Figure 4. SEM micrographs taken normal to the print direction (Y−Z view in Figure 1c), of (a) PLA/TEC (unfoamed), (b) PLA/TEC/
TEM1.0%, (c) PLA/TEC/TEM2.5%, and (d) PLA/TEC/TEM5.0%. Yellow rectangles in (a,b) indicate the cross sections of individual rasters.
No such individual raster cross sections were identifiable in (c,d).
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and reduction of interbead void size. It can thus be
concluded that if a sufficient degree of in situ foam expansion
is provided during raster deposition, it can compensate for
the free spaces created due to geometrical restrictions of the
depositing raster and erase the layering pattern (interbead
voids), which can consequently result in a more monolithic
and isotropic structure. This could potentially help enhance
the transverse properties of parts prepared using the material
extrusion AM method.
Another important observation from Figures 3 and 4 is the

capability of this method in achieving foam structures with

relatively uniform cellular morphologies, especially at high
TEM contents. It is interesting to note that relatively circular
cross sections of the cells were observed in both views, that
is, perpendicular and parallel to the print direction. This
indicates that the cells isotropically expanded during the
printing process and preserved their spherical shape, with
minimal cell elongation. This is usually challenging to achieve
in traditional processes such as foam injection molding,
especially when using a dissolved physical or chemical
blowing agent.2,5,55

Figure 5. (a) Part density and (b) cell density and cell size of 3D-printed samples as a function of TEM content. Error bars denote ±1 SD
(standard deviations).

Figure 6. Thermogravimetric data showing the (a) weight loss and (b) derivative weight loss (DTG) at a heating rate of 20 °C·min−1 in a
nitrogen atmosphere. (c−e) Insets of Figure 6b showing the temperature ranges of 100−280, 300−400, and 400−550 °C, corresponding to
Zone 1, Zone 2, and Zone 3, respectively.
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Figure 5a,b shows the part density, cell density, and cell
size as a function of TEM content for PLA/TEC/TEM
printed foams. With an increase in the TEM content, the part
density and the cell size both decreased, while the cell density
increased. The density of the unfoamed PLA/TEC2.0% print
was measured to be 1.20 g·cm−3 which continuously
decreased upon the introduction and increase of TEM
content, reaching to 0.61 g·cm−3 at 5.0 wt % TEM content,
accounting for ∼50% density reduction. Compared to the
traditional low-pressure and high-pressure foam injection
molding processes which typically provide density reductions
in the range of 5−30%, achieving 50% density reduction with
such a uniform cellular morphology through in situ foam 3D-
printing process is significant.
It is also worth noting that there are several advantages of

employing in situ foaming over partial infill to reduce the part
density: (a) a wider range of density reduction can be
achieved with in situ foaming, while the part is still intact;
(b) foaming provides a uniformly distributed microstructure
which could be beneficial for mechanical performance; (c)
printed foams provide a closed-cell structure that yields
essentially air-tight parts and offers advantages for impact and
thermal insulation applications; and (d) the scale if
microstructural features are different. In the partial infill
case, the voids are at the raster-size scale which is in the
order of several hundred micrometers. The cells in foamed
prints are however around 50 μm, and the two different
scales can thus be integrated for hierarchical structures.
As seen in Figure 5b, at TEM 1.0 wt %, the cell density

was found to be 1.33 × 106 cells·cm−3 with an average cell
size of 55.9 μm. With an increase in the TEM content to 2.5
wt %, the cell density was increased to 4.1 ×106 cells·cm−3

and the average cell size was slightly decreased to 54.2 μm.
At TEM 5.0 wt %, the cell density was further increased to
5.2 × 106 cells·cm−3 with an average cell size of 50.3 μm. The
increase in the cell density with an increase in the TEM
content is expected as each TEM particle potentially acts as a
precell that could grow during foaming. Hence, a larger
number of TEM particles would translate into a greater cell
density. Moreover, higher TEM content and larger cell
density would result in a greater degree of volumetric
expansion and thus further density reduction.
As seen in Figure 5b, the cell size was slightly reduced with

an increase in the TEM content. The degree of overall
polymer expansion is not only prescribed by the TEM
amount; it will also depend on the print conditions, more
specifically transient temperature conditions and the pressure
that the exiting melt experiences between the nozzle tip and
the underlying raster, that is, geometrical constraints. Under
prescribed printing conditions (i.e., nozzle exit volumetric
flow rate, print speed, distance between the nozzle and

underlying raster, nozzle temperature, and bed temperature),
the space ahead of the nozzle tip will have a unique
combination of external pressure level and cooling kinetics
which will control the competition between melt cooling and
foam expansion. This circumstance would allow the melt to
expand to a certain degree before the temperature drops to a
level wherein no further TEM expansion is possible due to
the solidification of the TEM shell. Therefore, it is plausible
to assume that each individual microsphere will have less
opportunity to grow, under the cooling and geometrical
constraints, if the number of microspheres is larger. Future
studies will be devised to further understand the interactions
between material and process and the resultant structures.

3.3. Thermal Properties of 3D-Printed Foams.
3.3.1. Thermogravimetric Analysis. Figure 6a,b shows the
weight loss and the derivative weight loss (rate of weight loss
with respect to temperature), respectively, for all the printed
samples containing 0.0−5.0 wt % TEM in the temperature
range of 0−600 °C, obtained by TGA at a heating rate of 20
°C·min−1 in a nitrogen atmosphere. Three important
temperature zones were identified based on the TGA data,
denoted as Zone 1, Zone 2, and Zone 3 in Figure 6b,
corresponding to 100−280, 300−400, and 400−550 °C
ranges, respectively. Derivative weight loss (DTG) versus
temperature in these zones is given in Figure 6c−e. The
values of important temperatures and the residual mass at
600 °C are also summarized in Table 4.
Temperature Zone 1 is associated with the loss of the

blowing agent. As the temperature was increased from 100 to
280 °C, the weight loss rate of PLA and PLA/TEC2.0%
changed only slightly. However, the weight loss rate was
proportionally increased with an increase in the TEM content
in the foamed samples. As the TEM content increases, the
total mass of gaseous hydrocarbon (as the blowing agent)
also increases in the material, which results in more gas loss
at this temperature range. Moreover, unlike the PLA and
PLA/TEC2.0% samples, a peak and a valley were observed in
the DTG curves of PLA/TEC/TEM foam samples (Figure
6c) at ∼221−226 and ∼234−243 °C, respectively. The peak
(reduction in DTG, Figure 6c) can be associated with the
rapid expansion of the microspheres at this temperature
range, which is facilitated by the viscosity reduction in the
matrix as well as the increased pressure at the microspheres’
core. The rapid volume increase can then lower the TEM
internal pressure, resulting in a temporary reduction in the
mass loss of gas. With further temperature rise, the TEM
shell starts to dissociate and collapse, allowing for the easier
escape of the gas out of the melt. Once the temperature
exceeds ∼225 °C, the acrylonitrile copolymer shell material
starts to lose its melt strength which eventually results in the
rupture of the shells by high-pressure gas trapped inside.

Table 4. TGA Data for PLA, PLA/TEC, and PLA/TEC/TEM Printed Foams Listing the Decomposition Temperatures and
Residue for Zones 1−3 of Figure 6ba

zone 1 zone 2 zone 3

Tmax (°C) Tonset‑5% (°C) Tmax (°C) Tend‑95% (°C) Tmax (°C) residue (%) at 600 °C

PLA 335.82 382.09 393.24 − 0.76
PLA/TEC2% 331.85 380.69 390.58 0.87
PLA/TEC/TEM1.0% 246.58 330.33 372.44 384.26 473.3 1.04
PLA/TEC/TEM2.5% 243.60 327.85 366.79 381.78 474.8 1.39
PLA/TEC/TEM5.0% 247.15 322.07 360.84 378.30 470.7 1.79

aTonset‑5%, Tmax, and Tend‑95% denote the degradation temperature for 5% weight loss, maximum weight loss rate, and 95% weight loss, respectively.
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Once the shells are ruptured, the gas can escape at a much
faster rate and its loss is maximized at the deep valley
(∼234−243 °C temperature range, Figure 6c).
PLA and TEM shell decomposition occurred in temper-

ature Zone 2 (Figure 6d). The Tonset and Tend of PLA were
found to be 335.82 and 393.24 °C, respectively, similar to the
values reported in the literature for a PLA of a similar MFI of
5−7 g·10 min−1.42 Moreover, the TGA of TEM powder
revealed that Tmax for the decomposition of the TEM shell
copolymer is 347.6 °C, which is ∼35 °C lower than that of
PLA. Overall, the Tonset, Tmax, and Tend of PLA were slightly
lowered with the incorporation of TEC and TEM, as well as
an increase in the TEM content (Table 4). Introducing 2.0
wt % TEC decreased the Tonset and Tend of PLA by 3∼4 °C.
With the addition of 1.0 wt % TEM, the Tonset and Tend

decreased to 330.33 and 384.26 °C, respectively, and at TEM
5.0 wt %, the Tonset and Tend were 322.07 and 378.30 °C,
respectively. In other words, the addition of 2.0 wt % TEC
and 5.0 wt % TEM masterbatch (5.0 wt % TEM + 5.0 wt %
PE) lowered both the Tonset and Tend of PLA by only ∼4%.
The decrease in the decomposition temperature of PLA as
more TEM was added can be attributed to the slightly lower
decomposition temperature of the TEM shell.
Figure 6e shows another weight loss maxima at around

470−473 °C (Zone 3) for PLA/TEC/TEM foam samples,
while PLA and PLA/TEC2.0% exhibited a flat DTG in this
temperature range. Similar to Figure 6c, the associated valleys
were found to be deeper for the higher TEM contents,
denoting greater mass loss at higher TEM contents. This
mass loss is associated with the decomposition of the PE
carrier phase of TEM masterbatch. Moreover, as seen in
Table 4, the charred residue at 600 °C increases almost
proportionally from 0.87 to 1.79% with an increase in the
TEM content from 0.0 to 5.0 wt %. Overall, the mass residue
is small and the slight increase in the residue at the presence
of TEM could be related to some impurities and inorganic
substances present in the TEM masterbatch.

3.3.2. Differential Scanning Calorimetry. Figure 7 shows
the DSC first heating thermograms of the printed samples
including unfoamed PLA and PLA/TEC2.0% samples as well
as foamed PLA/TEC/TEM with varying TEM contents.
Table 5 also lists their glass-transition temperature (Tg), the
onset and peak temperatures of cold crystallization (Tc(onset)
and Tc(peak)), the enthalpies of cold crystallization and melting
(ΔHc and ΔHm), first and second melting peaks (Tm1 and
Tm2), and crystallinity, χc. Overall, the critical temperatures
were slightly decreased with the introduction of 2.0 wt %
TEC plasticizer; the largest drop was observed in Tg which
was ∼5.5 °C, followed by a decrease in Tc(peak) at ∼4.9 °C.
The drop in Tm values was only ∼1−2 °C. TEC plasticizer
which is miscible in PLA increases the free volume and
results in decreased polymer chain interactions and greater
chain mobility at lower temperatures, and consequently, Tg
decreases. This increased chain mobility can also result in a
better chain packing at lower temperatures and enhance the
cold crystallization kinetics which is reflected in the lowered
Tc value.
The addition of 1.0−5.0 wt % TEM did not significantly

affect the Tg and Tm values; their drop was less than 2 and 3
°C, respectively. Tc was, however, lowered more significantly
with the introduction of TEM particles. For instance, Tc(peak)
was lowered by 8 °C at 1.0 wt % content. Further increase of
the TEM content lowered the Tc values only gently. The
lower Tc values indicate that the presence of TEM particles
enhanced the crystallization kinetics and cold crystallization
could take place at lower temperatures. With the introduction
of TEM particles, χc was consistently increased from 2.26%
of the PLA/TEC2.0% sample to 6.94% of the PLA/TEC/
TEM5.0% sample. A modest increase in the crystallinity of
PLA at the presence of TEM has also been reported in the
literature in an extrusion process.56 Noting that the Tg did
not drop significantly with the TEM addition, the increased
crystallinity may not be attributed to the increased chain
mobility; rather, the TEM particles or polyethylene domains

Figure 7. DSC heating thermograms of 3D-printed solid PLA and PLA/TEC2.0% as well as foamed PLA/TEC/TEM samples with varying
TEM contents.

Table 5. Thermal Properties and Crystallinity of 3D-Printed Solid PLA and PLA/TEC as Well as Foamed PLA/TEC/TEM
Samples with Varying TEM Contents

compositions Tg (°C) Tc(onset) (°C) Tc(peak) (°C) ΔHc (J·g−1) Tm−1 (°C) Tm−2 (°C) ΔHm (J·g−1) χc (%)

PLA 55.19 97.16 111.51 24.14 147.71 153.41 27.43 3.53
PLA/TEC2.0% 49.65 94.11 106.61 25.59 145.41 152.75 27.70 2.26
PLA/TEC//TEM1.0% 50.24 91.03 98.48 23.37 143.34 151.99 27.82 4.88
PLA/TEC/TEM2.5% 49.24 89.73 97.66 21.43 142.81 152.11 26.34 5.55
PLA/TEC/TEM5.0% 48.17 89.36 97.06 21.74 142.10 151.72 27.55 6.94
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might have promoted crystal nucleation.33,57 This PLA grade
can exhibit relatively high degrees of crystallinity under
controlled slow cooling conditions. However, overall, the
crystallinity of the printed samples was low, indicating that
the printing process occurs with a relatively fast cooling. The
presence of TEM particles could increase the crystallinity
under these fast cooling conditions by about threefold.
3.4. Tensile Properties of 3D-Printed Foams. Figure

8a depicts the representative tensile stress−strain graphs of
the printed solid and foam samples. Figure 8b,c also shows
the tensile yield strength and tensile modulus as well as
strain-at-break and toughness as a function of TEM content.
Overall, all the tensile properties were found to be repeatable,
evident by small standard deviation values for the
replications. This underlines the uniformity and repeatability
of the produced expandable filaments and the capability of
the material extrusion AM process to provide continuous and
uniform in situ foaming. Overall, as the TEM content was
increased from 0.0 to 5.0 wt %, which was accompanied with
a density reduction of the printed parts (Figure 5a), the
strength and modulus values were decreased relatively
proportionally, while the strain-at-break and toughness values
were increased. Foamed samples exhibited up to 5.5 times
increase in the strain-at-break, compared to that of the
baseline PLA/TEC2.0% unfoamed sample. This indicates a
brittle to ductile transition in the failure mode of the printed
PLA once it is foamed, which is generally a desirable
mechanical characteristic for applications involving foams.

In order to directly compare the mechanical performance
of various samples, their specific mechanical properties,
normalized with respect to their density values, were
calculated and are summarized in Table 6. With an increase

in the TEM content from 0.0 to 5.0 wt %, the specific yield
strength and specific modulus values were decreased,
accounting for 68 and 44% drop, respectively, at 5.0 wt %
TEM. Whereas at 1.0 wt % TEM content, the toughness and
the specific toughness values were found to be the largest,
that is, 1.93 J·cm−3 and 2.29 J·g−1, respectively, which are 141
and 247% higher than those of the baseline PLA/TEC2.0%
unfoamed sample. With further increase in the TEM content,
the toughness and the specific toughness values dropped
slightly due to a reduction in the strength and stiffness. Yet,
they were significantly higher than those for unfoamed
samples. Overall, the higher toughness values of the foamed

Figure 8. (a) Representative tensile stress−strain graphs of 3D-printed solid and foamed parts. (b) Tensile yield strength and tensile modulus
and (c) strain-at-break and toughness, as a function of TEM content. Error bars denote ±1 SD (standard deviations).

Table 6. Specific Yield Strength, Tensile Modulus, and
Toughness of Printed Samples

specific yield
strength

(MPa·cm3·g−1)

specific tensile
modulus

(MPa·cm3·g−1)

specific
toughness
(J.g−1)

PLA/TEC2.0% 55.05 3093.18 0.66
PLA/TEC/TEM1.0% 28.21 2654.76 2.29
PLA/TEC/TEM2.5% 20.90 1889.55 2.09
PLA/TEC/TEM5.0% 17.24 1731.71 1.96
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samples represent their higher energy absorption capacity,
which is very appealing for many foam applications.
Figure 9 shows the SEM micrographs of fractured surfaces

of a PLA/TEC/TEM 5.0% tensile sample at three different
magnifications. The significant plastic deformation beyond
elastic yielding is clearly observable in Figure 9a,b, where
fibrillar pullouts are seen and the cross-sectional shape of the
microspheres is deformed; they are no longer consistently
circular, in contrast to what is seen in Figures 3b−d and 4b−
d, which was obtained by a brittle failure under liquid
nitrogen cryo-fracturing. The evolution of the PLA/TEC/
TEM samples’ ductility upon the introduction of TEM
particles and foaming may be attributed to several factors: (a)
the existence of the cellular structure,58 (b) the stretchable
behavior of the acrylonitrile copolymer shell material,38 and
(c) the high ductility of the polyethylene phase from TEM
masterbatch carrier.59,60 Similar behavior, that is, an increase
in the strain-at-break with an increase in the TEM content of
PLA/TEM, has been reported for injection-molded samples
in the literature.26 Also, Figure 9c shows the dispersed
polyethylene phase with a domain size in the range of a few
micrometers in the form of deformed and stretched zones,
indicating their plastic deformation during tensile testing.
The drop in the specific yield strength and modulus can be

attributed to several factors. First, the lack of perfect bonding
between the TEM shell surface and PLA phase; as Figure 9b
shows, even though the complete delamination between the
shell and PLA matrix was not the major failure mechanism
(i.e., no TEM particle pull-outs), a separation between the
two is frequently observed. A proper choice of compatibilizer
can address this issue and enhance the shell/matrix adhesion.
Second, the lower modulus and strength of the polyethylene
phase, introduced as the TEM carrier, might have contributed
to the lowered strength and stiffness of the foams. A proper
choice of masterbatch carrier or direct introduction of TEM
particles during the filament fabrication process may address
this issue.

4. CONCLUSIONS

An economical and scalable manufacturing method that
enables the in situ foam 3D printing of thermoplastic
materials was reported, revealing the importance of material
formulation, filament fabrication process, as well as printing
process to achieve repeatable and uniform printed foams.
Expandable feedstock filaments were fabricated with the
incorporation of TEM-PE in a PLA matrix together with
TEC plasticizer during the extrusion process. With the use of
a special screw profile and optimized extrusion parameters,

unexpanded PLA/TEC/TEM filaments were successfully
extruded containing up to 5.0 wt % TEM. Filaments were
then fed into a material extrusion AM process to produce
foamed parts with uniform microcellular morphologies. With
an increase in the TEM content, the cell density and the
degree of expansion both increased, whereas the cell size was
slightly decreased. At 5.0 wt % TEM content, a 50% density
reduction was achieved. Moreover, due to the volumetric
expansion during the in situ foaming, the interbead gaps of
the mesostructure faded away providing a more homoge-
neous structure.
Based on the TGA results, compared to the baseline PLA/

TEC2.0% samples, the Tonset‑5% and Tend‑95% values were
found to decrease by ∼3% only upon the addition of 5.0 wt
% TEM. From the DSC analysis, Tg and Tm−2 values only
decreased by ∼1−2 °C; however, Tc(peak) was decreased by
9.5 °C and the crystallinity increased from 2.26 to 6.94%.
Overall, the incorporation of TEM did not significantly affect
the thermal properties of the printed foams, as compared to
the unfoamed parts. TEM particles and PE phase could have
acted as crystal nucleating sites thereby enhancing the
crystallization kinetics.
Mechanical properties showed very repeatable tensile

stress−strain graphs for PLA/TEC/TEM printed foams
with varying TEM contents. Compared to the baseline
PLA/TEC2.0% samples, the specific tensile yield strength and
modulus decreased by 68 and 44%, respectively, at 5.0 wt %
TEM content. Whereas the strain-at-break, toughness, and
specific toughness all increased. The strain-at-break and
specific toughness were enhanced by a maximum of 5.5 and
3.5 times, denoting the high energy absorption capacity of
the printed foams. The transition from brittle to ductile
failure upon foaming was attributed to the presence of the
cellular structure, viscoelastic behavior of the acrylonitrile
copolymer TEM shell material, and the ductile behavior of
the polyethylene carrier.
This study reports the applicability of a facile AM

technology that can offer enormous opportunities toward
the manufacturing of customized foams including complex
geometrical designs and functionally graded structures for a
variety of applications.
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Figure 9. SEM micrographs of the PLA/TEC/TEM5.0% sample that failed under tensile loading at room temperature at magnifications of (a)
100, (b) 500, and (c) 3000.
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Optical and laser confocal microscopy micrographs
revealing the surface quality and features of all the
printed samples (PDF)
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