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Abstract Research on additive manufacturing (AM) has
gained significant attention in recent years. In this study,
two different matrices of polypropylene and polylactic acid
materials filled with three different percentages of wood
flour were employed; namely 10, 20, and 30%. Biocom-
posite filaments (developed by twin screw extrusion) were
further used in AM by fused deposition modeling (FDM) to
obtain testing samples for the characterization of the tensile
and flexural properties through mechanical testing. Tensile
and flexural mechanical properties of the composite mate-
rial obtained by AM-FDM were compared against those
obtained by injection molding. Experimental results showed
that samples obtainedwith a percentage of 20%ofwoodflour
showed lower mechanical properties, while those obtained at
30% testing samples turned very brittle. Mechanical proper-
ties like flexural stiffness were higher in the testing samples
obtained by injection molding compared to those by AM-
FDM. To understand the thermal behavior of the composites,
specimens were subjected to TGA experimentation. Experi-
mental results show an analysis of the optimum temperatures
for processing the composites through AM, and provide evi-
dence that these composites could potentially be applied in
the design of auto parts due to their biodegradability and
mechanical strength.

Keywords Additive manufacturing · PP · PLA · Biocom-
posites · Wood flour
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1 Introduction

Additive manufacturing (AM) encompasses a group of
emerging technologies that experienced significant growth
in recent years; these processes can be classified depending
on the nature of the material, which can be liquid, solid, or
powder based, and the way to selectively deposit it, solid-
ify it, or glue it together to form the desired geometry,
layer by layer. The most relevant AM processes are stereoli-
tography (SL), polyjet, fused deposition modeling (FDM),
laminated object manufacturing (LOM), three-dimensional
printing (3DP), prometal, selective laser sintering (SLS),
laminated engineerednet shaping (LENS), and electronbeam
melting (EBM) [29]. In AM-FDM a printing head melts
a filament made out of polymer and by adding cross sec-
tional layers of material of approximately 250µm thickness
each, allows the fabrication of three dimensional objects
through numerical processing and computed aided design
(CAD) from scratch [2]. Unlike traditional manufacturing
processes like CNC machining (which are subtracting by
nature),AM-FDMmakes possible the fabrication of complex
forms without the need of tooling producing minimal waste
with no requirement of chemical post-processing and curing
[23]. Nevertheless, layer-by-layer fabrication by AM-FDM
has several drawbacks compared to its counterpart prototypes
produced by traditional manufacturing, such as quality of the
ended prototype, repeatability, and lower mechanical prop-
erties. Moreover, resolution on the z axis (vertical) is lower
compared to other additive manufacturing processes which
hinders AM-FDM to be applied in other sectors where high
quality standards have to be met, such as medicine, aircraft
industry, and auto parts [4,26].

AM-FDM has been usually restricted to commercially
thermoplastic materials such as Acrylonitrile butadiene
styrene (ABS) and polylactic acid (PLA) for the manufactur-
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ing of the filaments. The aforementioned thermoplastics are
usually found in the market at high costs, especially in devel-
oping countries, increasing the cost of the AM-FDM final
prototype [3]. To address this issue, wood plastic compos-
ites (WPCs) along with natural fiber reinforced composites
(NFRC), which refer to the family of composites that have a
disperse phase based on plant fibers and a continuous phase
made out of thermosets or thermoplastics [3], constitute an
inexpensive and attractive alternative. Usually WPCs essen-
tially refer to composites composed of cellulose and paper
based fibers, while NFRC refer to those where natural fillers
such as kenaf, sisal, hemp, etc., are used to provide rein-
forcement [16,18]. Natural fibers make composites lighter
and less abrasive to the processing machinery compared to
other conventional fillers (for instance, inorganic fibers such
as glass or aramid), and they are usually called “green com-
posites” by being biodegradable or environmentally friendly
[9].

However, incorporation of biological fillers like wood
flour in polymers provide certain disadvantages, such as low
thermal stability, tendency to uptake moisture, low bulk den-
sity, thermal degradation of wood flour (even for lowmelting
point polymers), issues related to pushing wood flour in the
tiny feeding openings of typical polymer processing machin-
ery, limiting its potential to be employed as a reinforcement
for polymers, and low chemical compatibility at the inter-
facefiber-polymermatrix reducing themechanical properties
[8]. Thermoplastics like polypropylene (PP), polyethylene
(PE), polystyrene (PS), and polyvinyl chloride (PVC) are
the preferable NFRCmatrix choices, due to the fact that pro-
cessing temperature of NFRC should be kept below 200 ◦C
to avoid the degradation of the lignocellulosic component of
natural fibers [5,24].

Thermoplastics, which are hydrophobic by nature (non-
polar), do not adhere to polar natural wood fibers (which
are hydrophilic), to enhance their compatibility, chemical
coupling agents such as silane, isocyanates, acetic acid,
peroxide, potassium permanganate, and sodium hydroxide,
are employed, where mechanical interblockling mechanisms
that enhance adhesion are formed by covalent bonds and
van der Waal’s forces [22]. Also, chemical coupling agents,
which contain polar and nonpolar groups, act as an intermedi-
ate connection between fibers and polymermatrix improving
the potential of the matrix to transfer stress to the fiber.

There is abundant literature in the mechanical perfor-
mance of NFRC. For instance, an approach to evaluate and
predict the properties was performed by some researchers.
In this study a semi-empirical model was developed to deter-
mine the theoretical stiffness of a PP +20wt% of flax fibers
composite. The authors proved that a traditional statisti-
cal approach effectively analyzed the relationship between
experimental results and theoretical predictions through a
probability density function [9]. In a different study, PP/wood

fiber composites were prepared at different temperatures and
the fiber surface was modified through the use of silane cou-
pling agents. Tensile and three-point bending tests provided
evidence that composites prepared at 180 ◦Cmixing temper-
ature and using vinyl-tris (2-methoxy ethoxy) silane coupling
surface treatment conferred the best adhesion at the interface
matrix and wood fibers [6].

The effect of the wood flour loadings and coupling agent
addition on the dimensional stability, mechanical properties,
and microstructure of recycled high density polyethylene
(rHDPE) were investigated [1]. It was proven that by addi-
tion of 3–5wt% of maleated polypropylene (MAPP) in the
composite formulation, stability and mechanical properties
were significantly improved. It was also concluded that
mechanical properties of composites panels throughhot press
molding was properly obtained by increasing the polymer
content or by addition of coupling agents [1].

The purpose of the present work is to study and compare
themechanical properties of composites testing samples pro-
duced by AM-FDM against those produced with the virgin
polymer by AM-FDM and injection molding. The compos-
ite filaments used for the study were produced by twin screw
extrusion, specifically, three differentwood flour percentages
in the composites were produced in order to understand their
effect on the rigidity and flexural stiffness.

Additionally, this paper presents a thermogravimetric
study of samples of wood flour and biocomposite, in order to
study the thermal stability of these materials, and to identify
mainly the safe zone of heating and processing of biocom-
posites for applications in additive manufacturing FDM, and
to study the effect of the increase in the rate of heating with
respect to the response of the wood and a sample of biocom-
posite.

2 Experimental procedure

Thework donewas structured around three tasks: first finding
the appropriate formulation for the composite, then produc-
ing filament with this composite to be able to use it on an
AM-FDM system, and finally, perform tests to evaluate the
mechanical performance of the composite. A fourth task was
set during the study as it was noted that PP composite was
also suitable for AM-FDM; therefore, a thermal study was
performed to understand its behavior and to identify the pro-
cessing conditions for AM-FDM.

2.1 Samples and conditions

To perform the study, two virgin polymers, polypropylene
(PP) and polylactic acid (PLA), and composites with PP and
PLA matrices and wood flour fiber were used. For each for-
mulation, the amounts of the matrix and fibers were mixed in
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an extruder, plates were then made in hot plate press where
a standard cycle was used in order to apply pressure and
temperature to homogenize the composite in a controlled
manner; these plates were used to make test specimens for
the mechanical tests. Commercial filaments reinforced with
natural fibers have a fiber percentage of less than or equal
to 20% [19]. In the present work, experimental tests were
performed with composite material with fiber contents of
0, 10, 20 and 30%. It was verified that as the fiber content
increases, the yarn becomes more brittle, which is attributed
to the increase in fiber content, increasing the fragility of the
compound and decreasing its ductility [11–13,20,28].

2.2 Manufacturing processes

In addition to the type of materials, the incidence of the man-
ufacturingmethod on themechanical behavior was analyzed,
injection molding and AM-FDM methods were used for the
preparation of test specimens for mechanical tests. The fil-
ament to be used in AM-FDM was manufactured from the
granulate obtained from the composite through an extrusion
process, in the polymer transformation laboratory of Univer-
sidad Autónoma de Occidente. Figure 1 shows the filament
obtained after the extrusion process.

2.3 Mechanical testing

Mechanical characterization of thematerials studiedwas car-
ried out by tensile andflexural stress tests. These tests allowed
to evaluate the mechanical performance of the selected com-
posite material in comparison to the virgin polymer and in
relation to the manufacturing process used to create the test
pieces. Tensile test where conducted under the ASTM D638
standard at a 48–54% of relative humidity with a speed of
1.2mm/min and a temperature of 23 ◦C with 48h of prepa-
ration. The flexural test where made following the ASTM

Fig. 1 Filament obtained through extrusion

D790 standard at 49–53% of relative humidity, with a speed
of 1.32mm/min and a temperature of 23 ◦C with the same
preparation.

2.4 Thermal study

After using the materials for additive manufacturing, it was
observed that PP and PP composite were suitable for AM-
FDM.Unlike PLA, PP filament is not common for AM-FDM
and process parameters are not well defined, even more
for composites with a PP matrix. The thermal decompo-
sition of the biocomposite PP/WF or plastic wood (WPC)
is known to be dependent on the species of wood, volume
of wood in the biocomposite, particle size, moisture con-
tent, polymer volume and type of polymers, coupling agents,
lubricants and other additives. Hemicellulose, cellulose and
lignin decompose between 150–350 and 250–500 ◦C respec-
tively, whereas thermal degradation of the PP starts at about
472 ◦C [15]. In order to better understand how temperature
affects the material, samples of PP, wood flour, PP and wood
flour (PP/WF) at 10, 20 and 30% were prepared for the pur-
pose of studying thermal stability, and to identify the safe
zone of heating and processing of the biocomposites for
applications in AM-FDM.

The thermal stability for wood-containing biocomposites
was determined by thermogravimetry (TGA). Samples of
wood flour were collected from wood processing companies
in the Pacific-Valle del Cauca region, and the biocomposites
used in this study were obtained from laboratory mixtures.
To perform this analysis, biocomposites based on PP/WF at
10, 20 and 30% w/w were used in a double screw extrusion
equipment in the laboratory. To perform the thermogravi-
metric analysis, samples of sieved wood flour (70 mesh) and
3 mm biocomposite granules were used. Thermogravimet-
ric analyzes were performed on a TGA-Q500 analyzer in a
nitrogen atmosphere. Dynamic experiments were conducted
using heating rates of 10 and 20 ◦C/min from 25 to 600 ◦C.
The mass used in each experiment was approximately 5mg.
Figure 2 shows 3 stages of the material used in this experi-
ment, the pellets of the composite, the filament obtained in
the twin extruder, and a sample part obtained through additive
manufacturing.

3 Results and discussion

The process of developing the compositematerialwith a PLA
matrix and wood flour fiber was carried out by studying dif-
ferent filling percentages (10, 20, and 30%) to determine a
suitable configuration for the filament extrusion process and
for the injection process. The tests showed that a composite
with fiber content of 20% produced a thread with the charac-
teristics suitable for the process of AM-FDM. Test samples
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Fig. 2 Stages of material used: a pellets, b filament, c sample product by AM-FDM

Fig. 3 (Left) Specimens obtained for mechanical test at the laboratories of Universidad Autónoma de Occidente: (center) tensile testing, and
(right) flexure testing

weremade by injectionmolding using PP, PLA and PLA-WF
(wood flour). In Fig. 3, some test specimens for mechanical
testing can be observed. Similarly, specimens of PLA and
PLA-WF were made by additive manufacture (AM-FDM)
using the filament obtained. Results of tensile and flexural
stress tests are reported in Sects. 3.1 and 3.2. A composite
material with PP/WF was also studied; a thermogravimetric
analysis was performed to identify a safe zone to process the
biocomposite, particularly forAM-FDM, results are reported
in Sect. 3.3.

3.1 Tensile behavior

The tensile response for the materials in the study can be
observed in Fig. 4. A difference in the response of the virgin
polymers in comparison to the compounds can be clearly
seen. It is also evident the significant effect the molding
method has on the performance of the specimen. The typical
characteristic of PP (injected), which is a flexible poly-
mer with low tensile strength (approximately 35 MPa), is
observed. Likewise, PLA which is a more rigid material,
achieves a higher resistance (53 MPa) with lower deforma-
tion than PP.

PP
PLA
PLA-WF
PLA AM-FDM
PLA-WF AM-FDM
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Fig. 4 Tensile response of the material in the study, test ASTM D638

On the other hand, with the addition of natural fibers to
the polymer PLA, a drop of approximately 21% inmaximum
resistance was observed with respect to the virgin injected
PLA. The deformation was also smaller. This is most likely
due to the poor mechanical interaction or anchoring between
the fiber and the matrix. Additionally, as it has been pre-
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Fig. 5 Tensile module of
materials in the study, test
ASTM D638

viously studied, superficial treatments, whether chemical or
physical, are necessary to obtain the synergy of the phases in
the polymer matrix composite.

Likewise, the specimens produced by additive manufac-
turing (AM-FDM) showed the greatest drop in resistance, i.e.
41.5% for virgin PLA and 73.6% for PLA-WF compared to
injected virgin PLA. The application of this technique in the
manufacturing of parts must be optimized, since the depo-
sition of material in layers, in any direction, involves a very
variable response of the material, the adhesion between lay-
ers is much lower than the resistance of the material itself
and in terms of resistance, it implies higher fragility.

Figure 5 shows the values of tensile modules for the
materials of the study. The injected composite PLA-WF
presents the highest value with approximately 3100 MPa,
which agrees with its stiffness superior to that of the injected
virgin PLA. Similarly, the modules of the PLA AM-FDM
and PLA-WFAM-FDM, which correspond to the specimens
produced by additive manufacture, are much lower than the
injected counterparts, confirming its fragility.

3.2 Flexural behavior

Similarly, the flexural response of the materials in the study
can be seen in Fig. 6 while Fig. 7 shows the values of their
flexural modules. The injected composite PLA-WF exhibits
the highest value with approximately 3400 MPa, followed
closely by the injected PLA, while the composite produced
by AM-FDM exhibit the lowest value at 1100 MPa.

After using the materials for additive manufacturing, it
was observed that PP resulted in a better extrusion. For PLA

matrices, additives must be used to improve ductility and
prevent fragility in the final part. Because of this, the rest
of the tests were focused only in PP and the different con-
centrations of wood flour. Table 1 shows the results of the
flexural module for the composites and the virgin material. It
can be observed that with more percentage of wood flour, the
flexural module increases, meaning that the material would
be less likely to break and more likely to bend, portraying
typical applications for this material in scenarios where the
product must absorb impacts.

3.3 Thermal study

In order to determine how temperature affects the material,
specimens were exposed to thermogravimetric analysis in a
TA Instruments Q500 TGA. Results are shown in Fig. 4. All
the testswere carried out under a nitrogen atmosphere and at a
heating ramp at 10 ◦C/min, from25 to 600 ◦C. Samples of PP,
woodflour, PP–woodflour (PP/WF) at 10, 20 and 30% for the
purpose of studying thermal stability, and to identify mainly
the safe zone of heating and processing of biocomposites for
applications in FDM additive manufacturing.

Thermal stability of wood flour was determined by
observing the loss of mass in relation to the increase in
temperature for a heating rate of 10 and 20 ◦C/min which
are shown in Fig. 8. The curves show a mass loss below
100 ◦C, which can be attributed to the evaporation of water
present in the sample. The mass loss gradually increases to
about 200 ◦C, and then a more marked mass loss occurs
between 200 and 250 ◦C, this mass loss can be identi-
fied as a slow decomposition, related to the kinetics of
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Fig. 6 Flexural response of the
materials in the study, test
ASTM D790

Fig. 7 Flexural modules of the
materials in the study, ASTM
D790

flour degradation of wood, which correspond to the begin-
ning of the decomposition of the three main components
of the wood: the reactive fractions of hemicellulose, cel-
lulose and lignin [25]. And rapid decomposition occurs
between 250 and 350 ◦C including all of the wood flour
elements. The two samples had a mass loss greater than
80% when reaching 400 ◦C. It can be observed that the
response of the wood flour to the increase of the heating
rate favors slow decomposition, delaying it and occurring
at approximately 15 ◦C higher to that occurring at a rate of
10 ◦C/min.

Table 1 Flexural modules of PP composites

Material Flexural module (GPa)

PP 1.1267

PP/WF 10% 1.2827

PP/WF 20% 1.4387

PP/WF 30% 1.5947

Using a sample of a 20% PP/WF biocomposite, the same
experiment was performed using thermogravimetry, at heat-
ing rates of 10 and 20 ◦C/min, and under the same conditions
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Fig. 8 Thermogravimetric results for wood flour samples at heating rates of 10 and 20 ◦C/min

Fig. 9 Thermogravimetric results for wood flour samples and biocomposites of PP/WF 20%
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Fig. 10 Thermogravimetric results for samples of PP, PP/WF at 10, 20 and 30% concentrations with a heating rate of 10 ◦C/min

as before. It can be observed in Fig. 9, that the response of the
biocomposites is similar to that of thewood flourwith respect
to the increase of the heating rate, and also the slow decom-
position is favored, a higher delay of approximately 25 ◦C is
observed at a higher heating rate of 20 ◦C/min, in addition
it can be observed that the slow decomposition of the bio-
composite is amplified by the presence of the polypropylene
matrix.

To complement the study and to identify the safe process-
ing zone of the biocomposites for additive manufacturing
applications in FDM, TGA tests were performed on samples
of PP, PP/WF at 10, 20, and 30%, which were carried out at
the same heating rate of 10 ◦C/min. The thermal stability for
all the biocomposites, the PP and the wood flour, can be seen
in Fig. 10.

In Fig. 10, four well defined zones can be observed: the
first one corresponds to the material drying until approxi-
mately 150 ◦C; the second zone is stable until about 195 ◦C,
indicating that this zone is suitable for additive manufac-
turing processes by FDM; then two distinct events occur
between 195 and 400 ◦C, the first event (third zone), observed
between 195 and 360 ◦C, has been associated with the onset
of the decomposition of hemicellulose and the slow degra-
dation of lignin; lastly, the second event (fourth zone) occur
beyond approximately 360 ◦C and can be attributed to the
degradation of cellulose.

These results are consistentwith previously publisheddata
[10,31]. In the slow decomposition zone, the changes that
occur are attributed to the initial stage of the decomposition
of the material, since it is a material with organic lignocel-
lulosic content presents decomposition peaks mainly of the
elements of the wood flour that require less energy to be
released as is the case of hemicellulose and lignin, clearly
indicating that a safe processing zone for all formulations of
biocomposites is between150 and195 ◦C. It is known that the
thermochemical decomposition of lignocellulosic materials
can reach up to 350 ◦C; for cellulose decomposition ranges
between 260 and 375 ◦C; for lignin decomposition start at
250 ◦C and continues to temperatures above 400 ◦C. This
has been evaluated in inert atmospheres of nitrogen, helium
and air [21].

3.4 Discussion

Mechanical testing results indicate that the mechanical prop-
erties of the composite material are in fact better than the
virgin polymer in the injected specimens. Similarly, the effect
of the molding method is significant, the parts obtained
by additive manufacturing have much lower mechanical
properties compared to the parts obtained by traditional
manufacturing processes. However, for some applications,
these characteristics may be sufficient [30] and the flexibil-
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ity offered by the 3D printing processes can be exploited,
especially with low-cost and nationally available alternative
materials.

Regardless of the biocomposite or mixture to be used, the
TGA indicates that the safe zone to program the additiveman-
ufacturing machines that intend to use these biocomposites,
should not reach the slow decomposition zone. Surpassing
this zone, the biocompositeswould exhibit changes due to the
decompositionmainly of hemicellulose, which in turn would
affect the printed pieces with changes in their mechanical
properties, color change, or undesirable deformations in the
final products. Similar studies performed on WPC samples
found that for a PP copolymer the decomposition range is
between 300 and 500 ◦C, and the onset of thermal degrada-
tion at 310 ◦C [14]. It has also been shown that natural fiber
varieties and/or wood with higher content of cellulose and
lignin lead to greater thermal stability. In other words, the
biocomposites would have higher thermal stability at tem-
peratures close to the processed ones [7,27].

4 Conclusions

The work presented shows the process to obtain a composite
with a thermoplastic matrix reinforced with natural fibers,
in this case wood flour, how it compares to the virgin ther-
moplastic, and the effect the molding method has on the
mechanical performance of the part. It also characterized the
thermal behavior of these materials through TGA, allowing
for a better understanding of the working zones.

This characterization allows designers to: better use bio-
composites as the choice of materials for a given application,
responding to the functional requirements; feed computa-
tional tools to better designwith custommaterials; and, select
the appropriate manufacturing process, which translates into
the programming and configuration of themachines that may
use those materials for production of parts.

Tests conducted on the materials demonstrated that it
is possible to produce custom filaments designed for 3D
printing, which are even susceptible of being used in the
auto-parts industry. In the short term, applications of such
parts would be limited to those where mechanical require-
ments are not demanding [17], such as personalization and
cosmetic elements where additive manufacturing increases
the possibilities of parts that can be manufactured, allowing
varying sizes, shapes, quantities and even production mate-
rials. In the medium term, these materials can be used for
large-format 3D printing applications.
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