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Thermal, Structural, and Mechanical Effects of
Nanofibrillated Cellulose in Polylactic Acid Filaments for
Additive Manufacturing
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As the additive manufacturing process gains worldwide importance, the
need for bio-based materials, especially for in-home polymeric use, also
increases. This work aims to develop a composite of polylactic acid (PLA)
and nanofibrillated cellulose (NFC) as a sustainable approach to reinforce
the currently commercially available PLA. The studied materials were
composites with 5 and 10% NFC that were blended and extruded.
Mechanical, structural, and thermal characterization was made before its
use for 3D printing. It was found that the inclusion of 10% NFC increased
the modulus of elasticity in the filaments from 2.92 to 3.36 GPa. However,
a small decrease in tensile strength was observed from 55.7 to 50.8 MPa,
which was possibly due to the formation of NFC aggregates in the matrix.
This work shows the potential of using PLA mixed with NFC for additive
manufacturing.
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INTRODUCTION

Additive manufacturing, which is also known as 3D printing, is a rapidly emerging
manufacturing process in which components are fabricated directly from computer models
by selectively depositing and consolidating raw materials in successive layers (Holmstrém
et al. 2010; Calignano et al. 2017). Currently, the polymer-based additive manufacturing
industry is based on the use of petroleum-based filaments that can be used in processes
such as injection molding. These filaments are traditionally made of materials such as
acrylonitrile butadiene styrene (ABS), polycarbonate, and Nylon (Goodship et al. 2015).
However, biopolymers that are more sustainable, such as polylactic acid (PLA), have
started to gain traction as a competitor to these traditional synthetic polymers.

The so-called sustainability of PLA comes from its production from corn starch and
its biodegradability in composted conditions (Lunt 1998; Siracusa et al. 2008; Mulhaupt
2013). This is further favored by its lower hot end extrusion temperatures and reduced
residual stress when compared with other competitive synthetic polymers, especially with
its main competitor, ABS (Casavola et al. 2017). These milder conditions also result in
printings with less warping and other layer defects in unheated chambers, along with an
absence of released fumes (Wittbrodt and Pearce 2015).
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Previous literature shows that printed ABS has relatively consistent tensile strength
once printed, between 27.6 to 29.7 MPa, while PLA varies depending on the number of
layers used and orientation in which it was printed variating from 30 to 63 MPa (Tymrak
et al. 2014). Furthermore, this variation was also observed when composites with wood
fiber biocomposite (Le Duigou et al. 2016), carbon fiber (Tian et al. 2016), or other fillers
involving crosslinking (Davidson et al. 2016) were tested. However, the addition of these
materials decreased the variation and improved the overall mechanical properties as PLA
serves as a matrix.

As mentioned before, the main advantage of the use of PLA is its inherent
suitability; nevertheless, this formation of composites to improve the mechanical properties
should be then limited to the use of other bio-based polymers to maintain this advantage
over the commercially available synthetic-base polymers. For this, cellulose, and
especially cellulose nanomaterials, are the perfect candidates.

As a bio-based material, cellulose is the most abundant polysaccharide with a
natural estimated biosynthesis of 1.5 x 10'? annual tons (Gilbert and Kadla 1998; Klemm
et al. 2002). This polymer is generated by B-D-glucopyranose monomers linked through
acetal bonds on the carbons in position C1 and C4, which forms a linear polymer with a
high tendency to form hydrogen bonds between units and adjacent chains that form
nanofibrils (10 to 30 nm) or microfibers (> 100 nm) (Klemm et al. 2005). In addition to
their natural origin, these cellulose nanomaterials have high tensile strength with small
variations depending on the origin, extraction process, and purity; with values ranging
between 95 MPa when extracted from wood (Karim et al. 2016) and 200 to 300 MPa from
the more pure bacterial nanocellulose (Yamanaka 1994).

Furthermore, cellulose and PLA composites have been previously studied with
good results in bulk and films (Klemm et al. 2005a; Mathew et al. 2005; Graupner et al.
2009; Suryanegara et al. 2009; Jonoobi et al. 2010; Frone et al. 2013). However, to the
best of the authors’ knowledge the study in the formation of the filaments with these
materials is limited (Blaker et al. 2014; Dong et al. 2017; Li et al. 2018; Murphy and
Collins 2018), with most of them studying modified or polymerized cellulose (Dong et al.
2017; Li et al. 2018), from not wood-derived nanofibers (Blaker et al. 2014), or with
microcrystalline cellulose instead of nanofibers (Murphy and Collins 2018). Therefore, this
work aims to design, evaluate, and characterize filaments from PLA reinforced with wood-
derived cellulose nanofibrils, hoping to increase the knowledge suitable for this innovate
application of additive manufacturing that is being considered by many as the new
industrial revolution.

EXPERIMENTAL

Materials

PLA (Ingeo™ Biopolymer 4043D) 3D printing monofilament grade was supplied
by NatureWorks LLC (Minnetonka, MN, USA). The PLA was transparent, with a specific
gravity of 1.24 g/cm? and a melt flow index of 6 g/10 min. Freeze-dried cellulose nanofibril
powder (NFC, 98% w/w) was obtained from the Process Development Center (PCD) from
University of Maine (Orono, ME, USA). The NFC have a reported nominal fiber width of
50 nm, a surface area of 31 to 33 m?/g (Brunauer-Emmett-Teller (BET) surface area), and
a density of 1.5 g/cm?®.

Gomez et al. (2020). “CNF in PLA for 3D printing,” BioResources 15(4), 7954-7964. 7955



PEER-REVIEWED ARTICLE b | oresources.com

PLA and NFC Composite Formation

Samples were processed based on the methods described by Saloni and Mervine
(2020). Briefly, PLA was mixed with dried NFC in two concentrations (5 and 10% wi/w)
through hot-melt compounding in a Microcompounder MC15 (Xplore Instruments BV,
Sittard, Netherlands). For the composite formation, 10 g of total mass was mixed at 150 °C
and 120 rpm for 10 min. Afterwards, the mixture was pulverized and sifted through a
Hogentogler No. 6 mesh sieve (Columbia, MD, USA) to ensure a consistent size.

Filament Extrusion

Before extrusion, preliminary tests were done to assess the best nozzle sizes to
avoid excess swelling and obtain filaments with diameters acceptable for the printing
equipment.

Then, prior to extrusion, the materials were oven-dried at 100 °C for 24 h to
eliminate residual moisture. After, a preheated extruder from Filastruder (Snellville, GA,
USA) was set with a nozzle of 1.75 mm diameter and 170 °C for PLA; while for the PLA-
NFC composite blend a nozzle of 1.90 mm and 160 °C were used.

Printing Parameters

Printing configurations were based on those used by Saloni and Mervine (2020).
All prints were made using a Fusion3 F306 3D Printer (Greensboro, NC, USA) along with
Simplify3D software (Simplify3D, version 4.1.2, Cincinnati, OH, USA) as the slicing
software. The printer was set to a print speed of 50 mm/s, two perimeter walls, and
rectilinear infill pattern at alternating 45° angles based on the layer of the part. The
extrusion width for all samples was 0.45 mm and the bed temperature was 45 °C. The only
modified setting was the nozzle temperature, which was 215 and 205 °C for PLA and PLA-
NFC, respectively.

Testing samples were printed based on the specific needs of the tests to be
performed. Thus, the tensile, thermogravimetric analysis (TGA), and differential scanning
calorimetry (DSC) samples were printed at 100% infill. Meanwhile, the print quality
samples were printed at 25% infill to match more commonly used 3D printing settings.

Methods
TGA

The formed filaments and the composite blend were tested in a PE Pyris 1 TGA
from PerkinElmer (Waltham, MA, USA). For these tests, between 5 and 10 mg were placed
in platinum pans under air atmosphere and the temperature were evaluated from room 20
to 500 °C with temperature rate of 10 °C/min. The collected data was processed with Pyris
software (PerkinElmer, version 11.1.0.0488, Waltham, MA, USA).

DSC

The DSC data from filaments and composites were recorded with a Diamond
differential scanning calorimeter with Intercooler from PerkinElmer (Waltham, MA,
USA). For these tests, samples of 3 and 5 mg were sealed in aluminum pans. The scanning
rate was of 10 °C/min within the range of 25 to 220 °C with two cycles under a nitrogen
atmosphere delivered at a 50 mL/min rate. All data calculations were developed in the Pyris
software. To avoid thermal history, only the second cycle obtained is herein presented.
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Tensile strength

The formed filaments were placed in an MTS Insight Electromechanical Testing
System (Eden Prairie, MN, USA). All tests were performed with a crosshead speed of
25 mm/min and a grip dimension of 100 mm.

Scanning electron microscopy (SEM)

The formed filaments were placed on standard aluminum sample stubs using carbon
tape and coated with 7 nm of Au/Pd (60/40) in a Technics Hummer Il sputter coater from
Anatech (Sparks, NV, USA). Images were collected at 2500X (10 pm marker shown)
magnification using a Hitachi S-3200N SEM (lbaraki, Japan) under high vacuum
conditions with a 5 keV electron beam

RESULTS AND DISCUSSION

PLA-NFC Composite

After the formation of the blend, thermal characterization of the composite was
performed before using it to form the filament to better understand the possible
modifications after the extrusion process.

In the thermograms presented in Fig. 1, a decrease on the onset temperatures can
be observed from 307.5 °C to 286.9 °C when the concentration of NFC increased compared
to the pure PLA. Similarly, the maximum degradation temperature decreased as the
concentration of NFC increased. These results are consistent with what was observed using
grafted cellulose with PLA (Dong et al. 2017).
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Fig. 1. Thermograms of PLA and its composite derivates with NFC, PLA-NFC 5%, and PLA-NFC
10%; inset table shows the temperature parameters for the composite materials

Meanwhile, DSC data (Fig. 2) showed less variation in the behavior of the samples.
The main observable difference was the change in the initial slope that became steadier as
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the concentration of NFC increased in the samples. This finding was consistent with the
observations done with the grafted cellulose (Dong et al. 2017).
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Fig. 2. DSC curves of the PLA and the composites generated with cellulose nanofibrils, PLA-NFC
5%, and PLA-NFC 10%. In the curves, peaks were assigned to the corresponding temperatures
transitions: glass transition (Tg), crystallization (Tc), and melting (Tm).

PLA-NFC Filaments

After formation, the filament formed from pure PLA had an average diameter of
1.68 + 0.07 mm. In contrast, PLA-NFC composites had smaller extruded diameter average
of 1.62 + 0.07 mm. This decrease in diameter can be attributed to aggregates on the NFC
that decreased the surface area, forming more compact areas with the same mass (Jonoobi
et al. 2010).

To further assess the formation of the filaments, images of the cross-section were
obtained by SEM (Fig. 3). In them, it was observed that some aggregation was present in
the filaments made form the composite blends with NFC, similar to other PLA-NFC
composites reported in the literature (Jonoobi et al. 2010; Blaker et al. 2014). Furthermore,
the smoothness of the surface changed with the increments on NFC, resulting in a clear
phase separation in the filament made with 10% NFC, probably due to poor interfacial
bonding between the NFC agglomerates and the matrix.
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(D) e EGCEE

Fig. 3. Images of a cross-section of the filaments obtained through SEM, at 500 um and 50 pm
maghnification. Herein, (A) and (D) are the PLA filament, (B) and (E) are PLA-NFC 5%, while (C)
and (F) PLA-NFC 10%.

When the filaments were tested to characterize their mechanical properties
(Table 1), it was found that the addition of the NFC to the material increased the modulus
of elasticity for the filament from 2.92 to 3.36 GPa for the PLA to the PLA-NFC 10%,
respectively. Showing that the presence of NFC helped to increase the resistance of the
filament to deformation as the cellulose chains content increased in the matrix.

However, there was a decrease in the tensile strength and the maximum strain that
the filament supported, which again could be related to aggregation of NFC in the matrix
that was observed in Fig. 3. These decreases are coherent with the presence of the NFC, as
the presence of NFC increases the stiffness of the composites, that with the formation of
aggregates, the low orientation and poor interfacial bonding lead to an easier break of the
filaments (Clarkson et al. 2019).

Table 1. Mechanical Properties of the PLA and PLA-NFC Filaments

Materials Tensile Strength Modulus of Elasticity Max Strain
(MPa) (GPa) (%)
PLA 55.7 2.92 2.80
PLA-NFC 5% 49.9 3.08 2.25
PLA-NFC 10% 50.9 3.36 2.20

As stated above, the thermal analysis of the filaments was performed (Fig. 4A). A
slight decrease in the onset temperature on the PLA can be noted when it is in its free form
and in the filament, from 307.5 to 300.2 °C. However, this tendency was contrary for the
composite materials that increased between 1 and 2 °C. For PLA and PLA-NFC 5% the
Tmax decreased slightly, while for the PLA-NFC 10% it was maintained, this could be
related to more aggregates of NFC that keep the material dispersed.
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Fig. 4. (A) Thermograms of the filaments obtained from PLA and its composite with NFC: PLA-
NFC 5% and PLA-NFC 10%. Inset table shows the temperature parameters for the composite
materials. (B) DSC curves of the same filaments; peaks were assigned to the corresponding
temperature transitions: glass transition (Tg), crystallization (T¢), and melting (Tm)
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For the DSC data (Fig. 4B), PLA after extrusion did not present a clear
crystallization peak compared to the curve obtained from the composite alone. However, a
bigger difference was presented in the PLA-NFC 10% filament, where it presents two
melting peaks, which further confirms the formation of clusters in the filament formation
and dilucidated a poor interfacial bonding between the two materials.

3D Print Model

A print sample was performed with the PLA-NFC 5% as a proof of concept and
compared with a printed version of the same model with the pure PLA filament. The
samples are presented in Fig. 5, where it can be observed an accurate resolution after the
printing, as well as consistency in the appearance.

A (B)

Fig. 5. 3D printed version of the NC State University logo with (A) PLA and (B) PLA-NFC 5%

As a first approximation, this printing proved that the use of these composite
materials is feasible for 3D printing. Furthermore, it was observed that the increase in NFC
content improved the modulus of elasticity of the samples. In this work, only the 5%
concentration was utilized, and it was assumed that if more homogeneous filaments are
obtained, better properties could be obtained.

CONCLUSIONS

1. In this work, composites and filaments of poly(lactic acid) (PLA) and nanofibrillated
cellulose (NFC) were obtained without extra chemical modification.

2. Compounding and extrusion effectively occurred at 5% and 10% concentration of
NFC. Extruded filament diameter for PLA and PLA-NFC had low standard deviation.
In addition, PLA-NFC 5% filament was successfully used to print a 3D structure with
similar conditions to the pure PLA filament.

3. The presence of NFC seemed to have a positive impact on the modulus of elasticity of
the filaments. However, a slight decrease in tensile strength was observed possibly due
to the presence of aggregates of NFC in the matrix.
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4. 3D printed parts with PLA + NFC composites were comparable with pure PLA in terms
of surface quality, an absence of visible delamination, visual flatness, and general
appearance. Printing parameters and conditions were the same for both materials for
consistency in the comparison.
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