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Abstract 
This study aims to screen locally available forestry industry residues as reinforcing 

fillers for polylactic acid (PLA)-based composites processed via three-dimensional (3D) 
printing technology. The mechanical, thermal, and morphological properties of 3D-printed 
PLA composites reinforced with wood flour (WF), kraft lignin (KL), birch inner bark flour 
(BF), and microcrystalline cellulose (MCC) were investigated. The materials were produced 
from blends containing 10 wt% of each additive. In addition, the effect of the coupling 
agent on WF-containing items was studied. As a special objective, biochar was studied as 
a natural black pigment for PLA-based composites. The PLA used in this research was an 
industrial-grade material adapted for 3D printing, which was found to be suitable for further 
modification if needed. According to the results, fillers can significantly improve composite 
stiffness while maintaining strength close to that of neat PLA. Additionally, the printability 
of the composites was like that of neat PLA, with no noticeable printing errors observed 
under microscopy. 
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Introduction 
Three-dimensional (3D) printing, also known as addi-

tive or direct manufacturing, has advanced rapidly and is 
attracting growing interest across a wide range of industrial 
sectors. Compared with conventional manufacturing met-
hods, 3D printing offers greater design freedom, enables 
the production of complex geometries with high dimen-
sional accuracy, and can reduce material waste, processing 
steps, and energy consumption. However, many polymers 
commonly used in 3D printing, such as polyethylene (PE), 
acrylonitrile butadiene styrene (ABS), and ethylene-vinyl 
acetate (EVA), are derived from fossil resources and are 
not biodegradable. 

In this context, bioplastics such as polylactic acid 
(PLA) and poly(hydroxyalkanoates) (PHAs) have gained 
considerable attention as more sustainable alternatives 
due to their biobased origin, lower carbon footprint, and 
potential biodegradability or compostability. The bioplas-
tics market currently represents about half a  percent of 
ca.  414 million tons of global annual plastic production, 
estimated to increase significantly from ca.  2.47  million 
tons in 2024 to ca. 5.73 million tons in 2029 (Anon 2024). 
Nevertheless, the wider industrial use of bioplastics is still 
limited by factors such as relatively high cost, insufficient 
thermal stability, and processing-related challenges (Van-
heusden et al. 2021). 

PLA is a biobased linear aliphatic thermoplastic 
polyester that is typically prepared from fermented starch 
or chemical synthesis from bio-derived monomers, such 
as lactic acid (2-hydroxypropionic acid). PLA has become 
a popular material in additive manufacturing due to its 
availability and versatility, allowing the production of 
items in various shapes for different applications (Khouri 
et al. 2024). However, neat PLA is inherently brittle, 
has limited toughness, and remains relatively expensive, 
which restricts its broader application in functional 
products (Chen et al. 2022). To optimise the performance 
of polymeric materials, reinforcing additives, whether 
artificial or natural, are used. Artificial/manmade additives, 
such as graphite, carbon fibres (CF) and glass fibres 
(GF), are effective reinforcing fillers in PLA composite 
manufacturing (Wang et al. 2019, Sun et al. 2022, Zahmi 
et al. 2022, Alkabbanie et al. 2024, Plamadiala et al. 2025). 
On the other hand, naturally derived wood particles are 
of great interest for composite manufacturing due to their 
low density, high modulus, abundance, and degradability 
(Murphy and Collins 2018, Cisneros-López et al. 2020, 
Ye et al. 2023). In addition to mechanical performance, 
wooden materials offer thermal and fire resistance due to 
their charring ability. 

The main disadvantage of using natural fibres is poor 
interfacial compatibility between the hydrophilic ligno-
cellulosic filler, rich in hydroxyl groups (-OH), and the  
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moderately hydrophobic PLA matrix, whose backbone 
contains nonpolar methyl groups (-CH3) and only weakly 
polar ester bonds (-COO-) functionalities, leading to limi-
ted hydrogen bonding at the interface. To improve matrix/
filler compatibility and overall performance of the compo-
sites, different treatments are used, namely, compatibilizers 
(Zhang et al. 2017, Murphy and Collins 2018, Liu et al. 
2019, Trinh et al. 2021, Chen et al. 2022, Yu et al. 2022, 
Altun et al. 2023), plasticisers (Farah et al. 2016, Xie et al. 
2017), lubricants and toughening agents (Yu et al. 2022), 
heat treatment of WF (Chen et al. 2022), polyethyleneimi-
ne (PEI) modification of lignocellulose and lignin (Yuan 
et al. 2014, Shulga et al. 2025), chain extender (Cisneros-
López et al. 2020) as well as blending with other polymers 
(Murariu et al. 2023). Utilising side and waste streams 
from the forest industries, such as wood flour, bark, and 
lignin, supports waste valorisation and improves the sustai-
nability profile of PLA-based materials, making them also 
more cost-effective. 

Despite the many research publications, the deve-
lopment of PLA-based composites, including 3D printing 
technology, is still ongoing. The focus is on sustainable 
resources, with wood-derived materials being the most at-
tractive. In this study, a variety of wood-based fillers, such 
as wood flour (WF) from plywood production, lignin, birch 
bark, and microcrystalline cellulose (MCC), are applied. In 
this research, 10 wt% was used for all ingredients because 
at least this amount was required to avoid particle agglome-
ration in the matrix during composite preparation (Jasiński 
et al. 2025, Zeng et al. 2025). Mechanical properties of the 
composites are the primary criteria, while thermal analysis 
(e.g. DSC/TGA) and morphology are tools for monitoring 
and explaining the composites’ overall performance. In 
this context, thermal properties and microscopic inspection 
of the composites were conducted as part of this study. 

Materials and methods 
Materials 
Polylactic acid (PLA) pellets, a grade adapted for 3D 

printing, PolyCore PLA-0812, were supplied by Polyma-
ker. 3-aminopropyltriethoxysilane (KH550) was purchased 
from Merck. Wood flour (WF) was obtained from the Met-
säwood plywood plant (Finland), and the required particle-
size fraction (< 125 µm) was separated using a vibratory 
sieve shaker Retsch AS 200. The birch inner bark particles 
(BF) were produced at the Fiber Laboratory/XAMK by 
separating the inner layer and crushing it with a Bosch Vi-
taBoost MMBH6P6B high-speed blender (Robert Bosch 
GmbH, Gerlingen-Schillerhöhe, Germany). The particle-
size fraction < 125 µm was used for composite manufac-
turing. Charcoal was produced at the XAMK BioSampo 
laboratory by slow pyrolysis at 500°C. A  particle size 
of < 500 µm was used. Kraft lignin, BioPivaTM 395, was 
kindly donated by UPM Biochemicals (Finland). Partic-
le size analysis using Morphology G3 software (Malvern 

Panalytical Ltd., Malvern, Worcestershire, UK). Particle 
size analysis indicated that the KL particles ranged from 
10 to 130 µm, with an average diameter of 21 µm. Microc-
rystalline cellulose (MCC) SF75, with an average particle 
size of 75 µm, was purchased from Nordic Bioproducts 
Group (NBG). Before use, PLA pellets were dried at 60°C, 
while lignocellulosic additives were dried at 105°C over-
night. To modify WF with KH550, the protocol described 
by Liu et al. (2019) was used. The fillers used in this pro-
ject are shown in Figure 1. 

Composites manufacturing 
The composites were produced in two stages: melt 

mixing/extrusion and 3D printing. Melt mixing was carried 
out using a single-screw extruder (3devo Composer 3devo 
B.V., Utrecht, The Netherlands). The extruder barrel consis-
ted of four temperature zones, with a processing tempera-
ture profile of 175–185–195–185°C from the hopper to the 
die. The screw rotation speed was 5 rpm, and the filament 
diameter was 2.85 mm. To achieve more uniform mixing 
of the additive within the polymer matrix, the filament was 
pelletised and re-extruded. The “double extrusion” notably 
improved particle dispersion and filament quality; however, 
no influence on the mechanical performance of the printed 
samples was observed. The same observation was reported 
by Huang et al. (2021). Finally, test samples were printed 
using a Tumaker Bigfoot Pro 350 3D printer (Tumaker S.L., 
Oiartzun, Gipuzkoa, Spain) fitted with a pellet extruder. Be-
fore 3D printing, the material dryness was ensured by sto-
ring them in a Totech SD/1104/06 dry cabinet (TOTECH 
GmbH, Güglingen, Baden-Württemberg, Germany), where 
the humidity setpoint was adjusted to 1% RH. In the 3D 
printing process, a 0.8 mm nozzle was used. The extrusion 
line width was set to 0.96 mm, the layer height to 0.4 mm, 
the infill density with a rectilinear infill pattern to 100%, and 
two outline perimeters were applied. The printing speed was 
set to 40 mm/s. The flowsheet of the composite manufactu-
ring process is shown in Figure 2. Examples of 3D-printed 
items for tensile property testing are shown in Figure 3. 

Figure 1

 

 

Figure 1. Natural fillers from different sources were used in WPC processing  
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Tensile properties
For tensile property testing, dog-bone-shaped speci-

mens were printed and tested in accordance with ISO 527-2  
at the Mikpolis laboratory (XAMK, Mikkeli). Uniaxial 
tensile tests were performed at room temperature with a 
crosshead speed of 2 mm/min using a  Shimadzu tensile 
testing machine (Shimadzu Corp., Kyoto, Japan) equipped 
with an MTS 634.31F-24 extensometer (MTS Systems 
Corp., Minn, USA). Young’s modulus (TM), tensile 
strength (TS), and strain at break (εB) were determined. Six 
specimens of each sample group were tested. The average 
value and standard deviation (StD) were calculated using 
Microsoft Excel. 

Morphology 
Fractographic analysis of tensile failure was carried 

out with a digital light microscope, TOMLOV LCD Digital 
Microscope DM601 (Hubei Huirui Inv. Mgmt. Co., Ltd., 
Shenzhen, PR China), and scanning electron microscopy 
(SEM), Hitachi S-4800 (Hitachi High-Tech Corp., Japan). 
For SEM analysis, the sample surfaces were sputter-coated 
with a 20 nm thin gold-palladium layer and then examined 
at an accelerating voltage of 10–15 kV. Light microscope  
was used to analyse filler dispersion, printing morphology, 
and interlayer defects. 

Thermogravimetric analysis (TGA) 
The effect of additives on the thermal properties of 

PLA and PLA composites was evaluated using thermogra-
vimetric analysis with a PerkinElmer TGA 4000 (PerkinEl-
mer, Inc., Shelton, Conn, USA). The samples, weighing 
ca. 20 mg, were heated under a nitrogen atmosphere from 
room temperature to 900°C at a rate of 20°C/min. The de-
gradation curve and the residual mass at 500°C were de-
termined. 

Differential scanning calorimetry (DSC) 
Differential scanning calorimetry analysis was perfor-

med using a NETZSCH DSC 204F1 differential calorime-
ter (NETZSCH-Gerätebau GmbH, Selb, Germany). Sam-
ples weighing ca. 15 mg were used for the analysis. The 
samples were heated from room temperature to 300°C at 
a rate of 20°C/min under a nitrogen atmosphere. The glass 
transition temperature (Tg), cold crystallisation temperatu-
re (Tcc), and melting temperature (Tm) for each specimen 
were recorded. 

Results 
Composites were produced by melt mixing in a sing-

le-screw extruder. To improve filler dispersion, the mate-
rials were pelletized and re-extruded to produce filament. 
The filament was then pelletized for the final printing of 
test items (Figure 2). For extrusion and printing, common-
ly used and recommended temperatures and printing pro-
tocols for PLA were applied. Overall, the produced compo-
site materials showed acceptable printability, as confirmed 
by microscopy of the item profiles (Figure 4). Along with 
SEM analysis, modern light microscopy is a  fast, cost-
effective and powerful method for monitoring composite 
morphology and assessing the printability of polymers and 
composites. No difficulties, such as particle agglomeration, 
were observed during printing with the 0.8 mm nozzle 
used. However, larger particles (< 250 µm) caused nozzle 
clogging despite successful filament extrusion (these data  

Figure 3
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are not included in this article). It is generally stated that 
the printing nozzle size relative to filler particle size should 
be limited to less than one-half of the nozzle diameter 
(Beran et al. 2018, Petchwattana et al. 2019, Jasiński et 
al. 2025). By sieving through a 250 µm sieve, particle size 
can only be partially controlled, because 2D wood flour 
particles may have a much greater length than 250 µm and 
still pass through. Such particles are probably the reason 
for the printing failure. 

The tensile properties of PLA and its composites are 
shown in Figure 5 and listed in Table 1. As observed, in-
corporating fillers reduced the tensile strength of the com-
posites compared to the neat PLA printed sample. Thus, 
wood flour in PLA/WF decreased the TS of PLA from 
26 to 24 MPa. However, the addition of the coupling  

agent KH550 (2%), PLA/WF/CA2%, slightly increased the 
TS to 25 MPa. The same tendency was observed by Yu et al. 
(2022), who used 5 wt% wood flour, both untreated and mo-
dified with coupling agents (Yu et al. 2022). The decrease in 
properties is commonly attributed to weak interfacial bon-
ding between wood fibres and the PLA matrix, which also 
leads to poor filler dispersion. According to micrographs of 
printed profiles (Figure 4), wood particles in PLA/WF tend 
to aggregate during extrusion, indicating that re-extrusion 
in this case was unable to disperse all particles uniformly 
in the matrix. To estimate the compatibility of fillers and 
the matrix, SEM microscopy was used. According to SEM 
data, wood particles were embedded in the matrix, but air 
gaps and microvoids were observed, formed due to matrix 
debonding from wood fibres (Figure 6). Generally, poor  

Figure 4

 
 

Figure 4. Micrographs of PLA and PLA-composites fracture surface morphology  
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Figure 6. SEM micrographs of the fracture surface of composites  

 

Thermal analysis of PLA and PLA composites  
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composites (a) 
and tensile testing 
procedure (b) 

Material TS (MPa) TM (GPa) εB (%) Tg (°C) Tcc (°C) Tm (°C) DTG (°C) Char/500°C (%)
PLA(Ref) 26 (0.7) 2.3(0.1) 1.6(0.07) 62.2/60.6* 106.5 166.2/162.6* 340 16
PLA/WF 24(0.5) 2.8(0.2) 1.3(0.03) 65.1 106.0 166.2 335 19
PLA/WF/CA2% 25(0.2) 2.8(0.1) 1.3(0.01) 65.4 106.7 167.0 340 19
PLA/WF/CA6% 21(4.7) 2.7(0.4) 1.2(0.08) 48.5 - 132.7 335 19
PLA/WF/Cx2 24(0.6) 2.8(0.16) 1.3(0.01) 65.1 106.3 165.6 335 19
PLA/WF/Cx1 23.3(0.9) 2.8(0.1) 1.3(0.1) 65.3 107.0 165.0 336 19
PLA/KL 23(0.8) 2.3(0.1) 1.4(0.04) 65.1 109.2 166.1 325 22
PLA/BF 23(1.2) 2.2(1) 1.3(0.05) 64.3 106.9 166.2 330 19
PLA/MCC 23(0.7) 2.6(0.16) 1.3(0.04) 64.0 105.3 165.5 335 18

Table 1. Inf luence of additives on the mechanical and thermal properties of PLA composites. StD is given in parentheses

Note: WF, KL, BF, and MCC are loaded at 10 wt%. Charcoal (C) was added at 0.3 wt%. TS stands for tensile strength, TM stands 
for tensile modulus, ɛB is the elongation at break, Tg stands for glass transition temperature (mid. point), Tcc stands for cold 
crystallisation temperature; Tm is the melting point. (*) value from a PLA production sheet, differential scanning calorimetry (DSC) 
at 10°C/min. 
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bonding results in insufficient stress transfer in the matrix 
under load, leading to a decline in properties. Treatment of 
WF with a coupling agent improved interfacial interaction, 
as evidenced by the micrograph, which shows wood par-
ticles more deeply embedded in and wetted by the matrix. 
As a result, tensile strength increased slightly, approac-
hing the value of the neat PLA sample. It can also be no-
ted that the standard deviation (StD) for KH550-modified 
samples was lower than that of the reference and all other 
formulations, indicating more uniform properties due to a 
more uniform composite structure. KH550 improves the 
interfacial compatibility between WF and PLA through its 
bifunctional structure (Lv et al. 2015). Following hydroly-
sis, the silane groups form covalent bonds with hydroxyl 
groups on the wood fibre surface, generating wood–O–Si 
linkages and siloxane networks. Simultaneously, the amino 
groups interact with the terminal carboxyl and ester groups 
of PLA via hydrogen bonding and polar interactions. This 
dual functionality promotes interfacial bonding between 
WF and PLA, resulting in improved adhesion and more 
efficient stress transfer across the fibre-matrix interface. 
Addition of a higher KH550 amount (6%) resulted in a sig-
nificant decrease in composite performance. In this case, 
an excess of CA acts as a plasticiser rather than a coup-
ling agent. 

The decline in tensile strength of PLA upon incorpo-
ration of wood particles (5–20 wt%) in 3D-printed samples 
was observed by Narlioglu (2022), who used a recycled 
PLA blend. However, flexural strength increased signifi-
cantly after loading 5 wt%, and then monotonically dec-
reased with 10–20 wt% wood flour loadings. Kariz et al. 
(2018), who used PLA extrusion & thermoforming grade 
for wood fibre composite development, reported that TS 
increased slightly from 55 MPa to 57 MPa after loading 
with 10 wt% and declined significantly at loadings of 
20–50 wt%. Modulus was also sensitive at 30 to 50 wt% 
wood fibre loading (Kariz et al. 2018). The decline in PLA 
properties with lignocellulosic filler loading in 3D-printed 
samples was also reported in other studies (Guo et al. 2018,  

Bhagia et al. 2020). In addition to incompatibility, poor 
thermal conductivity of the wooden materials can affect 
the composite’s performance (Narlioglu 2022). Another 
reason is the use of relatively small-sized wood particles, 
which are commonly used in 3D printing, especially at 
the lab scale. Small particles might exhibit lower reinfor-
cement efficiency in composites than larger particles. Ne-
vertheless, contradictory data on how wood particle size 
influences composite properties are found in the literature. 
These variations are due to differences in testing materials 
among research groups, while non-linear behaviour within 
the same research object has also been reported (Jasiński 
et al. 2025). On the other hand, particles that are too lar-
ge can clog the nozzle, limiting printing. Based on this, in 
the current study, particles < 125 µm were used as a rein-
forcing filler, which is within the recommended range of 
one-half of the printer nozzle (Jasiński et al. 2025). Howe-
ver, the conglomeration of small particles due to their high 
surface area is also possible (Beran et al. 2018, Jasiński et 
al. 2025). To reduce agglomeration, double extrusion was 
used to produce a uniform filament. 

Incorporation of other fillers, kraft lignin (KL), bark 
flour (BF), and MCC, also decreased the composite TS, 
which, however, was not critical, remaining at 23 MPa. 
The reason is the same as described previously. This is 
due to poor interfacial interactions between the particles 
and the matrix, arising from their inherent incompatibility. 
Thus, despite the quite uniform dispersion of KL particles 
and BF visible in Figure 4, the properties of the printed 
samples declined. In addition, kraft lignin can induce 
thermo-oxidative degradation of PLA during high-tempe-
rature extrusion (Lage-Rivera et al. 2025, Platnieks et al. 
2026). According to Lage-Rivera (2025), incorporation of 
10 wt% KL decreases the molecular weight (Mw) of PLA 
by 28%. However, the Mw of pure PLA decreased by 16% 
during extrusion due to thermo-oxidative degradation in-
duced by shear forces. The decline in PLA properties due 
to the inherent incompatibility between PLA and lignin 
was also observed by Gkartzou et al. (2017), who reported  
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thermal degradation temperature of lignocellulosic materials compared to PLA. The lowest 

peak in degradation was observed in the lignin-containing composite, which can be explained 

by lignin’s low thermal stability (Dorez et al. 2014). However, the char yield for PLA/KL was 

the highest, 22%, due to the high charring ability of the lignin. The lowest char residue was 

observed in PLA samples (16 wt%); however, it remains quite high compared to neat PLA due 

to the presence of functional commercial additives. In general, neat PLA has a narrow 

Figure 6. SEM micrographs 
of the fracture surface of 
composites 
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a significant reduction in tensile strength and modulus after 
lignin loading of 5–15 wt%. Unlike strength, the modulus 
of most composites, except KL and BF, increased. The inc-
reased modulus indicates greater stiffness of the composi-
te, attributable to the stiffness of the wood materials. Thus, 
the stiffness of the composite is practically independent of 
the interfacial interaction within the composite. The elon-
gation at break was lower for all tested composites than 
for the PLA reference, indicating that the composites were 
more brittle. 

Morphology and microstructure play a significant role 
in composite performance. In addition to matrix-filler in-
terfacial interactions, a  critical factor for the performan-
ce of 3D-printed composites is printing morphology, e.g. 
interlayer structure. Thus, an air gap between layers acts 
as a stress concentration underload, decreasing strength 
and toughness and inducing brittleness. The printed item 
profiles were further examined with a low-power digital 
macroscope, and micrographs are shown in Figure 4. In the 
reference samples, although the printed layers are distin-
guishable, they remain interconnected by thin fused liga-
ments/bridges formed during printing. In addition, in a neat 
PLA sample, the fracture surface is rougher with clearly 
visible crests resulting from tensile drawing of the material 
during plastic deformation. Unlike pure PLA, composite 
samples have smooth surfaces without visible crests. This 
observation also supports the decrease in the elongation at 
break of the composites (Table 1). Overall, micrographs 
suggest that the reduced properties can also be associated 
with morphological imperfections in the printed speci-
mens, particularly interlayer defects. 

A particular focus of this study was the use of biochar 
powder as a  pigment in the composite. Biochar (C) was 
produced by slow pyrolysis of wood material at 500°C. 
Loading ca. 0.3 wt% of char (< 500 µm particle size) resul-
ted in a uniform grey colour of the PLA/WF/C composite 
(Figure 3). The tensile properties, however, did not change 
due to the low amount of C loading. Pigments are impor-
tant components in composite manufacturing. Currently, 
carbon black is a conventional black pigment, the manufac-
turing of which is predominantly based on fossil-derived 
feedstocks. However, at least in composite manufacturing, 
biochar from wood pyrolysis is a sustainable alternative to 
carbon black. Yet, biochar is a promising reinforcing mate-
rial for composites at higher loadings (Huang et al. 2023, 
Botta et al. 2024, Anbuchezhiyan et al. 2026). However, 
at higher loading, more intensive compounding is required 
due to charcoal particle aggregation and increased compo-
site viscosity. 

As mentioned, the composites were double extru-
ded to achieve filler dispersion (Figure 2). To assess the 
influence of re-extrusion on the composite performan-
ce, a  sample containing WF and colourant was printed 
using single- and double-extruded filaments, denoted as  
PLA/WF/Cx1 and PLA/WF/Cx2, respectively. Their tes-
ting results are listed in Table 1 and displayed in Figure 5.  

As seen, the tensile properties of samples printed from sin-
gle- and double-extruded filaments are very similar, indi-
cating a weak influence of dispersion on the final perfor-
mance. It can be noted that the WF dispersion and filament 
quality were significantly improved after re-extrusion. The 
filament surface was much smoother, without numerous 
bulges caused by fiber particle agglomeration. In Figure 2, 
one can notice a difference in the quality of the filaments 
between the 1st and 2nd extrusions. Similar results were re-
ported by Y. Huang et al. (2021), who also observed im-
proved filament quality after double extrusion, but there 
was no significant effect on the mechanical performance of 
3D-printed items. Thus, the important criterion for mecha-
nical performance is the morphology of printed items, e.g. 
the interlayer structure. As shown in Figure 4, both sam-
ples, PLA/WF/Cx1 and PLA/WF/Cx2, have similar profile 
quality, and printing defects are observed in both  formu-
lations. 

Thermal analysis of PLA and PLA 
composites 

To study the thermal properties of the PLA compo-
sites filled with different additives, the composites were 
characterised by TGA and DSC. The results are shown in 
Figure 7, and selected results are listed in Table 1. Accor-
ding to TGA, the thermal degradation of the PLA and PLA 
composites starts at ca. 250°C. The lowest thermal stability 
was observed for pure PLA(Ref), while all other tested fil-
lers slightly improved PLA’s thermal performance, inclu-
ding char yield. However, according to DTG, pure PLA 
had the highest maximum degradation temperature, 340°C, 
among the tested samples, except for PLA/WF/CA2%, 
which also showed a peak at 340°C. Other composites dis-
played DTG peak values ranging from 325 to 335°C, as 
shown in Table 1. The decrease in stability in the case of 
the composites can be explained by the lower thermal de-
gradation temperature of lignocellulosic materials compa-
red to PLA. The lowest peak in degradation was observed 
in the lignin-containing composite, which can be explained 
by lignin’s low thermal stability (Dorez et al. 2014). Howe-
ver, the char yield for PLA/KL was the highest, 22%, due 
to the high charring ability of the lignin. The lowest char 
residue was observed in PLA samples (16 wt%); however, 
it remains quite high compared to neat PLA due to the pre-
sence of functional commercial additives. In general, neat 
PLA has a narrow decomposition temperature range, with 
Tonset at ca. 325°C and the maximum rate of weight loss at 
ca. 360°C, with residue < 1% at 500°C (Abdelwahab et al. 
2012, Kervran et al. 2022). 

In the DSC thermogram, the two baseline shifts/ 
peaks at low temperatures were consistent with the glass 
transition and cold crystallisation, and their temperatures 
corresponded to the glass transition temperature (Tg) and 
the cold crystallisation temperature (Tcc), respectively 
(Figure 7). The endothermic peak at high temperature 
was the melting peak, and its temperature was the melting  
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temperature (Tm). The numerical results are listed in Tab-
le 1. According to the DSC thermogram, the glass trans-
ition temperature of the sample obtained from pure PLA 
is 62.2°C, which is higher than the value indicated on the 
production sheet (60.6°C), determined at a heating rate of 
10°C/min. The difference can be explained by the higher 
DSC heating rate used in this work (20°C/min). Except for 
the PLA/WF/CA6% sample, the presence of fillers increa-
sed Tg, yielding a range of 64.0–65.4°C. This increase can 
be explained by restricted polymer chain mobility in the 
presence of filler particles. Yet the restriction depends on 
the interfacial interaction between the matrix and the fil-
ler, with stronger interactions leading to greater restriction 
and requiring more energy for segmental motion. In this 
context, some correlation between tensile strength and Tg 
parameters is evident. Compared to PLA/WF, the slightly 
increase in tensile strength in the presence of a coupling 
agent (PLA/WF/CA2%) resulted in a slightly increased 
Tg, which can be explained by improved PLA-WF bonding 
due to the presence of CA. The other fillers resulted in dec-
reased tensile strength due to weaker interactions, leading 
to reduced restriction and Tg values. Excess coupling agent 
(PLA/WF/CA6%) weakened the composite’s mechanical 
performance, mostly acting as a plasticiser or lubricant, 
resulting in the lowest Tg of the composite (Table 1). The 
common plasticiser effect is to enhance chain mobility and 
promote crystallisation (Nonkrathok et al. 2022). 

The melting temperatures, Tm, of the pure polymer 
and composites are very similar, which can be explained 
by the fact that Tm is an intrinsic property of the crystalline 
phase of the polymer and is generally unaffected by inert 
fillers such as lignocellulose. The fillers are located in the 
amorphous or interfacial region of the polymer and do not 
enter the crystal lattice. However, an additional endother-
mic peak at ca.  133°C can be observed in the heat flow 
profiles of PLA composites (denoted as Tm* in Figure 7). 
The second crystallisation peak is quite common in com-
posites due to filler-induced heterogeneous nucleation on 
the filler surface. In this case, the filler acts as a crystal 
nucleating agent (Liu et al. 2019). This crystal population is  

imperfect, resulting in a lower melting temperature.  
Notably, PLA/WF/CA6% sample showed only single  
melting peak at 132.7°C (Table 1). Although a excessive 
coupling agent may promote crystallization, it can also re-
sult in the formation in less perfect crystals, smaller, or less 
thermally stable. The melting point reported in the PLA 
pellets datasheet is slightly lower, 162.6°C, compared to 
the printed PLA sample, 166.2°C, which can be explai-
ned by thermal history and crystallisation during prin-
ting. However, the main reason for this difference was the  
difference in the heating rate in DSC. In this work, the 
heating rate was 20°C/min, whereas the datasheet speci-
fied 10°C/min. 

Conclusion
Generally, wooden material enables modification 

of the plastic matrix to make it stiffer and more ther-
mally stable, while also enhancing degradability and 
reducing production costs. In addition, using bark, lig-
nin, and sawdust helps utilise technological waste from 
the forest industries, thereby improving waste manage-
ment and making wood plastic composites (WPC) more  
cost-effective. 

In this work, a PLA grade developed for 3D printing 
was used as the matrix and modified with wood flour (WF), 
kraft lignin (KL), bark flour particles (BF), and microc-
rystalline cellulose (MCC). According to the results, the 
wood-flour-containing composite showed the best perfor-
mance, improving stiffness while retaining tensile strength 
comparable to that of pure PLA. Wood powder treated with 
an optimal loading of the KH550 coupling agent showed 
a slight improvement in tensile strength, accompanied by 
reduced variability (low standard deviation in the samp-
le set). The lowest performance was observed in the BF- 
loaded composite, which had the lowest tensile strength 
(TS) and modulus (TM). 

For composite manufacturing, the re-extrusion pro-
cess was used to achieve better material blending and  
uniform dispersion of additive particles. Despite the  

Figure 7
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Figure 7. The TGA and DTG (a), and DSC (b) thermograms for PLA and PLA composites 
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significantly improved filament quality, double extru-
sion did not influence the tensile properties of printed  
samples. 

Biochar, pyrolysed from wood, was used as a pig-
ment in the composite, showing excellent applicability and 
colour stability. A 0.3 wt% loading resulted in a technical 
grey colour, with no change in the mechanical and thermal 
performance of the composite compared to the colourant-
free sample. 

Thermal analysis showed that a small number of 
reinforcing fillers does not change the melting tempera-
ture (Tm) parameter; hence, extrusion/printing operating 
parameters can be used unchanged for neat polymer and 
its composite materials. Overall, the differential scanning  
calorimetry (DSC) results indicated that fillers affect the 
mobility of PLA polymer chains, leading to an increase 
in the glass transition temperature (Tg) but no significant 
changes in crystallisation behaviour. Thermogravimetric 
analysis (TGA) showed that filler loading did not signifi-
cantly increase residue yield, likely because the PLA grade 
used was modified with additives that influence its thermal 
properties. Only lignin provided additional charring due to 
its strong natural charring effect. 

Wood fibres, along with lignin, are the main compo-
nents of the pulping and forest industry’s side and waste 
streams, which are commonly burned for energy and heat, 
a non-sustainable practice. Using them in value-added pro-
duct manufacturing, such as composites, improves waste 
management and makes composite production more cost-
effective (Gkartzou et al. 2017). 
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