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Printability and Properties of 3D-printed Poplar
Fiber/Polylactic Acid Biocomposite

Zhaozhe Yang,*" Xinhao Feng,’* Min Xu,¢ and Denis Rodrigue ¢

To efficiently and economically utilize a wood-plastic biocomposite, an
eco-friendly biocomposite was prepared using modified poplar fiber and
polylactic acid (PLA) via 3D printing technology for the first time. First, the
effects of poplar fiber (0, 1, 3, 5, 7, and 9%) on the mechanical and
rheological properties of the printed biocomposites were investigated.
Subsequently, the printing parameters, including printing temperature,
speed, and layer thickness, were optimized to obtain the biocomposite with
superior properties. Finally, four printing orientations were applied to the
biocomposite based on the optimized printing parameters to study the
effect of filament orientation on the properties of the biocomposite.
Favorable printability and mechanical properties of the biocomposite were
obtained at 5% poplar fiber. The optimal printing temperature of 220 °C,
speed of 40 mm/s, and layer thickness of 0.2 mm were obtained to
produce the desired mechanical properties of the biocomposite with the
printing orientation in a longitudinal stripe. However, the printing
parameters should be chosen according to the applications, where
different physical and mechanical properties are needed to achieve
efficient and economical utilization of the biocomposites.
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INTRODUCTION

As a 3D printing technology, fused deposition modeling (FDM) is commonly
applied to fabricate complex and customized structures with high efficiency and low cost.
It has been extensively used in prototyping and product manufacturing for many
applications such as automatization, construction, biological engineering, and furniture
(Wang et al. 2017; Zhao et al. 2018; Oladapo et al. 2020; Zeng et al. 2020). However, the
raw material for FDM is limited to thermoplastics, including acrylonitrile butadiene styrene
(ABS), nylon, polycarbonate, polyethylene, and polylactic acid (PLA) (Le Duigou et al.
2016). With increasing attention paid directly towards eco-friendly materials, bio-based
polymers (e.g. PLA) are preferred during 3D printing. Polylactic acid is mainly derived
from renewable resources, such as starch, corn, and sugarcane, and it is biodegradable,
biocompatible, widely available commercially, and possesses relatively high material
properties (Guo et al. 2014; Chacon et al. 2019; Liu et al. 2019). Therefore, 3D printed
PLA has been applied for tissue engineering (Yu et al. 2019; Oladapo et al. 2020),
electronics (Spinelli et al. 2019), thermal and sound absorbing materials (Papon and Haque
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2018), and construction (Hinchcliffe et al. 2016; Ghaffar et al. 2018). In addition, 3D-
printed PLA products can be recycled and reprinted to fabricate structures, which have
comparable properties with the one before recycling (Tian et al. 2017; Zhao et al. 2018).

However, PLA is brittle and has a low thermal resistance, resulting in restricted
applications in load-bearing and functional structures (Yang and Yeh 2020). Accordingly,
natural resources, such as wood fibers (Le Duigou et al. 2016; Kain et al. 2020),
nanocellulose (Wang et al. 2017; Liu et al. 2019), and agriculture residuals (Hinchcliffe et
al. 2016; Xiao et al. 2019), which possess high mechanical properties, good sustainability,
non-toxicity, biocompatibility, and biodegradability, have been incorporated with PLA to
3D print biocomposites used in construction, tissue engineering, packaging, furniture, etc.
(Dong et al. 2018; Xu et al. 2018; Yang et al. 2020).

Generally, the processing property of 3D-printed PLA biocomposites is affected by
natural fibers because a specific melt flow rate of the filament is needed during 3D printing
(Wang et al. 2017; Papon and Haque 2018). The incorporation of natural fibers in the
polymer matrix induces increased viscosity of the fused compound and results in low
filament properties and weak interfacial bonding between fiber and polymer matrix
(Ayrilmis 2018; Nguyen et al. 2018; Ghaffar et al. 2020). Therefore, additives (e.g.,
coupling, toughening agents, and nano graphite platelet) were added in the compound to
improve the processability and properties of 3D-printed biocomposites (Wang et al. 2017;
Papon and Haque 2018; Chougan et al. 2020). In addition, surface modification of the
natural fibers can also enhance their compatibility with PLA matrix and improve the
properties of 3D-printed products (Filgueira et al. 2017; Murphy and Collins 2018).

To improve the compatibility of poplar fiber with PLA matrix during extrusion, and
to overcome the brittleness of the corresponding biocomposites, the modification of poplar
fiber by silane coupling agent (3-aminopropyltriethoxysilane, KH550) and the toughening
agent tributyl citrate (TBC) was taken to produce a biocomposite with superior mechanical
properties and toughness, respectively (Yang et al. 2019, 2020). However, few studies have
been made to explore the possibility of the poplar fiber/PLA biocomposite as a raw material
applied in 3D printing, especially for the modified biocomposite (Bhagia et al. 2020).
Therefore, it is imperative to investigate the printability and properties of 3D-printed poplar
fiber/PLA biocomposite to extend the application of the poplar fiber/PLA biocomposite.
In this study, the printability of 3D-printed poplar fiber/PLA biocomposites with various
amounts of poplar fiber (0, 1, 3, 5, 7, and 9%) was investigated at the printing temperature
of 220 °C, speed of 20 mm/s, and thickness of 0.2 mm. Subsequently, the optimal content
of poplar fiber was selected based on the optimal mechanical and rheological of printed
biocomposites in the first step, and the effect of printing parameters on the properties of
the corresponding biocomposite was then thoroughly analyzed.

EXPERIMENTAL

Materials

The PLA was supplied by Nature Works (4032D; Minnetonka, MN, USA). The
provided PLA had a density of 1.25 g/cm?, a melting temperature of 167 °C, and a melting
flow index of 1 g/min (210 °C/2.16 kg). Poplar fiber with the average dimensions 293 x
62 um? (length x width) was self-produced in the lab from poplar wood (Populus
adenopoda). Briefly, poplar chips were added in a wood grinder equipped with a screen
(9FQ-300; Zhengda Agricultural Machinery Manufacturing Co., Ltd., Dandong, China),
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and the fiber was collected from the 80-mesh screen to be directly used in biocomposite
production. The KH550 and TBC were provided by the Yongchang Chemical Company
(Harbin, China). All chemicals were used as received.

Filament Extrusion

The poplar fiber modified with KH550, as described in a previous study (Yang et
al. 2020), was compounded with PLA and TBC to prepare the pellets used in filament
extrusion (Fig. 1a). The pellets were extruded by a single screw extruder at 170 °C with an
extruding and traction speed of 45 rpm and 27 rpm, respectively. The contents of poplar
fiber in the filament were 0, 1, 3, 5, 7, and 9%, and the diameter of the filament was
1.75 mm. The process of filament extrusion is shown in Fig. 1a.

1. Feeding hopper; 2. Extruder;
3. Controller; 4. Filament tractor;

Printed samples - 3pin(ing

Fig. 1. The process of filament extrusion, a; and 3D printing sample, b
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3D Printing of the Poplar Fiber/PLA Biocomposites

As shown in Fig. 1b, the poplar fiber/PLA biocomposite was fabricated by a 3D
printer with the filament. Before 3D printing, a model of the sample was prepared using
AutoCAD (AutoCAD, Autodesk Inc., AutoCAD2015, San Rafael, CA, USA), and the
printing parameters of the model were set and exported as a G-code file for use in the 3D
printer (Fig. 1b). During 3D printing, firstly, the filament was printed at a fixed
temperature, speed, and thickness of 220 °C, 20 mm/s, and 0.2 mm, respectively, to
investigate the printability of the biocomposite with different contents of poplar fiber (0, 1,
3, 5, 7, and 9%); subsequently, the biocomposite with the optimal content of poplar fiber
obtained in the previous step was printed under different printing conditions, as shown in
Table 1, to analyze the effect of the printing conditions (i.e., temperature, speed, and layer
thickness) on the properties of the printed biocomposites. The optimized printing
conditions were indicated.

Table 1. Printing Parameters of Modified Poplar Fiber/PLA Biocomposites

Printing Parameter Variable Parameter Fixed Parameter
Temperature (T) (°C) 200, 210, 220, 230, 240 L: 0.2 mm, S: 20 mm x st
Printing speed (S) (mm x s?) 20, 40, 60, 80, 100 L: 0.2 mm, T: 220 °C
Printing thickness (L) (mm) 0.1,0.2,0.3,04,0.5 S: 20 mm x s1, T: 220 °C

Characterizations

The tensile and flexural properties of the biocomposites were measured using a
universal mechanical tester (ReGear, Shenzhen, China) with the sample dimensions 165 x
13 x 4 mm3 and 80 x 13 x 4 mm?, according to ASTM D638-14 (2014) and ASTM D790-
17 (2017), respectively. The testing speed for tensile and flexural measurements were
5 mm/min and 1.9 mm/min (with a span of 64 mm), respectively. Six replicates were
measured in each condition.

The surface morphology of the printed biocomposites was observed by a scanning
electron microscope (FEI Quanta 200; FEI Co., Hillsboro, OR, USA) at an accelerating
voltage of 10 kV and a working distance of 8 to 12 mm. Samples were dried at 80 °C for
2 h and gold sputtered for 10 s before the scanning.

The thermal stability of the biocomposites was analyzed using a thermogravimetric
analyzer (TGA, TA4; NETZSCH, Bavaria, Germany). A sample of approximately 5 mg
was loaded and heated from 40 °C to 600 °C at 10 °C/min in a nitrogen atmosphere
(50 mL/min). Three replicates were used for each condition.

The thermal behavior of the biocomposite was performed in a differential scanning
calorimeter (DSC, Q20; TA Instruments, New Castle, DE, USA). Three temperature scans
were taken according to the method that has been reported in the authors’ previous study
(Yang et al. 2020). The temperatures of the glass transition (Tg), crystallization (Tc), and
melting (Tm) of the biocomposites were analyzed based on the results of endothermic and
exothermic reactions during the second heating scan.

The dynamic rheological properties of the biocomposites were investigated with a
rotational rheometer (Discovery HR-2; TA Instruments, New Castle, DE, USA). Firstly, a
dynamic strain sweep (0.001 to 100%) was measured at 190 °C with an angular frequency
of 6.283 rad/s to determine the linear viscoelastic region of the biocomposite. Then, a
dynamic frequency sweep (0.06 to 628.3 rad/s) was performed at 190 °C with a constant
strain of 1%. Three replicates were used in each condition.
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RESULTS AND DISCUSSIONS

Effect of Poplar Fiber on the Properties of Printed Biocomposites

The flexural strength and modulus of the printed biocomposites increased as the
fiber content was increased from 0% to 5% and decreased when the fiber content exceeded
5% (Fig. 2a and 2c). This could be attributed to the improved dispersibility of poplar fiber
in the PLA matrix, which results from the improved compatibility between poplar fiber
and PLA after the KH550 modification of poplar fiber (Yang et al. 2020). However, high
fiber content (> 5%) would decrease the thermal conductivity between printed layers due
to the poor thermal conductivity of poplar fiber; especially, lumens in the poplar fiber
contribute to decrease of heat transferring in the printed layers (Liu et al. 2014), which
resulted in weak interfacial bonding between printed layers and a decrease of flexural
properties (Tian et al. 2016).
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Fig. 2. The flexural properties (a = strength; ¢ = modulus) and thermal stability (b = TG; d = DTG)
of 3D-printed biocomposites with increasing wood fiber content (WFC) (Ts%, Tmax, and Teow
represent the temperature at 5% weight loss, weight loss at maximum speed, and 90% weight
loss during thermogravimetric testing, respectively)

The thermal stability of the printed biocomposites was enhanced with the addition
of poplar fiber (Figs. 2b and 2d). The temperature at initial (Ts%, temperature at 5% weight
loss), peak (Tmax, temperature for the weight loss at maximum speed), and end (Too%,
temperature at 90% weight loss) of the thermal degradation of the biocomposite with 1%
poplar fiber increased 9.6 °C, 9.9 °C, and 16.6 °C, respectively, compared to pure PLA
samples. However, this progressive increase leveled off with further additions of poplar
fiber from 3 to 9%, especially for the Tse% and Tmax. However, the Too% still had a 39%
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increase for the biocomposite with 9% poplar fiber compared to that of biocomposite with
1% poplar fiber. When the amount of poplar fiber increased, the temperature for the glass
transition (Tgy) of the biocomposite slightly increased from 1% to 5% and decreased from
7% to 9%. While, the crystalized temperature (Tc) and melting temperature (Tm) did not
linearly increase with increasing content of poplar fiber, they exhibited a decrease from 1%
to 5% and increase from 5% to 9%, and minimum values were obtained at 5% (Fig. 3). The
increased Tc was caused by the orientation of poplar fibers during 3D printing, resulting in
an improved bonding likelihood between poplar fibers and between poplar fiber and PLA
molecules (Compton and Lewis 2014). As for the increased Tm, it could be attributed to the
enhanced compatibility between the poplar fiber and PLA matrix after KH550
modification; additionally, the introduced KH550 molecules would impede the mobility of
fused molecules due to its high steric hindrance generated in the biocomposite (Li et al.
2003).

Heat Flow (mW/mg)
Exo up

60 80 100 120 140 160 180
Temperature (°C)

Fig. 3. The thermal performance of 3D-printed biocomposites with 0 (pure PLA), 1, 3, 5, 7, and
9% wood fiber (Tg, Tc, and Tm are the temperatures for glass transition, crystallization, and
melting of the biocomposite, respectively)

From the dynamic strain sweep (Fig. 4a), the storage modulus (G’) was retained
with increasing strain between 0.5% and 6% (Fig. 4a), indicating a linear viscoelastic state
was generated in the biocomposite. Therefore, the strain of 1% was chosen in the dynamic
frequency sweep. The storage modulus of the biocomposite was frequency-independent at
low frequency from 0.1 Hz to 1 Hz (Fig. 4c). This was probably due to the gap between
the printed filaments where the fused biocomposite filled in during the frequency sweep.
Meanwhile, at a fixed frequency (in range of 0.1 to 1 Hz), the storage modulus increased
with increase of poplar fiber due to the high rigidity of poplar fiber in the biocomposite. At
high frequencies (> 1 Hz), the storage and loss modulus performed a similar increment
with increase of frequency, and these increments were unrelated with the content of poplar
fiber in printed biocomposite. This is probably explained by the dominant effect of PLA in
the biocomposite with few poplar fibers (< 9%) at a high frequency (Yin et al. 2018).
Through addition of the poplar fiber, the complex viscosity (#*) of the printed
biocomposite decreased at low frequency (0.1 to 100 Hz) and remained at high frequency
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(> 100 Hz) (Fig. 4b), except for the situation at 1% poplar fiber, where the #* was higher
than that of pure PLA due to the favorable bonding that formed between the poplar fiber
and PLA matrix (Sang et al. 2019). However, the interaction between PLA molecules was
interrupted by the uneven dispersed poplar fiber (> 1%), resulting in a low 5" value of the
biocomposite.

By considering the mechanical properties of the printed biocomposites above, the
poplar fiber of 5% was chosen to print the biocomposite. Further investigation focused on
the effect of printing parameters on the properties of the biocomposite.
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Fig. 4. Dynamic strain sweeps at 190 °C with an angular frequency of 6.283 rad/s, a; complex
viscosity n*, b; storage modulus G’, ¢; and loss modulus G”, d of 3D-printed biocomposites

Effect of Printing Temperature on the Properties of Printed Biocomposites

When the printing temperature increased, the flexural strength and modulus first
increased and then decreased, and the optimal flexural properties were obtained at 220 °C.
This behavior can be attributed to the fusing state of the printed filaments from the printing
nozzle, where the filament had an incomplete fusion under low temperature, resulting in
voids to be generated between printed filaments, as shown in Fig. 5b. However, better
fusion was formed at 220 °C, which induced preferable adhesion between printed filaments
(Fig. 5c); therefore, higher flexural properties were obtained. At a high printing
temperature (> 220 °C), the biocomposite degraded and the voids were gradually reduced
(Fig. 5d), resulting in decreased flexural properties and increased density of the
biocomposites, respectively (Feng et al. 2017).
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Fig. 5. The density and flexural properties, a; and morphologies (b = 200 °C; ¢ =220 °C; d =
240 °C) of biocomposites 3D-printed at different printing temperatures

Effect of Printing Speed on the Properties of Printed Biocomposites

In contrast to the printing temperature, the printing speed had a negative effect on
the flexural properties and density of the biocomposite, in which the flexural properties
and density decreased when the printing speed was increased (Fig. 6). This was caused by
the mismatch of the printing speed with the feeding speed, with which the printed filaments
could not generate efficient inter-adhesion during printing and led to an increase in voids
when the printing speed increased (Figs. 6b and 6c), resulting in decreased flexural
properties and density (Yang and Yeh 2020). Hence, the printing efficiency, thermal
stability of the fused filament in nozzle, and printing stability of the printer should be
comprehensively considered when a suitable printing speed is selected.

Effect of Printing Layer Thickness on the Properties of Printed
Biocomposites

Similarly, the flexural properties and the density of the biocomposite decreased
when the layer thickness was increased (Fig. 7). The flexural strength decreased 42% at a
layer thickness of 0.5 mm compared to that of 0.1 mm. This can be attributed to the
increased voids between printed filaments as the layer thickness increased (Figs. 7b and
7¢), which generated inefficient adhesion between the printed filaments and induced weak
boding in the layers of the biocomposite. In addition, the high layer thickness produced
uneven temperature distribution in the printed layer, resulting in a further decrease in the
bonding in the layers and of the properties of the biocomposite (Liu et al. 2015).
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Fig. 6. The density and flexural properties, a; and morphologies (b = 20 mm/s; ¢ = 60 mm/s) of
biocomposites 3D-printed by different printing speeds
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Effect of Printing Orientation on the Properties of Printed Biocomposites

The printing temperature, speed, and layer thickness at 220 °C, 40 mm/s, and
0.2 mm, respectively, were selected based on the results obtained above to investigate the
effect of printing orientations on the properties of the biocomposite. As shown in Fig. 8,
four printing orientations were used and the tensile and flexural properties of the
biocomposite were measured. The tensile strength, elongation, and flexural strength
obtained maximum values with longitudinal stripe and minimum value with transversal
stripe (Figs. 8e to 8g). However, the optimal flexural modulus was observed at transversal
and longitudinal stripes (Fig. 8h). The properties of the biocomposite with a 45° cross was
higher than those with a 90° cross, except for their comparable flexural modulus.
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Fig. 8. 3D-printed models (a to d), samples (a1 to di), and their mechanical properties (e =
tensile strength; f = elongation; g = flexural strength; h = flexural modulus) with different printing
orientations (a and ai, transversal stripe; b and bs, longitudinal stripe; ¢ and c1, 90° cross; d and
d1, 45° cross)
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According to the mechanical properties of the printed biocomposites, as shown in
Fig. 8, the printing orientation at longitudinal direction is preferable to fabricate the product
when high mechanical strength is considered. However, the application conditions should
be considered when a suitable printing parameter is chosen for the printed product. For
example, the flowerpot in Fig. 9 needs good appearance and breathability rather than high
mechanical properties in realistic applications. Therefore, a smooth surface and suitable
porosity of the printed biocomposite should be produced by selecting a high printing speed
and low layer thickness during 3D printing. Compared with the commercial polypropylene
flowerpot (Fig. 9a), the printed flowerpot is biodegradable and eco-friendly, and it will
promote the growing of the plant due to its adjustable breathability derived from the
porosity of the printed biocomposites, as shown in the morphologies of biocomposite
described above.

Fig. 9. 3D-printed biodegradable flowerpot with the poplar fiber/PLA biocomposite; a,
comparison of biodegradable flowerpot (left) with a commercial polypropylene flowerpot (right)
and b, the printing filament and flowerpot with a plant in it

Yang et al. (2021). “3D print. poplar fiber/PLA,” BioResources 16(2), 2774-2788. 2784



PEER-REVIEWED ARTICLE b | oresources.com

CONCLUSIONS

1.

The application of poplar fiber reinforced polylactic acid (PLA) biocomposite in the
3D printing was investigated using various poplar fiber contents. The printed
biocomposite with 5% poplar fiber achieved optimal mechanical properties. The
printing parameters of the 5% poplar fiber/PLA biocomposite, including printing
temperature, speed, and layer thickness, were further optimized.

The printing temperature, speed, and layer thickness at 220 °C, 40 mm/s, and 0.2 mm,
respectively, were applied to print biocomposites with superior mechanical properties
when a longitudinal orientation was used. In addition, the density of the printed
biocomposites had an obvious correlation with the mechanical strength when different
printing parameters were applied. Diverse contents of void in the printed
biocomposites were induced by applying various printing parameters. At an optimal
printing temperature, the smaller voids induced higher density and resulted in higher
mechanical strength.

However, the application situation of the 3D-printed biocomposite should be
thoroughly considered when choosing suitable printing parameters to efficiently and
economically fabricate the product applied in different conditions, such as strength-
oriented and appearance-oriented situations.
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