Ingenieria

5
UNIVERSIDAD DISTRITAL
FRANCISCO JOSE DE CALDAS

DOI: https://doi.org/10.14483/23448393.21972

https://revistas.udistrital.edu.co/index.php/reving/issue/view/1291

Research

Physical and Mechanical Properties of Rattan and Polylactic
Acid Biocomposites Printed Using Fused Filament Fabrication

Propiedades fisicas y mecanicas de biocompuestos de ratdn y acido
polilactico impresos mediante fabricacion por filamentos fundidos

Martha Lissette Sénchez—Cruzlm*, Luz Yolanda Morales-Martirﬂ@, and Gil Capote

Rodriguez2®

'Universidad Militar Nueva GranadaRoR (Bogotd, Colombia).
*Universidad Nacional de ColombiaRoR (Bogota, Colombia)

Abstract

Context: The use of alternative materials in construction requires the
implementation of new methods that allow addressing the problems associated
with the manufacture of traditional composite materials. In recent years, additive
manufacturing techniques have attracted the attention of entrepreneurs and
researchers due to its ease in processing complex designs and its low processing
times. However, there is little information about the mechanical performance of
composites obtained from the processing of biopolymer filaments reinforced with
plant fibers.

Method: We evaluated the mechanical behavior of 3D-printed biocomposites
subjected to axial tension loads. For the experimental design, filaments were
constructed using 90 % polylactic acid granules and 10 % pulverized rattan fibers.
The properties of the filaments were analyzed through microscopy, density,
thermogravimetry, roughness, and hardness tests. The specimens were printed
according to the dimensions specified in ASTM D638, and the effect of infill
density and printing orientation on their physical and mechanical properties was
analyzed. A statistical analysis was carried out in order to formulate equations
allow predicting the behavior of the material based on the printing parameters
considered.

Results: The obtained filaments were characterized and compared against their
unreinforced counterparts. The specimens were printed using the fused deposition
method. The effect of the printing parameters on the physical and mechanical
properties of the stressed biocomposite was determined, and the impact of the
studied variables was analyzed using a central composite design.

Conclusions: The surface roughness of the samples increased with the printing
orientation and decreased as the infill density increased. Hardness and tensile
strength increased significantly with increasing infill density, and they decreased
with an increasing printing angle. The probes printed with 80 % infill showed a
notable increase in rigidity.
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Resumen

Contexto: El uso de materiales alternativos en la construccién requiere implementar nuevos métodos que permitan
enfrentar los problemas asociados a la fabricacién de materiales compuestos tradicionales. En los tiltimos, afios las
técnicas de fabricacion aditiva han llamado la atencién de emprendedores e investigadores debido a su facilidad
para procesar disefios complejos y sus tiempos de procesamiento reducidos. Sin embargo, existe poca informacién
sobre el desempefio mecanico de los compuestos obtenidos del procesamiento de filamentos de biopolimeros
reforzados con fibras vegetales.

Meétodo: Se evalué el comportamiento mecanico de biocompuestos impresos en 3D sometidos a cargas de tensién
axial. Para el disefio experimental, se elaboraron filamentos utilizando 90 % de granulos de dcido polilactico y 10 %
de fibras pulverizadas de ratan. Las propiedades de los filamentos se analizaron mediante ensayos de microscopia,
densidad, termogravimetria, rugosidad y dureza. Las probetas se imprimieron de acuerdo con las dimensiones
especificadas en ASTM D638, y se analizo el efecto de la densidad de relleno y la orientacién de impresion sobre sus
propiedades fisicas y mecénicas. Se realiz6é un anélisis estadistico orientado a formular ecuaciones que permitieran
predecir el comportamiento del material con base en los parametros de impresiéon considerados.

Resultados: Los filamentos obtenidos fueron caracterizados y comparados con sus contrapartes no reforzadas. Las
probetas se imprimieron mediante el método de deposicién fundida. Se determiné el efecto de los pardmetros de
impresién sobre las propiedades fisicas y mecénicas del biocompuesto sometido a esfuerzo, y se analiz6 el impacto
de las variables estudiadas mediante un disefio compuesto central.

Conclusiones: La rugosidad superficial de las muestras aumenté con la orientacién de impresién y disminuyé a
medida que aumento la densidad de relleno. La dureza y la resistencia a la traccién aumentaron significativamente
con el incremento de la densidad de relleno y disminuyeron con el aumento del angulo de impresién. Las probetas

impresas con un 80 % de relleno mostraron un incremento notable en su rigidez

Palabras clave: manufactura aditiva, biocompuestos, fabricacién por filamentos fundidos, propiedades mecénicas,

fibras vegetales
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1. Introduction

The concern for encouraging sustainable development in various sectors of the industry has
promoted the study, design, and characterization of new materials that contribute to mitigating the
environmental impact associated with the use of traditional materials derived from the processing
of petroleum-derived resources, thereby reducing the greenhouse gas emissions caused by the
technological processes applied in their production (1,2). In this sense, and in line with the Sustainable
Development Goals, biocomposite materials have emerged as a new alternative that allows replacing

conventional solutions, reducing the use of inputs, and minimizing the carbon footprint (1-5).
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According to (4), biocomposite materials offer some advantages over conventional composite
materials, including reduced CO, emissions, biodegradability, low toxicity, and energy efficiency.
However, the use of biocomposites in the construction sector may be limited by factors such as strength,
stiffness under humid conditions, incompatibility between the constituent materials, and variability in
the composition of the plant fibers used as reinforcement, which makes it difficult to standardize the

properties of the materials (5-8).

Due to its innovative nature, additive manufacturing (or 3D printing) has become important in
the design, manufacture, and characterization of biocomposite materials (9-13). Among the different
additive manufacturing techniques available, fused filament fabrication (FFF) stands out, which
consists of the layer-by-layer deposition of a thermoplastic polymer. The filament is heated and
extruded through a nozzle, shaping the object in a controlled manner. Through this printing method,
it is possible to reduce fabrication cycle times and thus minimize production costs. Additionally, this
process allows reducing waste material, making it possible to modify the microstructure of each of
the composite’s layers, which provides the finished product with added value (10). Furthermore, 3D
printing offers flexibility to generate complex structures that satisfy the design requirements of various

industrial sectors (13-16).

The use of plant fibers as reinforcement for polymeric filaments has increased in recent
years (17). Its main advantages include wide availability, low cost, good mechanical behavior,
and biodegradability. From a technical and environmental perspective, this makes them a viable option
for the development of new, alternative materials that can be applied in various fields of engineering,

e.g., civil construction (18, 19).

Due to its ease of processing, one of the biopolymers most commonly used as a biofilament matrix
is polylactic acid (PLA), which is processed through the chemical sintering of sugars obtained from
the biomass of plants such as corn, cassava, and sugar cane (20, 21). This material is known for its
low toxicity, biodegradability, high hardness and stiffness, and good resistance to most common
solvents (21).

According to (22), some parameters, such as the extrusion temperature and speed, can affect the
properties of these filaments. In addition, other parameters like the selection of raw materials (fiber
and polymer) and premixing proportions and techniques can influence the final quality (roughness,
hardness, porosity, and resistance) of the biocomposite filaments produced by screw extruders. Despite
several published studies, to date, there are some research gaps regarding the optimization of these

properties for specific applications (23).

Recent studies have shown that fiber content, surface treatments, and the use of compatibilizing
agents can affect the strength and stiffness of biofilaments (24-26). (24) analyzed the physical and
mechanical properties of specimens printed with polypropylene reinforced with different hemp fiber

contents. These authors demonstrated that flexural strength, tensile strength, and absorption capacity

| Ingenieria | Vol. 30 | No. 2 | ISSN 0121-750X | E-ISSN 2344-8393 | €21972 | 30f18



Physical and Mechanical Properties of Rattan and Polylactic Acid . .. M. L. Sdnchez-Cruz et al.

vary significantly depending on the fiber content and printing method used.

In addition, (25) analyzed the effect of surface modification on bamboo fibers used as reinforcement in
acrylonitrile butadiene styrene (ABS) filaments. As a result of the treatment, the authors reported that
it was possible to improve both the filament morphology and the mechanical properties of the printed

specimens.

(26) examined the effect of a lignin-based compatibilizing agent on the tensile strength, elongation,
and toughness of polylactic acid/lignin composites, attributing the improvements to enhanced

intermolecular interactions for 3D printing applications.

Other studies have focused on evaluating the degradation and sustainability of PLA-printed
materials. For instance, (27) analyzed the degradation of PLA biocomposites reinforced with algal
biomass under abiotic and thermophilic composting conditions. This study showed that the addition of
algal biomass increased the biodegradability of PLA, an effect attributed to the high nitrogen content in
the biomass, which promoted microbial growth.

(28) developed PLA-based bionanocomposites reinforced with crystalline nanocellulose in
order to improve the mechanical and thermal properties of 3D-printed PLA products. This
reinforcement enhanced the crystallinity and the thermal, mechanical, and rheological properties
of PLA, demonstrating that small amounts of crystalline nanocellulose can optimize the performance

of 3D printing filaments (28).

In addition, (29) investigated the effect of adding carrot pulp and ground walnut shells to PLA,
aiming to evaluate how these additives influence the mechanical properties and biodegradability of
FFE-printed parts. The study showed that these plant-based additives can improve the flexural strength
and biodegradability of the biocomposite, although they reduce its fracture toughness.

Despite the advances reported in the literature, the use of filaments made from the combination of
plant-based materials as raw input in 3D printing processes still requires a deeper understanding of
their mechanical behavior, as well as an analysis of the design parameters that influence their quality
and performance. This study evaluated the density, roughness, hardness, strength, and stiffness of
biocomposites printed using biofilaments reinforced with 10 % pulverized plant fibers. Due to their
biodegradability, renewability, and ease of processing, PLA granules were used for filament fabrication.
In addition, rattan fibers (a plant-based material that has been scarcely explored in the development of
3D printing filaments) were used as reinforcement. These fibers were obtained from waste generated by
Bambt y Guaduas de Colombia, a company dedicated to the production of furniture and handicrafts.
This selection contributes to reducing solid waste, promotes the use of renewable resources, and aligns

with the principles of sustainable development and the circular economy.

As an emerging technology, 3D printing was chosen for the composite. The effect of several

design parameters was evaluated through statistical analysis. Equations were formulated to predict
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the material’s behavior based on the parameters used during 3D printing. The novelty of this study
lies in the development and characterization of PLA-based filaments reinforced with rattan fibers,
whose application in additive manufacturing has not been extensively explored. Furthermore, this
study provides insights into the way in which printing parameters affect the mechanical behavior of
these biocomposites. Additionally, obtaining prediction equations can contribute to standardizing and

optimizing the properties of printed biocomposites.

2. Materials and methods

To produce the filaments, commercial PLA granules and 30 cm long, 1 cm wide rattan strips were
used. We employed waste fibers donated by Bambti y Guaduas de Colombia. To obtain the reinforcing
material, the strips were crushed, dried in an oven at 105 °C, pulverized, and then sieved using a 45
pm mesh. The drying temperature was selected in accordance with the recommendations of ASTM
4442-20 (30). We used Ingeo D4032, a biopolymer manufactured by Nature Works LLC in the USA.
The pellets were dried for four hours at 80 °C before mixing. Two types of filaments were produced
for comparison: pure PLA filaments (PLA-S) and PLA-based composite filaments (PLA-R). The latter
were prepared by blending 90 % PLA with 10 % pulverized rattan fibers. The pulverized rattan fibers
were manually mixed with PLA pellets. All filaments, with a diameter of 1.75 mm, were extruded with
a single-screw extruder at 180 °C and a feed rate of 50 mm/s. After extrusion, the filaments were stored

in a dry environment to prevent moisture absorption.

To evaluate the quality of the filaments, physical and mechanical characterization tests were carried

out. A description of the procedures is presented below.

e Morphology. The surface of the filaments was analyzed using a Tescan Vega3 scanning electron
microscope. The acceleration voltage of the electron beam was 20 kV, and the working distance
was 14.9 mm. To improve electrical conductivity, the filaments were previously metallized. We

obtained images with a magnification of 800x.

e Density. Samples measuring 5 cm in length and 1.75 mm in diameter were prepared. For each
type of filament, ten samples were characterized. The test was carried out using a pycnometer,
following the procedures described in method B of ISO 1183-1:2019 (31).

e Roughness. Samples of 10 cm in length were prepared. A PCERT 1200 instrument was used for
the test. Eight readings were taken for each filament. Based on the results, the average roughness

for each type of filament was calculated.

e Hardness. A FALCON 400G2 durometer was used to determine the Vickers microhardness. The
applied load was 50 g. The test was carried out while following the recommendations of ISO
6507-1:2018 (32) and consisted of measuring the diagonal lengths of the indentation produced by

a pyramidal diamond indenter.

e Thermal analysis. Thermogravimetric analysis was conducted using an SDT Q600 V20.9 Build

20. Thermal tests were carried out in alumina containers, in a synthetic air atmosphere, at a flow
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rate of 60 mL/min and a heating rate of 5 °C/min.

¢ Tensile strength. Samples measuring 1.75 mm in diameter and 7 cm in length were prepared. The
tests were carried out using a WP 300 universal testing machine with a load capacity of 20 kN. To
fix the samples to the jaws of the equipment, trapezoidal pieces were designed and glued to the

ends of the filaments. For each type of filament, ten samples were tested. This is shown in Fig. 1.

Figure 1. Filament tensile test

For the CAD model, the dimensions established in ASTM 638 for type-V specimens were adopted
(33). Specimens with an infill density of 20, 40, and 80% were printed. As a filling pattern, a
gyroid-type element was established. To evaluate the effect of printing orientation on the properties of
the biocomposite, angles of 0° (horizontal) , 45° (diagonal), and 90° (vertical) were used. The orientation
diagram is presented in Fig. 2. We employed an Ender 5 S1 printer with a 0.4 mm brass nozzle at a
temperature of 205 °C. The print bed temperature was 60 °C, and the print speed was set at 80 mm/s.
The print layer height was 0.3 mm. This layer thickness allows for faster printing without compromising

mechanical strength.

We evaluated the effect of printing parameters (fill density and print orientation) on the physical
(density, roughness, and hardness) and mechanical properties (strength and elastic modulus) of
the specimens printed with PLA-R filaments. We used a commercial statistical analysis software,

implementing a central design composed of two factors, with 14 runs and five replications. The statistical
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Figure 2. Orientation diagram

analysis yielded equations that allow predicting the properties of the biocomposite based on the design

variables.

3. Results and discussion

To analyze the quality of the filaments, 800x micrographs of the PLA-R and PLA-S filaments were

obtained. These are presented in Fig. 3.

VEGA3 TESCAN

WD: 1480 mm | VEGA3 TESCAN
Det: SE
1111812 SEM Fisica UNAL a)

SEM Fisica UNAL

Figure 3. Filament micrographs: a) PLA-R, b) PLA-S
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In Fig. 3a, the presence of randomly distributed fibers encapsulated by the polymeric matrix can
be observed. Additionally, there are voids at the interface between the biopolymeric matrix and the
reinforcing fiber. The PLA-R filaments have an irregular appearance, with some discontinuities. These
findings can be attributed to the lack of homogeneity in the distribution of fibers during extrusion.
On the other hand, as shown in Fig. 3b, the PLA-S filaments have a smooth and more homogeneous

appearance.

The density, roughness, and hardness of the filaments were determined by following the procedures
described in Section 2 for PLA-R and PLA-S, the results of which are presented in Table I. Note that,
despite the voids generated inside the filament during extrusion, the addition of plant fibers did
not cause significant density changes. However, the roughness of the PLA-R filaments increased by
approximately 40 %. According to (34), the smooth surface of biopolymeric filaments such as PLA-S
can be associated with a greater fragility. This is consistent with the observed increase in the Vickers
microhardness of the PLA-R filaments (approximately 17 %). It should be noted that the plant fibers act
as reinforcement for the PLA, which contributes to increasing the hardness of the filament. On the other
hand, since this is a natural material, a product with a less homogeneous and rougher texture is obtained

during extrusion.

Table I. Physical properties of the filaments

Property PLA-R PLA-S
Density (kg/m?3) | 1.21+0.02 | 1.22+0.01
Roughness (um) | 1.85+0.05 | 1.30+0.02

Hardness (HV) | 20.95+1.30 | 18.45+1.20

As shown in Table II, the mechanical properties of the filaments were also determined.

Table II. Mechanical properties of the filaments

Property PLA-R PLA-S
Tensile strength (MPa) 115+16 88+10
Elastic modulus (GPa) | 5.30+0.37 | 4.50+0.50

Strain (%) 3.90+0.02 | 2.80+0.03

Table II shows an increase of approximately 30 % in the tensile strength of the PLA-R filaments,
as well as an increase of 17 % in their elastic modulus. Additionally, their percentage of deformation

increased by 40 %.

The results of the thermal analysis are presented in Fig. 4. Regarding the thermogravimetry test,
it was observed that the addition of pulverized rattan fibers does not significantly affect the thermal
behavior of the filaments. Differences of less than 1% can be observed in T;, T,;, Trnaz, and Ty. These

results are consistent with those presented by (35) for pure PLA specimens. On the other hand, for

| Ingenieria | Vol. 30 | No. 2 | ISSN 0121-750X | E-ISSN 2344-8393 | €21972 | 80f18



Physical and Mechanical Properties of Rattan and Polylactic Acid . .. M. L. Sdnchez-Cruz et al.

PLA-R, a decrease of 11 % can be observed in the temperature at which the final combustion of the

material occurs (T, 7), which may be associated with weight loss and the depolymerization of the rattan

fibers (36).

100

80

Weight (%)
3

40

20

——PLAR
——PLA-S

Parameters PLA-S

PLA-R

Tu(°C)  335.12 334.34

T(°C) 31563 312.87

Toex (°C)  353.86 355.07

Tw(°C)  376.50 373.65

Te(°C)  497.32 441.77

Am(%)  98.27 98.79

Ash(%) 173 121
1 1 1 1 L
100 200 300 400 500 600

Temperature (°C)

Figure 4. TGA results

Fig. 5 shows the effect of infill density and printing orientation on the density of specimens printed

using PLA-R filaments. As for the latter, variations of less than 15% are observed. From the results,

it can be concluded that the orientation of the printing layers did not significantly affect the density

of the material. Similar results were observed when increasing the infill percentage from 20 to 80 %

in specimens printed at 0°, 45°, and 90°. Because the density of the material depends not only on the

infill density used but also on the configuration (fill type), printing completely dense parts may be

unnecessary and represent a waste of material and increased printing times.

2000

1800

1600

1400

1200

1000

800

Density (kg/m®)

600

400

200

0°

450 90°
Orientation

Figure 5. Effect of printing parameters on density
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Surface roughness is considered to be one of the main quality indicators of elements created
through additive manufacturing. Fig. 6 presents the effect of infill density and printing orientation on
the roughness of the specimens printed using PLA-R filaments. Note that the roughness decreases as
the filling density increases. On the other hand, the orientation of the specimens on the printing bed
influences the surface texture of the material. Similar results were reported by (37), confirming that the
roughness of the pieces increases with the printing angle.

25

I 20%
I 40%
- (I 80%

- n
w o
T

Roughness( um)
=]

0° 45° 90°

Orientation

Figure 6. Effect of printing parameters on roughness

Another important parameter for evaluating the quality of the material is microhardness. Fig. 7
shows the effect of the analyzed printing parameters on the Vickers hardness of the printed specimens.
According to the results, different filling densities entail differences in the hardness of the printed
specimens. A high density leads to a low number of voids and, therefore, to high hardness values.
The reported microhardness was between 16.1 and 21.55 HV for specimens printed at 0°. However, no
significant variations were observed in specimens printed at 45° and 90°.

25

I 20%
I 40%
I 50%

N
(=]

-
o

Hardness ( HV)
o>

0° 45° 90°
Orientation

Figure 7. Effect of printing parameters on microhardness
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The effect of the infill density and the printing orientation on the specimens’ tensile strength and
elastic modulus is shown in Figs. 8 and 9, respectively. Note that, by increasing the infill density from
20 to 80 %, a 20 % increase in the tensile strength of the samples printed at 0° is obtained, in addition to
a significant increase in their elastic modulus (1617 MPa). A gyroid-type fill pattern contributes to the
strength and stiffness of the material since it maintains a constant curvature in all directions. However,
the specimens printed at 45° and 90° exhibited a reduction of up to 50 % in their maximum tensile
strength. Similar results were obtained by [38], demonstrating that a material performs better if the

printed element is oriented along the direction in which the load is applied.

50
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451 —e— 40%/0°
L —=— 80%/0°
a0 b —— 20%/45°
= —s— 40%/45°
o 35 . —— 80%/0°
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“al /; e e e 40%/90°
kS) / T e e 80%/90°
c ¥ el —
IR
w
o 20
7 I -
15
@
[t
10 \
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0.02 0.04 0.06 0.08 0.10 0.12
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Figure 8. Effect of printing parameters on tensile strength
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Figure 9. Effect of printing parameters on elastic modules

The effect of the aforementioned parameters and their interaction was evaluated by analyzing
the response surface. A Pareto diagram was constructed in order to visualize the influence of the

parameters on the roughness, hardness, tensile strength, and elastic modulus of the specimens. The
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Roughness

Término

0 2 B 6 8 0 2 1
Standardized effect

Figure 10. Pareto diagram used to evaluate the effect of the design variables on roughness

Hardness

Término

AB

o 2 : 6 8 10 2 1
Standarized effect

Figure 11. Pareto diagram used to evaluate the effect of the design variables on hardness

results are shown in Figs. 10, 11, 12, and 13. Here, the labels represent the factors and their interactions:
A corresponds to the infill density (%), B to the printing orientation, AA to the second-level effect of
factor A, BB to the second-level effect of factor B, and AB to the interaction between the infill density
and the printing orientation. It was observed that these parameters significantly affect the hardness and
tensile strength of the samples printed through the fused deposition of plant filaments. In the case of
roughness, the interaction between the studied variables produced no visible effect, nor was the elastic

modulus of the samples tested for tension significantly affected.

Pareto diagram used to evaluate the effect of the design variables on tensile strength
R =19.43 — (0.15- A) — (0.26 - B) + (0.0011 - A%) + (0.0024 - B*) — (0.00015 - A - B) 1)

R?=95.23
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Tensile strength

Términa

AA

0 10 20 30 a0
Standarized effect

Figure 12. Pareto diagram used to evaluate the effect of the design variables on tensile strength

Modulus of elasticity

Término 2365

00 05 10 15 20 25
Standarized effect

Figure 13. Pareto diagram used to evaluate the effect of the design variables on the elastic modulus

H =13.55+ (0.16 - A) — (0.08 - B) — (0.0007 - A%) + (0.0009 - B?) — (0.0005 - A - B) ()
R? =94.11

T =22.49 4 (0.16 - A) — (0.29 - B) — (0.0019 - A?) + (0.0021 - B?) — (0.0003 - A - B) 3)
R? = 98.37

E =851 —(9.5-A) — (2.07- B) 4 (0.20 - A%) + (0.03- B?) — (0.10- A - B) 4)
R? = 96.65
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where:

= Ais the infill density in %

= B is the printing orientation in °
= R is the roughness in ym

= H is the hardness in HV

= T is the tensile strength in MPa
= Fis the elastic modulus in MPa

= R?is the coefficient of determination

4. Conclusions

This work evaluated the physical and mechanical properties of printed specimens elaborated via

FFE, using 90 % PLA and 10 % pulverized rattan fibers. The main findings are presented below.

The presence of micro-voids caused by the lack of homogeneity in the distribution of the fibers

during extrusion did not affect the physical and mechanical properties of the plant filaments.

PLA-R showed a 42.3 % increase in surface roughness and a 13.6 % increase in hardness. These
results indicate that the addition of rattan fibers affects both the surface texture and the hardness
of the filaments.The PLA-R filaments showed a 30.7 % increase in their tensile strength, a 17.8 %
increase in their elastic modulus, and a 39.3 % increase in their maximum strain, demonstrating that the
incorporation of pulverized rattan fibers as reinforcement contributes to improved filament strength,

stiffness, and ductility.

The surface roughness of the printed samples increased by up to 35 % with the printing orientation,
and it decreased by 17 % as the infill density increased.

Hardness and tensile strength increased significantly as the infill density increased, and they
decreased as the printing angle increased from 0° to 90°. The specimens printed with 80 % infill showed
anotable increase in rigidity. However, the corresponding Pareto diagram does not identify the effect of

the studied variables and their interaction on the elastic modulus.
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