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ABSTRACT

Polylactic acid (PLA) is one of the most widely used thermoplastic. The goal of this study is to
fabricate PLA-alumina nanocomposite foams via solid state foaming of additively manufactured
structures for applications that require light weight material with higher strength. PLA — nano
alumina suspensions with varying compositions were prepared by ultrasonic stirring followed by
solvent extraction to obtain thin films. The thin films were subsequently fed into an extruder to
obtain filament for 3D printing. The filament was used to print specimens with desired
architectures which were subjected to solid state foaming to generate the porous structure. The
foamed and un-foamed specimens were subjected to a tensile test using the ASTM D638 and
ASTM D882 standard to study the effect of solvent (DCM, DMF), alumina percentage (0, 5, 10)
and porosity on strength of the samples. Scanning electron microscopy was used to measure the
average pore size of the foamed samples. The results showed that the addition of alumina improves
the strength of foamed samples, however the percentage increase depends on the solvent. The
maximum tensile strength of foamed 10 wt% alumina nano composites prepared using DCM was
measured to be around 75% higher than pure PLA foams.
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1. INTRODUCTION

Polymers are used in a variety of applications spanning consumer products, automotive, healthcare
to aerospace. The main advantage that polymers offer is a strength to weight ratio comparable to
metals satisfying functional requirements of many applications. However, their properties can be
significantly enhanced with the addition of nanoparticles which have a similar length scale as
polymers resulting in synergistic polymer nanocomposites with superior mechanical, thermal, and
electrical properties. Further, these polymer nanocomposites could be converted into
nanocomposite foams which offer the enhanced properties of nanocomposites along with inherent
light weight nature of foams for aerospace and structural applications.

1.1 Polymer Nanocomposite Foams

Different types of nanoparticles such as carbon nano tubes [1,2], carbon nano fibers [3,4], nano
alumina [5,6], nano clay [7,8], nano silica [9,10], and graphene [11,12] have been reported to be
used to enhance the properties of polymers. These nanocomposites have been fabricated using
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approaches such as solution blending [13], melt blending [14], and in-situ polymerization [15].
These techniques typically result in either thin films or sheets as the end product.

Polymer foams are two phase materials with the solid polymer matrix and the gaseous pores
forming the two phases respectively [16]. Polymer foams are commonly processed using
techniques such as melt processing with blowing agents [17,18], emulsification/freeze drying [19],
solvent casting [20], and thermal-induced phase separation [21]. These techniques could possibly
be used to obtain polymer nanocomposite foams but do not provide good control over the pore
size and result in mostly thin films only. The alternate technique that is gaining wide spread
attention to fabricate thermoplastic polymer nanocomposite foams is solid state foaming [17].
Solid state foaming allows to generate porous structure in any thermoplastic sample irrespective
of the shape or size. The two major steps in this process are: (a) saturation of the polymer matrix
with a high pressure gas (typically CO or N2) and (b) nucleating bubbles in the system by creating
a thermodynamic instability. The bubbles are typically nucleated using either a sudden increase in
temperature or a sudden drop in pressure. Studies have shown that the presence of nano additives
aids in bubble nucleation as they create more nucleation sites in the polymer matrix [22]. Solid
state foaming has been used to foam thermoplastic polymers such as polylactic acid (PLA) [23],
poly-(methyl methacrylate) (PMMA) [24], polyetherimide (PEI) [25], styrene acrylonitrile (SAN)
and polyurethane (PU) [26].

1.2 Fused Deposition Modeling

Fused deposition modeling (FDM), commonly known as 3D printing is an additive manufacturing
technique that can be used to fabricate components from polymer and polymer nanocomposite
filaments [27]. The major advantage that this technique offers is the ability to fabricate components
with any shape and orientation in a straightforward and cost effective manner from a computer-
aided design (CAD) file. The most commonly used materials for 3D printing are polylactic acid
(PLA) [28] and acrylonitrile butadiene styrene (ABS) [29].

1.3 Goals and Objectives

There has been an increased demand for polymer bio composites to support growing emphasis on
stringent environmental and waste management policies in place worldwide. Polylactic acid is one
of the popular thermoplastic biopolymers that is used for applications such as 3D printing filament,
packaging material, and medical devices. However, the ultimate strength of PLA is only around
50 MPa, which restricts its use for applications requiring higher strength values. The goal of this
study is to combine 3D printing and solid state foaming to fabricate PLA-alumina nanocomposite
foams with improved mechanical properties and reduced weight. There is evidence from literature
stating that alumina enhances the mechanical properties of polylactic acid. Drawbacks of those
techniques include not being cost effective and lack of testing on mechanical properties. In this
study, PLA-alumina suspensions were prepared by ultrasonic stirring and solvent extraction
approach used to obtain thin films, which were subsequently fed into an extruder to obtain 3D
printing filament. The filament is used to print dumbbell specimens for mechanical property testing
as per ASTM D638 standard. The 3D printed specimens were subjected to gas saturation and
subsequently foamed with glycerin to generate the porous structure. The average pore size was
measured to be around 50 um in these foams utilizing scanning electron microscopy.



2. EXPERIMENTATION
2.1 Materials

The polymer used in this study is polylactic acid (PLA) which is a non-polar and hydrophobic,
bio-thermoplastic produced from natural resources such as corn, cassava, sugar cane or beets. PLA
was chosen as the material for this study because it can be additively manufactured (3D printed)
and also foamed using solid state foaming. This study used Poly(L-lactide) 4043D (referred to as
PLA in this work, sourced from NatureWorks LLC, USA) with 94% L-lactic acid content. The
physical properties of PLA4043D are summarized in Table 1. Alumina nano particles with
commercial name NanoArc® (Alfa Aesar, USA) were used as procured. These alumina nano
particles are in a powder form with a mean size of 40 — 50 nm. The two solvents used in this study
are dichloromethane (DCM ACS reagent, Millipore Sigma) and dimethylformamide (DMF,
Millipore Sigma).

Table 1. Physical properties of PLA4043D [30]

Property Value
Density 1.24 g/cc
Peak melt temperature 150 °C
Glass transition temperature 55 °C
Molecular weight 67 kDa

2.2 Processing

The composite specimens are prepared as shown in the schematic in Figure 1 and explained in
detail below.
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Figure 1. Schematic for fabrication of foamed polylactic acid - alumina nanocomposite foams



2.2.1 Solvent Extraction

Initially, the desired amount of solvent, either DCM or DMF was heated to 40 °C using a hot plate.
The polymer to solvent ratio used in this study is 1:12 by weight. In specific, 98+2 ml of solvent
was used. To the heated solvent, the alumina particles were added slowly to avoid chunking and
ensure uniform dispersion by constantly stirring with a magnetic stirrer. Three different
compositions of the nano particles were used: 0, 5 and 10 wt% of the polymer. Once the alumina
particles were dispersed, PLA pellets were gradually added in increments of 2.5 g for a total of 10
g. All experiments in this study used 10 g PLA. The suspension was mixed thoroughly using an
ultrasonic homogenizer (Branson SFX 250) at a power of 125 W for 60 minutes. After the pellets
were dissolved, the solution was cast in a glass mold avoiding air bubbles. The mold was left for
48 hours to allow the solvent to fully evaporate and obtain the PLA-alumina nanocomposite film.
The weight of the composite film was measured to ensure that the solvent had been extracted fully.

2.2.2 Additive Manufacturing

The composite film was cut into strips and subsequently subject to extrusion to obtain 3D printing
filament. Noztek Touch HT filament extruder was used to obtain the filament. The temperatures
in the die zone (T1) and barrel zone (T2) were set at 170 °C as shown in Figure 2(a). The motor
speed was fixed at 15 rpm. A custom designed and 3D printed apparatus was used as a filament
guide to draw the filament gradually with a uniform diameter as shown in Figure 2(b). The conical
section 1s used to divert the air from the fan to cool the filament. This filament was used to
additively manufacture (3D print) tensile test specimens. Makerbot Replicator+ printer along with
their Experimental Extruder was utilized for printing the samples. The extruder head temperature
and travel speed were set at 220 °C and 130 mm/s respectively to provide enough time for bonding
between the deposited layers. Specimens were printed vertically with 45° on-edge orientation, 95%
infill, 210 um layer height, and diamond in-fill pattern.

Figure 2. Extruder showing (a) die and barrel zone and (b) solid model of filament guide

2.2.3 Solid State Foaming

The 3D printed specimens and the films obtained after solvent extraction were then subjected to
solid state foaming to obtain porous nanocomposites. The solid state foaming parameters for PLA
were determined by our group in a prior study [23]. The samples were wrapped with a thin layer



of polyvinyl chloride (PVC) film to minimize gas desorption [31] and saturated with 2.5 MPa
carbon dioxide (CO2) for 2 hours. The weight of the samples were measured before and after
saturation to determine the gas saturation percentage. The gas saturated samples were foamed in
glycerin for 10 seconds at 90 °C.

A summary of all the experiments is given in Appendix — A.

2.3 Characterization
2.3.1 Tensile Testing

The films as obtained after solvent extraction were cut into 17.2 mm * 50.4 mm rectangles to test
as per ASTM D882 (Standard Test Method for Tensile Properties of Thin Plastic Sheeting) [32]
standard. The 3D printed dumbbell specimens were tested as per ASTM D638 (Standard Test
Method for Tensile Properties of Plastics) [33] standard. The two tests were used to determine the
yield strength and elongation at break using ZwickRoell Z005 universal testing machine.

2.3.2 Morphological Analysis

Foamed samples were freeze fractured with nitrogen to study the cross section using Topcon ABT
60 scanning electron microscope (SEM) equipped with energy dispersive x-ray spectroscopy
(EDS). The samples were sputter coated with gold prior to observation in the SEM. The
morphology, pore size, and dispersion were studied.

3. RESULTS

The main observations made during fabrication of the PLA - alumina nanocomposite foams are
discussed below.

3.1 Effect of Solvent

The initial results showed that after solvent extraction, use of DCM resulted in a film with a
thickness of 500 um whereas DMF resulted in samples with powder consistency as shown in
Figure 3. The cross sections of the nanocomposite films obtained from DCM were observed under
the SEM to check for any alumina clusters and none were noticed. In addition, EDS area scans on
different sections of the specimen showed similar alumina counts, indicating that the particles were
dispersed properly.

The as obtained nano composites either in the form of film or powder were extruded into 3D
printing filament. The filament was used to print dumbbell shaped specimens with 0, 5 and 10 wt%
of alumina to test as per ASTM D638 for yield strength determination. The results of this test are
shown in Figure 4. The results show that the effect of molecular bonding interaction is higher in
the presence of DCM than DMF. Yield strength of DMF composite decreased with the addition
of alumina and this shows that the DMF does not support PLA-alumina bonding effectively at
molecular level. On the other hand, composites prepared using DCM showed increase in yield
strength. Hence forth, all samples used for further processing were prepared with DCM as solvent
which resulted in thin films.



Figure 3. Samples
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Figure 4. Comparison of yield strength (ASTM D638) of specimens prepared using DMF and
DCM

3.2 Effect of 3D Printing

The field of 3D printing is still relatively new and hence there are no established standards for
printing specimens to test mechanical properties. In order to determine the optimal print settings
and orientation needed to obtain samples with maximum strength, the following process
parameters were varied: layer height, number of shells, infill percentage, infill pattern, and
orientation. The printer head speed and the extruder temperature were held constant. A summary
of the experiments is provided in Table 2. The flat and on-edge orientation are shown in Fig. 5 (a)
and (b) respectively.

(a) (b)

Figure 5. (a) Flat and (b) On-edge orientation for 3D printing



Table 2. Test settings for 3D printing dumbbell specimens

TEST LAYER # OF INFILL INFILL PATTERN ORIENTATION
NUMBER HEIGHT SHELLS %
1 (CONTROL) 0.21 3 95% Diamond Flat
2 0.21 3 95% Linear Flat
3 0.21 3 95% Hexagonal Flat
4 0.21 3 95% Linear (Interleaved) Flat
5 0.21 3 75% Diamond Flat
6 0.4 3 95% Diamond Flat
7 0.21 3 95% Diamond On-edge
8 0.21 2 95% Diamond Flat
9 0.4 3 95% Diamond On-edge

The maximum strength was obtained with the on-edge orientation which corresponds to Test 7 in
Table 2. This orientation resulted in the 3D printer slicer print the specimen with the majority of
the filaments oriented along the length of the specimen. This results in the applied force acting
parallel to the filaments. Hence forth, this orientation was used for printing all specimens.

3.3 Effect of Nano Alumina Loading Percentage

The film samples obtained after solvent extraction were tested as per ASTM D882 and the results
are shown in Figure 6. The results show that the yield strength of nanocomposite with 5 wt%
alumina is highest with lesser strain whereas 10 wt% composite is harder and tougher with good
strain hardening. The results also show that alumina affects elastic and plastic zones. This indicates
that the addition of alumina affects the flexibility of polymer and increases the degree of
crystallinity.
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Figure 6. Stress-Strain curve of PLA —nano alumina film prepared using DCM and tested per
ASTM D882



The results of ASTM D638 test on 3D printed dumbbell shaped specimens with varying weight
compositions of alumina are shown in Figure 7. The results show that the addition of alumina did
not improve the tensile strength of the 3D printed dumbbell specimens and it indicates that the
alumina particles are affecting the flexibility of PLA after addition of heat in multiple stages.
However, the slope of stress-strain curve showed that the 10 wt% and 5 wt% composites became
tougher with moderate ductile behavior. Tensile strength at break (ultimate) values were same as
tensile strength at yield and that confirmed that the samples had transformed into a brittle state and
this degradation was caused due to the multiple heat — cool steps in the fabrication process. The
first heat cycle is in the extruder and the second heat cycle is in the 3D printer.
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Figure 7. Comparison of yield strength and elongation for PLA-alumina nanocomposite
dumbbell specimen prepared using DCM

3.4 Effect of Solid State Foaming

The average gas percentage in the film specimens after 2 hours of saturation was on an average
5%. The average pore size and porosity in the foamed samples (5 wt% alumina) were measured to
be 50 um and 80% respectively. The foamed film samples were tested as per ASTM D882 and the
results are shown in Figure 8. The data show that the yield strength of 5 wt% and 10 wt% composite
foams increased by 59% and 75% respectively from pure PLA foams. This shows that the nano
alumina enhances the yield strength and elongation of foamed samples and there is good
interaction between alumina and PLA. However, the elongation in 5 wt% composite foam is 18%
higher than 10 wt% composite foams. This is caused due to the inconsistent porous structure in
foamed filament across the cross section. It was also noted that 10 wt% alumina composite foams
had larger pore sizes compared to other samples. This translates to the fact that the size and volume
of porous structure contribute to the strength of foamed samples along with the nano alumina
reinforcement.
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Figure 8. Comparison of yield strength and elongation for PLA - alumina nanocomposite foams
prepared using DCM

4. CONCLUSIONS

In summary, a cost effective fabrication approach combining 3D printing and solid state foaming
for obtaining nano alumina infused polymer foams with desired architectures was developed. The
preliminary results indicate that DCM is the preferred solvent for fabricating PLA-alumina
composites. The mechanical testing results showed that the 3D printed alumina infused polymer
samples had lower strength than pure PLA, however, the polymer nanocomposite foams had better
properties than pure PLA foams in both elongation at break and yield strength. The presence of
alumina in the nano composites aids in bubble nucleation and also acts as a reinforcement
improving the properties. This control over morphology of the foamed samples through additive
manufacturing and solid state foaming translates to the ability to fabricate light weight composites
with desired architectures for specific applications. Future work includes performing simulations
using molecular dynamics to investigate the nonbinding interactions between PLA and alumina in
the presence of dichloromethane.
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Appendix — A

Table 3. Summary of all experiments

Case Solvent PLA PLA: Alumina Ultrasonic Stirring Extrusion Solid State
weight  Solvent wt % Foaming
(g) ratio Power  Duration Temperature Motor  Pressure Temp
W) (min) T1(°C) T2 (°C) Speed (MPa) (°O)
(rpm)

1 DCM 10 1:12 0 125 60 170 170 15 2.5 90
2 DCM 10 1:12 5 125 60 170 170 15 2.5 90
3 DCM 10 1:12 10 125 60 170 170 15 2.5 90
4 DMF 10 1:12 0 125 60 170 170 15 2.5 90
5 DMF 10 1:12 5 125 60 170 170 15 2.5 90
6 DMF 10 1:12 10 125 60 170 170 15 2.5 90

A minimum of 3 samples were processed for each case.
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