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Abstract: In recent years, with the recent advancements in the field of additive manufacturing, the
use of biobased thermoplastic polymers and their natural fiber-reinforced biocomposite filaments
have been rapidly emerging. Compared to their oil-based counterparts, they provide several
advantages with their low carbon footprints, ease of reusability and recyclability and abundancy, and
comparable price ranges. In consideration of their increasing usage, the present study focused on the
development and analysis of biocomposite material blends and filaments by merging state-of-the-art
manufacturing and material technologies. A thorough suitability study for fused deposition modeling
(FDM), which is used to manufacture samples by depositing the melt layer-by-layer, was carried out.
The mechanical, thermal, and microstructural characterization of birch fiber reinforced PLA
composite granules, in-house extruded filaments, and printed specimens were investigated. The
results demonstrated the printability of biocomposite filaments. However, it was also concluded that
the parameters still need to be optimized for generic and flawless filament extrusion and printing
processes. Thus, minimal labor and end-products with better strength and resolutions can be
achieved.
Keywords: Additive manufacturing; 3D printing; fused deposition modelling (FDM); filament
extrusion; biocomposites; recyclability

1.

Introduction
The development of synthetic composites has allowed researchers to design lightweight yet
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durable and robust structures, which are nowadays used widely in transportation, construction,
biomedicine, and packaging industries [1–6]. However, in recent years, there is a growing interest
towards biobased and biodegradable composites due to their renewability, CO2 neutrality, and lower
cost [7]. The utilization of biobased resources advances the independence from non-renewable fossil
fuel resources, while biodegradability brings added value to the products by minimizing
environmental pollution [8,9].
The most promising biobased reinforcements for composites are natural lignocellulosic fibers.
Refinery of these fibers is a mature industrial technology, for which a lot of research effort has been
made in order to utilize their strength for new applications [10]. Natural fibers are not up to par with
synthetic fibers in absolute strength; however, their specific mechanical properties can compete with
their counterparts. In addition to the lower strength, natural fiber reinforcements and plastic matrices
are not inherently compatible due to their hydrophilic and hydrophobic nature, respectively. In order
to enhance the performance of natural fiber reinforced polymer composites, numerous approaches
have been developed in the literature. For instance, surface hydroxyl-groups in cellulose and natural
fibers have been targeted as chemical modification substrate, polymer grafting of cellulose have been
prepared, and physical treatments have been carried out in order to overcome the compatibility
issues [11–13]. These approaches have aimed at enhancing the matrix-reinforcement interfacial
adhesion, which is essential for successful stress transfer from matrix to reinforcement
phase [14–16].
In addition to the fibers as reinforcement, the polymers as the matrix material play a critical role
in composites. Since their discovery, the use of polymers was widespread in many different
applications, including food packaging, clothing, construction, automotive, aviation, communication,
to name a few [17,18]. They are the most produced oil-based products, which are mostly
non-biodegradable and have potential danger for the environment. On the other hand, there exist
biodegradable polymers that can be entirely degraded by the action of naturally occurring
microorganisms such as bacteria, fungi, and algae [19,20]. This type of biobased polymers is
produced from renewable carbon resources and is known to be environmentally friendly [21]. The
waste disposal problems are hence less stressed out with the use of these polymers in comparison
with the nondegradable polymers. However, similar to the natural lignocellulosic fibers, biobased
and biodegradable polymers need to fulfill material and process-related criteria, including strength,
non-toxicity, permeability, moisture resistance, high thermal properties, along with low-cost
production and processing.
The methods for the production of biobased and biodegradable polymers are classified into
three main groups based on both the processes involved and types of the polymers, which are (I)
chemical polymerization of monomers derived from the biological process, (II) the direct
biosynthesis of polymers in microorganisms and (III) modification of natural polymers [17]. Some
examples of polymers produced by such methods are polylactic acid (PLA) (method I),
polyhydroxyalkanoate (PHA) (method II), and starch, cellulose (method III). Out of these polymers,
PLA is one of the most commonly used biobased polymers, which is produced from lactic acid and
synthesized by microorganisms using glucose. Usually, the glucose is obtained from the corn starch
and sugar cane as the carbon source via fermentation with lactic bacteria [22]. The monomers of PLA
are enantiomeric, having L- and D-isomers which help to prepare amorphous to crystalline polymers
possessing different physical, chemical, mechanical, and degradation properties [23]. It has been
widely used in the industry, e.g., for packaging, drug delivery, medical implantations. However, pure
AIMS Materials Science
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PLA is brittle, so its use is limited for most of these applications. Therefore, this is usually overcome
by blending it with other polymers, which results in enhanced mechanical properties [24]. In recent
years, advances in additive manufacturing (AM) technologies combined with the commodity
thermoplastics set the ground for the use of PLA in both prototyping and large volume
production [25–27]. Nevertheless, research studies have been carried out over AM and the effective
use of thermoplastics and their composites towards developing reliable and repeatable
processes [28–30]. Thus, conventional fabrication technologies with excessive waste material are
aimed to be replaced [31,32]. However, a limited variety of environmentally friendly yet 3D
printable materials are such an example of the development challenges as being a critical barrier to
the widescale use of biobased 3D printing technologies. A vast number of investigations have been
conducted on the development and use of such materials, especially with the fused deposition
modeling (FDM) as a 3D printing process, which is based on filament softening and extrusion
through a nozzle, as illustrated in Figure 1 [33]. The main reasons to use FDM as a research tool are
its ease of accessibility and affordability [34–36]. In addition, a wide variety of thermoplastic
polymers, including PLA, can also be used with FDM. However, it is also worth mentioning that
maintaining an optimum melt flow viscosity at low temperatures for FDM has been challenging and
under investigation. Two solutions to resolve this issue are favored in the literature, which are (I)
increasing the temperature during processing and (II) the use of a suitable plasticizer [37]. The latter
solution is more superior as it prevents thermal degradation [38].
As outlined in Figure 1a, the present study hence aims at overcoming the challenges in 3D
filament extrusion/production and printing of natural fiber reinforced PLA biocomposites and
enhancing their performance by blending the granules and polyethylene glycol (PEG) plasticizing
agent to induce ductility and toughness while providing strength through the natural fibrous
reinforcement. Various fiber and PEG weight fractions were investigated to understand the
mechanical performance of their filaments and FDMed specimens. The effect of PEG and natural
fiber loading on thermal properties was also studied by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The results demonstrated the printability of investigated
materials; however, optimization of both extrusion and printing parameters should be carried out for
a flawless and repeatable process.
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Figure 1. 3D filament production and printing workflow of the present study: (a)
filament production, (b) illustration of fused deposition modeling (FDM) (reproduced
from [36]), (c) raw materials, filaments, and some 3D printed samples with FDM (photo
by Valeria Azovskaya).
2.

Materials and methods

2.1. Thermoplastic polymer composite filaments and 3D printing
Granules of PLA/birch fiber blend and pure PLA (Ingeo biobased PLA3251D) were used as
provided by the client. In order to reduce the hydrophobicity, increase the surface energy of the
matrix and improve the wetting on the fiber surface, PEG flakes with 2000 Da molecular weight
(Merck, Germany) were used as the plasticizer [39]. Prior to filament preparation, PLA/birch fiber
granules were vacuum dried overnight at 60 ᵒC. After drying, the appropriate amount of PEG was
tumble mixed with the PLA/birch fiber granules to obtain approximately 300 g batch. Each batch
was separately prepared into a filament with a 3devo Composer 450 desktop filament maker (Utrecht,
Netherlands). The operator of the filament maker varied three parameters manually in order to obtain
consistent filament: screw speed, the temperature of the screw chamber, spooling speed. The initial
extrudate was discarded until the consistency of the extrudate was considered consistent. The cooling
AIMS Materials Science
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procedure of filaments, as seen in Figure 1a, was carried out by a dual-fan system, which provides
even air distribution, installed on the left and right sides of the nozzle. The fan's speed was adjusted
to 100%, and their angle was modified for the maximum quality output. Each batch was processed
into 1.75 mm filament in diameter for 3D printing, the compositions of which are listed in Table 1.
Table 1. Filament composition and sample coding. PLA and birch fiber fractions refer to
the granule's composition, while PEG fractions were calculated based on the dry mass of
the granules prepared for filament production.
Sample coding
PLA0%-PEG0%
PLA0%-PEG1%
PLA0%-PEG5%
PLA0%-PEG10%
PLA1%-PEG0%
PLA1%-PEG1%
PLA1%-PEG5%
PLA1%-PEG10%
PLA5%-PEG0%
PLA5%-PEG1%
PLA5%-PEG5%
PLA5%-PEG10%
PLA10%-PEG0%
PLA10%-PEG1%
PLA10%-PEG5%
PLA10%-PEG10%

PLA (wt% of the
granules)
100
100
100
100
99
99
99
99
95
95
95
95
90
90
90
90

Birch fiber (wt% of the
granules)
0
0
0
0
1
1
1
1
5
5
5
5
10
10
10
10

PEG (wt% of the material dry
mass added to filament maker)
0
1
5
10
0
1
5
10
0
1
5
10
0
1
5
10

The manufactured filaments were then used to print tensile testing specimens with Wanhao i3
Plus Duplicator 3D printer as an affordable choice having both the extrusion motor and injector at
the same place. As shown in Figure 2, the tensile testing specimens were prepared according to ISO
527-1:2012. The infill was 100% with a diagonal grid pattern with respect to the longitudinal axis.
Samples were made using 100 % injection speed (material flow), 210 ᵒC hot-end temperature, 100%
fan speed, 70 ᵒC bed temperature, and 40 mm/s printing speed.
2.2. Scanning electron microscopy (SEM)
The morphology of the granules, filaments, and cross-sections of the tensile testing specimens
was investigated by a field emission scanning electron microscopy (Zeiss Sigma VP, Germany) using
an acceleration voltage of 1.5 kV. Prior to capturing images, samples were coated with a 5 nm
gold/palladium layer by Leica EM ACE600 high vacuum sputter coater.
2.3. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
The thermal stability of each material was studied with a linear temperature ramp protocol using
AIMS Materials Science
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TGA analysis. The crystallization and melting transition behavior of the materials were investigated
by the DSC. The samples obtained after producing filament form PLA/birch fiber granules mixed
with PEG at different percent ratios were analyzed using Netsch STA 449 F3 Jupiter for thermal
characterization. The DSC and TGA were performed in parallel with the samples of mass around
10 mg, which were then heated up to 500 ᵒC at 10 ᵒC/min under a helium atmosphere. The helium
was purged continuously at a flow rate of 50 mL/min.
2.4. Mechanical characterization
Each series was conditioned in the tensile testing facilities for one week in order to obtain
reproducibility of the process due to the hygroscopic nature of the prepared materials [42]. Tensile
testing was performed with Zwick MTS 1475 universal material testing machine in 60% relative
humidity and 23 ᵒC using a 1mm/min strain rate and 100 mm gauge length. The instrument software
was used to record the stress, strain, energy to peak, and tensile strength. The average and standard
deviation of each key figure for each series were then calculated by the lab operator.

Figure 2. 3D printed specimens: (a) dimensional specifications according to ISO
527-1:2012 [40,41], (b) printed specimen with the Wanhao i3 Plus Duplicator 3D printer.
3.

Results and discussion

3.1. Morphology
Figure 3 depicts the representative SEM images for the granules and the damage zones of the
tensile specimens. Figure 3a demonstrated the existence of significant gaps between the layers of the
AIMS Materials Science
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tensile specimens, which is assumed to be a combined artifact of the filament quality and material
flow during the printing process. The red arrows in these figures show the most prominent gaps
impairing the print quality and causing non-homogeneities in the microstructure. In contrast to what
had been expected, the addition of PEG to the system (please, see Figure 3b) resulted in further
incompatibility inside the composites and resulted in small voids. On the other hand, ruptured fibers
within the polymer matrix were captured at the cross-section of the tensile damage zone in
Figure 3c,d. According to the fiber morphology and the bonding with the matrix, it was concluded
that fibers pull-out was the dominant damage mechanism during the tensile testing. This indicates the
weak bonding at the fiber-matrix interface. It is also noteworthy that the fibers were more apparent in
the granules, as seen in Figure 3e. Considering the presence of fibers inside the granules, filament
making or printing process (or both) were deduced to have a negative impact on the homogenous
structure of fiber and polymer.
As indicated with red circles in Figure 3e,f, two types of voids were observed, where the first
type was in the form of small holes inside the granule while the latter was in the form of large holes
located in the center of the granule as shown in Figure 3f. None of these void types were observed in
the neat PLA, which means that each granule (except neat PLA) is in the form of a hollow sphere
lacking the right amount of infill. This is assumed to be due to the trapped air during the granule
production and affected the filament-making process unfavorably.

Figure 3. SEM pictures captured from tensile samples cross section and initial granules.
(a) PLA10%-PEG0%, (b) PLA10%-PEG10%, (c–d) PLA10%-PEG1%, (e) PLA5%
granule and (f) PLA10% granule. Red arrows and circles indicate fiber reinforcement
and void, respectively.
AIMS Materials Science
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3.2. Tensile testing
The key figures of mechanical performance for each material are presented in Table S1 as
Supplementary, while representative stress-strain curves for each material are illustrated in Figure 4.
Tested specimens were determined to be brittle with a negligible plasticization effect despite the
addition of PEG. It was beheld that introducing fibers into PLA reduced elongation to peak and
energy (of fracture) to the peak. Despite the expected positive influence, Young's modulus and tensile
strength decreased with the increasing fiber content up to 10 weight percent (wt%) of fiber. In
comparison, 20 wt% fiber loading demonstrated an increase in tensile strength and modulus. Similar
observations have been made in the literature by Masirek and his colleagues, who studied the effect
of hemp fiber in PLA/PEG blends [43]. As a similar trend, increasing fiber weight percentages in
neat PLA resulted in decreasing Young's Modulus. This indicates that the applied stress is not
transferred from the matrix to the fibers due to poor interfacial adhesion. Furthermore, it was also
deduced that the mixing efficiency of the filament maker was not sufficient to process polymer
blends or composites. The authors suggest that a more thorough mixing of components ought to be
performed before filament preparation.

Figure 4. Stress-strain curves for: (a) without PEG, (b) without fiber reinforcement, (c)
maximum amount of PEG used, (d) maximum amount of fiber reinforcement.
Additional to the stress-strain results, the average ultimate tensile strength was calculated to
have a better understanding of mechanical properties. The overview of the results in Figure 5
illustrates three categories, where the first and second categories were highlighted with the red and
AIMS Materials Science
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Ultimate Tensile Strength (MPa)

blue dots, respectively. The rest was considered as the third domain without any marks. First and
foremost, it is clear that in contrast to the a priori expectation, neat PLA samples showed the highest
mechanical strength (red circles). The difference between these samples and the rest was significant.
Moreover, considering the fact that compatibilization plays a vital role in composites, the outcome of
SEM and ultimate tensile strength shed light on the fact that the compatibilization of components
(PLA, fiber, and PEG) during the filament making process was carried out poorly. On the other hand,
samples with the highest PEG fraction and low fiber fraction (samples 4 and 8 of Figure 5) resulted
in the lowest ultimate tensile strength values. However, by increasing the fiber fraction (samples 12
and 16 of Figure 5), the mechanical properties were slightly improved. Applying large amounts of
PEG and fiber reinforcement hence indicated higher packing between the fiber network but less
efficient cross-linking of PLA-fiber-PEG. In the case of the second category (blue circles),
specifically samples 5, 6, and 7 of Figure 5, it can be observed that the second-highest mechanical
values still belong to low fiber fractions, which supports the earlier statements. No clear interaction
between the fibers and PEG was obtained. However, it is clear that the fiber as reinforcement for
polymeric matrix and PEG as a well-known plasticizer did not play their performance-enhancing role
due to the voids in the granules and artifacts in both filament extrusion and printing processes.

2000

1500

1000

500

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Sample

Figure 5. Mean values of ultimate tensile strength for all samples: (1) PLA0%-PEG0%,
(2) PLA0%-PEG1%, (3) PLA0%-PEG5%, (4) PLA0%-PEG10%, (5) PLA1%-PEG0%,
(6) PLA1%-PEG1%, (7) PLA1%-PEG5%, (8) PLA1%-PEG10%, (9) PLA5%-PEG0%,
(10) PLA5%-PEG1%, (11) PLA5%-PEG5%, (12) PLA5%-PEG10%, (13)
PLA10%-PEG0%, (14) PLA10%-PEG1%, (15) PLA10%-PEG5%, (16)
PLA10%-PEG10%.
3.3. Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC)
As the first step in the TGA, the moisture was removed by heating the samples. During this step,
initial changes in the mass were observed. The onset value of TGA at the later stage was found to be
in the range of 318–354 ᵒC, as illustrated in Figures 6 and 7 and tabulated in Table S2 as
Supplementary. There have been some changes in the degradation temperature by the addition of
PEG. However, the differences were not drastic and dependent on any parameter despite similar
conditions. Previous studies suggest that the onset TGA value ranges from 338–376 ᵒC for biobased
AIMS Materials Science
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pure PLA [44]. This indicates that birch fiber reinforcement plays a role in decreasing the
degradation temperature. The final degradation took place beyond 350 ᵒC, where 95% to 100% of the
material was decomposed. Kakuta et al. and Yang et al. mentioned in their work the melting
temperature (Tm) of the biobased PLA as 160–170 ᵒC [23,44]. Whereas our samples were composed
of birch fiber reinforced PLA along with PEG, and the Tm ranged from 160.2–172.9 ᵒC. This
indicates that birch fibers and the PEG blend do not affect the thermal properties of the extruded
filaments.

Figure 6. Results of TGA/DSC as a function of temperature: (a) PLA 0%, (b) PLA 1%,
(c) PLA 5% and (d) PLA 10%. Here, 1 represents the PLA granule and 0% PEG, 2
represents PLA filament with 10% PEG.
AIMS Materials Science
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Figure 7. Illustration of (a) melting point (Tm) and (b) TGA onset values for all samples.
Labels 1–16 represent the filaments and labels 17–20 stand for the granules. To elaborate,
(1) PLA0%-PEG0%, (2) PLA0%-PEG1%, (3) PLA0%-PEG5%, (4) PLA0%-PEG10%,
(5) PLA1%-PEG0%, (6) PLA1%-PEG1%, (7) PLA1%-PEG5%, (8) PLA1%-PEG10%,
(9) PLA5%-PEG0%, (10) PLA5%-PEG1%, (11) PLA5%-PEG5%, (12)
PLA5%-PEG10%,
(13)
PLA10%-PEG0%,
(14)
PLA10%-PEG1%,
(15)
PLA10%-PEG5%, (16) PLA10%-PEG10%, (17) PLA0%, (18) PLA1%, (19) PLA5%
and (20) PLA10%.
4.

Conclusions

Based on the investigations and presented results for filament fabrication and 3D printing based
on FDM, the desktop filament maker in use was obtained to be not working as efficiently as expected.
One of the main reasons for the extruder performance was the length of the extrusion screw, which
resulted in short time spans for blending, clogging, and diameter variations in the extruded filament.
As a result of these flaws, the filament-making process had a large amount of residue, which in turn
caused an increase in raw material consumption. In order to solve this problem, it is suggested that
an improved extrusion and blending system prior to the filament maker (which is crucial for the
diameter of the filament) would be beneficial for a more homogeneous blend of polymer/fiber/PEG,
which was also emphasized in very recent publications [45,46].
Furthermore, during the 3D printing process, several challenging issues existed. First and
foremost, the printing parameters, including nozzle and print-bed temperatures and material flow rate,
were difficult to be optimized for the investigated filaments. The fabrication of specimens by printing
was a time-consuming process, e.g., 3D printing of each tensile sample (combined with errors at the
start, during printing, and after finishing) took 3-4 hours while it could take up to seconds-to-minutes
for injection molding once the process parameters are optimized. Moreover, another challenge of the
3D printing process was the brittle nature of the filaments, which caused filament breakage and
clogging inside the nozzle system of the printer. This flaw limited the range of 3D printers that can
be used during this project. In other words, the printers having both the extrusion motor and nozzle at
the same place produce more reliable and repeatable results with such filaments. However, removing
the broken filaments from such a mechanism required complete disassembling of the printer head
apart, which was also time-consuming and not desired. Overall, the printing quality was not as
expected with this process as there existed inconsistency and high standard deviation in the
AIMS Materials Science
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mechanical testing results. The authors suggest a more thorough investigation on the blending of the
components and printing process parameter optimization to overcome these issues for repeatable and
reliable process development.
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