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ABSTRACT

Natural fiber-reinforced thermoplastic composites have gained increasing attention due to their sustainability. Additive manu-
facturing, particularly Fused Deposition Modeling (FDM), enables the fabrication of such composites with complex geometries.
This study investigates the mechanical behavior of wood-polylactic acid (PLA) composites fabricated via FDM, focusing on their
tensile and fracture properties under different water absorption durations. Results indicate that wood-PLA exhibits reduced
tensile strength and stiffness compared to pure PLA. The tensile strength for wood-PLA was 23.4 MPa, which was significantly
lower than the strength of the PLA (54.6 MPa). However, the wood-PLA showed enhanced strain energy density in the tensile
test, measuring 1.41 times greater than the PLA, and higher energy absorption ability in the Single Edged Notched Bending
(SENB) test. Water uptake induced plasticisation effects in the wood-PLA composites, resulting in a 20% reduction in strength
and a 10% decrease in elastic modulus after 15days. Moreover, elongation at break increased by 66%, contributing to a 48%
improvement in energy absorption. Notably, these effects are reversible upon redrying, suggesting that water primarily acts as
an external plasticizer. The study highlights the mechanical response of wood-PLA composites and provides insights into their
structural integrity in humid environments.

1 | Introduction cost-effectiveness and wide material compatibility, enabling

broad applications in sectors [1] such as automotive, aerospace,

Additive manufacturing (AM), also known as 3D printing, has
seen increasingly widespread adoption across various fields in
recent years due to its ability to fabricate complex structures
with reduced material waste, labor input, and production time
[1]. AM comprises various techniques, such as material extru-
sion (MEX), laminated object manufacturing (LOM), and vat
photopolymerisation, each offering distinct process charac-
teristics and material compatibility. Among various AM tech-
niques, Fused Deposition Modeling (FDM) stands out for its

construction materials, and medical devices [2-4]. In particular,
FDM is commonly categorized under MEX processes and has
received significant attention for thermoplastic-based applica-
tions. To further diversify the functional and structural proper-
ties of printed parts, fiber-reinforced polymer composites have
been increasingly adopted in FDM printing.

The composites offer enhanced properties, such as improved
biocompatibility, reduced weight, greater durability, and
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Summary

« Wood-PLA exhibits lower strength but higher energy
absorption than PLA.

« Wood-PLA demonstrates zig-zag fracture behavior
unlike brittle PLA.

« Wood-PLA shows higher water absorption than PLA
over multiple days.

« Water immersion reduces strength but increases en-
ergy absorption in wood-PLA.

« Redrying reverses moisture effects, confirming water
plasticizing.

superior aesthetics, compared to single-material systems,
thereby expanding their range of applications [5, 6]. Currently,
the commonly used fibers include carbon fiber [7, 8], glass
fiber [9, 10], and aramid fibers [11], allowing the design of
application-specific components for a broad range of demand-
ing environments.

Natural or bio-based fibers have emerged in recent years as new
materials suitable for composites, frequently combined with
polymers such as PLA (Polylactic Acid), TPU (Thermoplastic
Polyurethane), and PA (Polyamide) to produce filaments for
FDM [12-14]. Compared to traditional materials like carbon
fiber, these bio-based fibers offer several advantages, includ-
ing easy availability from natural sources, biodegradability,
and lower carbon emissions [6]. Recent studies have begun to
focus on the mechanical properties of natural fiber composites
and how the other factors affect their mechanical properties,
including the effects of varying fiber content [15], printing pa-
rameters [12] (such as printing thickness [16]), and the impact
of additives on the optimization of their internal structure and
properties [13]. Some studies have also focused on utilizing
recycled raw materials to produce natural fibers, thereby en-
hancing their sustainability benefits. This includes the use
of materials such as flax [17], potato starch [18], grains [19],
short banana fibers, and recycled palm residues [20], which
are blended with various types of polymers to create FDM-
compatible filaments. Additionally, the high cellulose con-
tent in natural fibers results in significant water absorption
[21, 22], leading to pronounced changes in performance upon
moisture exposure.

Wood-PLA composites represent a unique class of natural fiber
composites that simultaneously exhibit biodegradability [23, 24],
good interfacial adhesion, and adaptability to FDM printing
[25, 26]. Among various commercially available bio-composite
filaments, it remains one of the most widely adopted natural
fiber-reinforced materials for FDM applications [27]. However,
a critical challenge in utilizing wood-PLA composite material
is its inevitable moisture absorption in real-world environments
[28]. The highly hydrophilic nature of wood fibers makes wood-
PLA composites significantly more susceptible to swelling or
softening [29]. These moisture-induced changes pose serious
concerns for applications requiring environmental durability,
such as outdoor decorative elements, biodegradable packaging
[30], and functional prototypes [31, 32], which are often exposed

to humid environments, temperature fluctuations, or direct
water contact during their service life [33].

Numerousstudies have investigated the effects of water absorp-
tion on wood-PLA composites. Ainin et al. found that wood-
PLA shows significant strength loss due to the swelling and
structural distortion upon immersion [34], while Ecker et al.
reported more severe degradation in FDM-printed samples
compared to injection-molded ones [35]. Oliver-Ortega et al.
showed that PLA composites reinforced with bleached soft-
wood fibers still exhibited moisture sensitivity due to the hy-
drophilic nature of the fibers [36]. Ayrilmis and his colleagues
revealed that increasing wood content and layer thickness
lead to higher porosity, thus reducing strength and increas-
ing water uptake [16, 37]. Several reviews have explained
these effects through fiber swelling, diffusion, and interfacial
debonding [38]. Moisture diffusion in such systems is often
described using Fick's law, which enables quantitative mod-
eling of water uptake behavior. This approach has also been
applied to other natural fiber-reinforced thermoplastics, such
as oil palm fiber/ABS composites, revealing that as the fiber
content increased, the water uptake capacity also increased,
accompanied by a decrease in the diffusion coefficient (D) and
an approach of the kinetic exponent (1) toward 0.5, indicating
a Fickian diffusion process [39]. Martinez-Sanchez et al. high-
lighted the role of printing parameters in controlling moisture
adsorption [40], and Zandvliet et al. noted that even for inte-
rior applications [41], PLA-based composites face dimensional
instability from water exposure. Surface property studies also
show compromised wettability and bonding performance as
wood content increases.

Despite these findings, few studies have addressed the recov-
ery of mechanical performance after re-drying or directly com-
pared PLA and wood-PLA under the same aging and drying
conditions. Mechanical evaluations are often limited to tensile
or bending tests, lacking fracture-based insights. This study
aims to address existing research gaps by investigating the
mechanical performance of wood-PLA composites fabricated
via FDM. Comprehensive mechanical testing was conducted
to evaluate the material's response to moisture exposure and
its potential for recovery after redrying. Section 2 outlines the
materials and methods used in this research, detailing the
fabrication process, conditioning protocols, and testing proce-
dures. Section 3 presents the results and discussion, focusing
on the comparison between PLA and wood-PLA, the effects of
water absorption, and the impact of the redrying process on
mechanical properties. Section 4 concludes the key findings
of this study.

2 | Methods and Materials
2.1 | Materials and Samples Preparation
Two commercial filaments are involved in this research project:
1. Pure PLA, called PLA EF 3D850, with a diameter of
2.85mm, was purchased from a commercial supplier

(Nanovia, Louargat, France). The slicing software used for
generating the G-code was Ultimaker Cura in this study.
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The density of the filament is 1.24g/cm?, and the recom-
mended extrusion temperature is from 190°C to 230°C;

2. The wood-PLA composite filament, containing 40% pine
wood fiber by volume and with a diameter of 2.85mm, was
purchased from the same supplier. The density of the fila-
ment is 1.13g/cm?, the recommended extrusion tempera-
ture is between 210°C and 230°C.

In this study, tensile samples and single edge notched bend-
ing (SENB) samples were fabricated and tested using PLA and
wood-PLA materials. Ultimaker S5 FDM printer (Ultimaker,
Utrecht, Netherlands) was used to print these two materials.
The printing parameters listed in Table 1 were selected based
on the manufacturer-recommended settings and widely adopted
practices reported in previous studies [42, 43].

The preparation process of the samples is illustrated in
Figure 1. Tensile samples were Type IV, conforming to ASTM
D638 specifications [44], with a thickness of 1.6mm. To fab-
ricate tensile samples with unidirectional filaments, a hollow
square tube with dimensions of 160 mm X 160 mm X 60 mm and

TABLE1 | FDM printing parameters.

Printing parameters Configurations
Layer height 0.2mm
Line width 0.8mm
Printing temperature 210°C
Building temperature 28°C

Bed temperature 65°C
Printing speed 35mm/s

Fill pattern (tensile) Concentric
Fill pattern (bending) Line

Printing

Filament

FIGURE1 | The sample preparation processes.

a thickness of 1.6 mm was printed. Type IV dog-bone tensile
samples were cut from each side of the hollow tube using a laser
cutter (Thunder, Melbourne, Australia) [45]. This approach en-
sured a smooth transition in sample dimensions, which helped
to minimize stress concentration in the fillet radius area and
addressed issues typically observed in directly printed samples
[46, 47].

For SENB samples, the dimensions, particularly the notch
length, vary across standards due to differences in material
of interest and the test objectives. In this study, an optical
microscope (LEICA DM2500, Leica Microsystems, Wetzlar,
Switzerland) was used to characterize the printed SENB spec-
imens. Given that 3D printing is a relatively novel technique
compared to traditional manufacturing methods, standard-
ized guidelines specifically addressing the mechanical test-
ing of FDM printed materials have not yet been established.
Current testing practices rely on existing standards for con-
ventional manufacturing method [48]. In this study, two
notch lengths (4 and 10mm) were selected based on ASTM
D5045 standard [49] and ASTM E1820 [50], which represent
testing approaches for brittle polymers and ductile metals,
respectively. Although wood-PLA is polymer composite, its
fracture behavior exhibits characteristics of both brittle and
ductile failure depending on its composition and microstruc-
ture [51, 52].

The use of two notch lengths was intended not only to comply
with established standards but also to simulate practical scenar-
ios involving different defect severities. Specifically, the 4mm
notch represents relatively minor surface flaws or damage,
whereas the 10mm notch mimics more severe internal cracks.
This allows for a more comprehensive evaluation of the materi-
al's damage tolerance under flexural loading. The sharp notches
were directly incorporated into 3D models and fabricated during
FDM printing. High-resolution slicing was used to minimize the
notch tip radius. No fatigue pre-crack was introduced, as the aim
was to compare fracture behavior and energy absorption trends
rather than to measure standardized fracture toughness. All

Laser
_ cutter =
. a= Tensile
testing
Sample
Preparation
1=

Unit: mm

SENB Testing
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SENB samples had a total length of 90mm, a height of 20mm,
and a thickness of 10 mm.

2.2 | Water Absorption and Mechanical Testing

In this study, the effects of water absorption on the tensile and
bending properties of PLA and wood-PLA materials were in-
vestigated. The experimental workflow is depicted in Figure 2.
Based on the water treatment procedures, the samples were
categorized into three groups: the control group, consisting of
samples that were not subjected to water immersion; the wet
group, comprising samples immersed in water for varying dura-
tions; and the redried group, which included samples subjected
to water immersion followed by a controlled drying process. For
each group, the samples were replicated in 6.

The water absorption tests were performed in accordance
with ASTM D570-22 [53], with soaking water maintained at
a constant room temperature of 25°C. The immersion dura-
tion was set at 3, 7, 10 and 15days, with weight gain recorded
after each period. Surface water was wiped dry with a paper
towel before weighing. The water absorption rate M, (%) was
determined by:

W, - W,
M,=—_—2x100 @

where W, and W,, are the weights of dry (before immersion) and
wet (after immersion) samples.

The drying process for the redried group was carried out using a
vacuum desiccator with silica gel at the bottom to effectively ab-
sorb moisture. The desiccator was maintained in a temperature-
controlled environment at a constant room temperature of 25°C
and kept under vacuum to ensure efficient moisture removal.
Each sample was dried for at least 3 days, after which the samples
were weighed to verify whether their weight had returned to the
initial value prior to water exposure.

Tensile and SENB tests were performed on PLA and wood-
PLA samples using a universal testing machine (AGX-50kN,

[ Tensile and SENB samples ]

' ] ¥

3 Days 7 Days 10 Days

Control group Wet group Redried group

! ! !

Mechanical testing ]

FIGURE2 | Experimental workflow.

Shimadzu, Kyoto, Japan). The tensile tests were conducted
at a constant loading speed of 2mm/min, whereas the SENB
test was performed at 4mm/min. The experiment was consid-
ered complete when the applied load dropped to 10N. During
the experiments, the Digital Image Correlation (DIC) system
was also employed to capture images and calculate strain data.
Additionally, DIC images were used to generate local strain con-
tours, providing a more detailed analysis. To ensure accurate
recognition by DIC software, a sufficient amount of speckle was
required on the surface of the samples. Therefore, all samples
were painted to create identifiable speckle patterns.

Stress—strain curves were obtained from tensile tests, and key
mechanical parameters, including ultimate tensile strength,
Young's modulus, elongation at break, and strain energy density,
were evaluated. The strain energy density ¥ (J/m?3) is defined as
the amount of energy absorbed per unit volume during the ten-
sile test and is calculated using:

EIIIEAX

Y= / ode @

where o is the stress, € is the strain, and €,,,, is the elongation
at break.

In the data analysis, statistical methods were employed in this
study, among which the Jonckheere-Terpstra method was used
to examine whether the test results of the immersed samples ex-
hibited a significant monotonic increasing or decreasing trend
with immersion time [54].

In the SENB tests, energy absorption and peak force were an-
alyzed, with energy absorption determined by the area under
the force-displacement curve. The local strain was calcu-
lated using DIC images to investigate the crack initiation and
propagation.

2.3 | Chemical and Thermal Characterization

To investigate the interactions between chemical bonds
and the forces between polymer chains within the material,
Fourier-Transform Infrared spectroscopy (FTIR) technology
was employed to examine the distribution characteristics of
specific functional groups, particularly hydroxyl groups [55].
FTIR spectra were recorded using a Thermo Scientific Nicolet
6700 FTIR spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) equipped with an Attenuated Total
Reflectance (ATR) accessory. The spectra were collected in
the wavenumber range of 4000-400cm~! with a resolution of
4cm~t. A total of 32 scans were performed for each sample,
and background spectra were recorded before each measure-
ment. The samples, which were 1.6 mm thick with dimensions
of 1x1cm, were prepared using FDM printing. Both PLA and
wood-PLA samples were scanned after complete drying treat-
ment or after immersion in water for 15days. The samples were
directly placed on the ATR crystal for measurement. The spec-
tra were analyzed using OMNIC software (OMNIC 9.0, Thermo
Fisher Scientific, Waltham, Massachusetts, USA).
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FIGURE 3 | (A) Schematic of the SENB specimen with the red frame indicating the observed region, (B) the surface of PLA and (C) wood-PLA
SENB specimen, and (D) surface morphology of wood-PLA SENB specimen under an optical microscope.

Thermal analysis was conducted using a simultaneous ther-
mal analyzer (STA 449 F1 Jupiter, Netzsch, Germany) to char-
acterize both thermal stability and thermal transitions of the
materials. Material samples were extracted from tensile speci-
mens in the virgin group and from those in the wet group after
15days of immersion. The material samples of approximately
6.0-9.0mg were placed in aluminum crucibles with pierced
lids. In an inert nitrogen atmosphere, these crucibles were
heated to 600°C at a rate of 10°C/min. The measurements
provided the glass transition temperature (Tg) from the DSC
signal, as well as thermogravimetric (TG) curves and deriv-
ative thermogravimetry (DTG) reflecting the mass loss as a
function of temperature.

3 | Results and Discussion

3.1 | Mechanical Properties of PLA and Wood-PLA
Without Water Immersion

3.11 | Print Quality

Figure 3A shows a SENB specimen with the red frame mark-
ing the region for surface observation. The PLA surface ex-
hibited a relatively smooth and uniform layer-by-layer pattern
(Figure 3B). In contrast, the wood-PLA sample (Figure 3C) dis-
played a rough and uneven surface with noticeable stringing

defects, characterized by small filaments left on the surface.
The incorporation of solid wood fiber particles introduces dis-
turbances to the melt flow field, primarily due to the disparity
in flowability between the molten PLA and the non-melting fi-
bers [56]. These disturbances, combined with the rigidity and
pronounced polarity of the wood particles, further disrupt the
continuity of the polymer melt phase, thereby promoting surface
roughness [40]. Moreover, the potential non-uniform distribu-
tion of wood fibers can lead to spatial viscosity variations, giv-
ing rise to transient flow instabilities, pulsed extrusion behavior
[57], and stringing defects [40]. Figure 3D shows the images of
the surface characterization of wood-PLA captured using the
optical microscope. The distribution of the wood fibers and sev-
eral of their characteristics (highlighted with red dashed lines)
are clearly visible, and the stringing defect is also indicated in
the image.

The deviations in mass and thickness are summarized in
Table 2. The nominal mass of the samples was determined by
multiplying the STL-designed volume of samples by the fila-
ment density, whereas the nominal thickness corresponded to
the STL-designed thickness. Both PLA and wood-PLA samples
exhibited higher actual masses and thicknesses than their nom-
inal values, indicating potential over-extrusion during printing.
The deviations in the thicknesses for both materials are com-
parable, which is around 0.30 mm (3%), indicating good dimen-
sional accuracy.
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TABLE 2 | Deviation in mass and dimension between the printed and designed samples.

Mass (g) Thickness (mm)
Sample Nominal Actual Deviation (%) Nominal Actual Deviation (%)
PLA 22.04 22.74(0.29) 3.2 10 10.32(0.11) 3.2
Wood-PLA 20.08 21.37(0.18) 6.4 10 10.24 (0.08) 2.4

Note: Data were derived from 30 SENB samples, with standard deviation shown in parentheses.

TABLE 3 | The tensile results of PLA and wood-PLA.

Parameters PLA Wood-PLA
Ultimate tensile strength (MPa)  54.6 (2.44) 23.4(1.0)
Elongation at break (%) 2.0(0.2) 4.7 (1.0)
Young's modulus (MPa) 3074 (170) 1568 (102)
Strain energy density (10~7J/ 6.39 (0.9) 8.91 (1.8)

m?)

3.1.2 | Tensile Properties of PLA and Wood-PLA

Compared to pure PLA material, wood-PLA exhibited reduced
ultimate tensile strength and Young's modulus. As presented
in Table 3, PLA had an ultimate tensile strength of 54.6MPa,
whereas wood-PLA demonstrated a significantly lower value of
23.4MPa, corresponding to a 57% reduction. The Young's modulus
of wood-PLA was 1495MPa, approximately 52.7% of that of PLA
(3050MPa). However, wood-PLA showed a higher elongation at
break than PLA, reaching 4.7%, compared with 2.7% for PLA.

The stress—strain curves in Figure 4A show that wood-PLA ex-
hibited a plastic deformation stage (from point II to III) after
reaching its ultimate tensile strength, whereas PLA underwent
brittle failure with no significant post-yield deformation. The
strain distribution in Figure 4B reveals that PLA fractured
immediately upon the formation of localized strain concen-
tration in the gauge area. In contrast, wood-PLA displayed a
more uniform deformation at the same strain value (Point II)
and a broad plastic deformation range before breakage (Point
III), as shown in Figure 4C. Due to the plastic deformation
in wood-PLA, the strain energy density (see Equation (2)) of
wood-PLA reached 8.91 x 10~7J/m?, which is 1.41 times greater
than that of the PLA sample. These findings are consistent
with other studies on wood fiber-PLA and biofibre-reinforced
PLA composites. Lage-Rivera et al. observed that increasing
fiber content led to a progressive decrease in tensile strength
[22], whereas the elongation at break increased, reaching its
maximum at a fiber content of 15%. Siddiqui et al. [58], and
Mazur et al. [59] reported the reduction of Young's modulus of
wood-PLA. Similarly, Yu et al. confirmed these observations in
their work [60].

The higher strain energy density observed in wood-PLA com-
posites may be attributed to several synergistic mechanisms.
Interfacial debonding between the wood fibers and the PLA
matrix, followed by fiber pull-out, serves as an effective en-
ergy dissipation process. In addition, the introduction of wood

particles results in a heterogeneous internal structure that
disrupts crack propagation paths, increases the effective crack
path length, and reduces local stress concentrations. These
combined effects delay the onset of catastrophic failure, en-
abling the material to accommodate greater deformation prior
to fracture.

The reduction in the ultimate tensile strength and Young's mod-
ulus results from the introduction of the wood fiber. According
to Tao's research [61], wood fiber has a polar (hydrophilic) sur-
face, whereas PLA has a non-polar (hydrophobic) surface. The
disparity between the polar and non-polar surfaces prevents the
formation of a strong interfacial bond [62]. During the tensile
test, the pull-out effects are often observed in on the wood-PLA
samples in previous studies [12]. Besides, many researchers
have found that short fiber reinforcement can reduce the tensile
strength of polymers, as these fibers cannot effectively bear ten-
sile loads the way continuous molecular chains do [13, 63].

In addition to the interfacial challenges caused by the wood fi-
bers, thermomechanical degradation of the PLA matrix during
melt processing can also play a significant role in reducing the
mechanical performance of wood-PLA composites [64]. During
compounding and extrusion, repeated heating and shearing
may induce chain scissions in the PLA, leading to decreased mo-
lecular weight, which in turn compromises the thermal stability
and mechanical integrity of the material [65]. These degradative
changes are often accompanied by an increase in crystallinity,
as shorter polymer chains reorganize more easily [66].

3.1.3 | SENB Test of PLA and Wood-PLA

3.1.3.1 | Fracture Pattern. Figure 5 exhibits the crack
initiation and propagation of PLA and wood-PLA samples
during SENB tests. The contour diagrams illustrate the evolu-
tion of the £, strain during the loading processes. For the PLA
sample, crack initiation occurred at the notch tip, followed by
an increasingly pronounced crack propagation as the applied
displacement increased. The observed strain distribution indi-
cates that stress was concentrated around the notch tip, result-
ing in brittle fracture characteristics with a straight, upward
crack propagation. Notably, samples with a 4mm notch length
exhibited more pronounced cracking under the same applied
displacement due to the larger maximum stress at the crack
tip. The maximum flexural stress in SENB samples is approx-
imately calculated in Supporting Information using a simpli-
fied three-point bending model. It shows that the maximum
flexural stress decreases as the notch length increases under
the same deflection.
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FIGURES5 | The e, contour diagram of PLA and wood-PLA SENB samples with 4 and 10 mm notch length during the loading process.

Due to the introduction of wood fibers, wood-PLA samples ex-
hibited a different crack evolution pattern, which was impacted
by the notch length. The presence of wood fibers led to more
distributed plastic strain accumulation around the crack tip, as
highlighted in the red areas (Figure 5), which was consistent
with the observation in Section 3.1.2 that wood-PLA exhibited
more plastic deformation before break. The sample with a 4mm

notch exhibited a slight zigzag crack pattern, with the propaga-
tion primarily in the vertical direction. In contrast, the 10mm
notched wood-PLA sample showed horizontal crack propaga-
tion before the applied displacement reached 3mm. This be-
havior was attributed to the lower maximum flexural stress at
the notch tip compared to the 4mm notched sample, which in-
hibited the initial upward crack propagation. Instead, the strain
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FIGURE 6 | Results of SENB samples in the control group: (A) force-displacement curves, (B) displacement at crack onset, (C) energy absorption,

and (D) peak force. The displacement at crack onset of wood-PLA with a 10 mm notch corresponds to the vertical crack onset.

mismatch between the elongated region above the notch tip and
the undeformed material below led to interlayer shear debond-
ing, causing the crack to propagate horizontally at first. After
the applied displacement exceeded 3 mm, the crack changed its
direction and developed vertically upwards due to the tensile
stress.

3.1.3.2 | Force-Displacement Curve. Figure 6A presents
force-displacement curves obtained from SENB samples with
notch lengths of 4 and 10mm. PLA samples exhibited a higher
initial peak force, followed by a sharp load drop, characteristic
of brittle fracture. In contrast, wood-PLA samples displayed a
lower peak force but a more gradual force decline, correspond-
ing to the ductile fracture mode in Figure 5.

For the 4 mm notched samples (Figure 6B), wood-PLA exhib-
ited a larger displacement at crack onset compared to PLA,
measuring 2.3mm. For the 10mm notched samples, the
wood-PLA sample initially developed a horizontal crack at a
displacement of 2.1 mm, followed by vertical crack propaga-
tion beginning at 3.2mm. During the debonding phase from
2.1 to 3.2mm, no significant force reduction was observed in
wood-PLA.

Figure 6C shows that wood-PLA samples exhibited higher en-
ergy absorption compared to PLA. The energy absorption of
wood-PLA was 2.907J for the 4mm notched samples and 2.13J
for the 10 mm notched samples, whereas the corresponding val-
ues for PLA counterparts were 2.05 and 1.537J, respectively. In
Figure 6D, PLA exhibited a significantly higher peak force of
1.53kN with the 4mm notch, which decreased to 1.23kN with
the 10mm notch. In contrast, the peak force for wood-PLA sam-
ples was only 0.75 and 0.59kN for the 4 and 10 mm notched sam-
ples, respectively, confirming the lower strength of wood-PLA.
Hence, despite its lower strength, wood-PLA exhibited superior
energy absorption capability and ductile fracture characteris-
tics, preventing sudden failure under loading.

3.2 | Water Absorption and Thermal Analysis

3.2.1 | Water Absorption Ability

The wood-PLA tensile samples exhibit a significantly higher
water absorption rate compared to the pure PLA samples.

Figure 7A exhibits that after soaking for 3days, the water
absorption rate of wood-PLA reached 5.24%, which was 12.8
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FIGURE 7 | (A)The water absorption rates of wood-PLA and PLA tensile samples, (B) SENB samples, (C) ATR-FTIR spectra of PLA and wood-

PLA samples after drying and after 7days of water immersion.

times higher than that of PLA (0.41%). Thereafter, the water
absorption rate of wood-PLA continued to increase signifi-
cantly with immersion time, whereas the increase in PLA
remained negligible. Notably, after 15days of immersion,
the water absorption rate of the wood-PLA samples rose to
9.81%, which was 21.7 times higher than that of the PLA sam-
ples (0.45%). The high water absorption in wood-PLA arises
from the hydrophilic nature of wood fibers, where the cellu-
lose composition promotes interactions with water molecules
[22]. The ATR-FTIR results [67, 68] in Figure 7C show that
the wood-PLA exhibited a pronounced increase in the peak
intensity within the wavenumber range of 3000-4000cm™
(with transmittance reaching approximately 80%) after water
immersion, whereas PLA showed no significant change. The
pronounced peak in this region indicates an increased pres-
ence of hydroxyl groups, which reflects the enhanced forma-
tion of hydrogen bonds and the uptake of water molecules
within the wood-PLA composites [55].

In SENB samples (Figure 7B), PLA maintained consistently
low values (around 0.44%) with minimal change over time.
However, the values of wood-PLA were significantly lower
than those of their tensile counterparts, despite exhibiting a
similar increasing trend over time, with a maximum value
of 1.72% at 15days. The reduction observed in SENB samples
was caused by their increased thickness, as well as differences
in shape and surface area, which reduced their overall con-
tact efficiency with water. Additionally, the greater thickness
likely hindered water penetration into the inner layers, re-
sulting in a lower absorption rate over the same immersion
duration.

Pure PLA exhibits relatively poor hydrophilicity, particularly
on the smooth surfaces of PLA materials produced by tradi-
tional manufacturing methods [18, 35]. Although using FDM
can effectively enhance hydrophilicity by creating surface po-
rosities and uneven, wavy textures that increase contact with
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water [69], the water absorption of FDM printed PLA is still
limited.

3.2.2 | Effect of Water Absorption on
Thermal Properties

Figure 8A presents the DSC thermograms of PLA and wood-PLA
in both dry and wet states. The glass transition temperature (Tg) of
dry PLA was measured at 58.8°C, indicating that water absorption
had only a marginal effect on the polymer chain mobility of neat
PLA. In contrast, dry wood-PLA exhibited a lower T, of 57.2°C,
which further decreased to 55.5°C after moisture absorption. This
more pronounced reduction highlights the effect of water absorp-
tion on wood particles in wood-PLA, which enhances segmental
motion and lowers the glass transition temperature.

The TG results shown in Figure 8B reveal that the major
weight loss for all samples occurred between 300°C and 400°C,

corresponding to the thermal decomposition of the PLA matrix.
The wet wood-PLA displayed a slight shift of the TG and DTG
curves toward lower temperatures, suggesting the evaporation
of absorbed moisture retained by the hydrophilic wood fibers. In
contrast, wet PLA showed negligible weight loss in this region due
to its much lower water uptake. Importantly, the decomposition
profiles of wet and dry samples after 15days of immersion at room
temperature exhibited no notable differences, indicating that no
measurable degradation had taken place during this period.

3.3 | Tensile Properties With Water Immersion
3.3.1 | Stress-Strain Curves

Figure 9 presents the tensile stress-strain curves of PLA and
wood-PLA after different immersion durations. Additionally,

it compares the curves of samples that were re-dried after each
immersion stage, providing insights into the effects of water
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exposure on the mechanical properties of the materials. It can
be observed that prolonged immersion led to a decline in ten-
sile strength and stiffness for both materials in the wet group.
Wood-PLA exhibited a more pronounced reduction in tensile
strength due to its higher hydrophilicity. In the wet group,
the elongation at break of wood-PLA increased significantly
after 7days of water exposure. The re-dried samples showed
notable recovery in their tensile stress-strain behavior, indi-
cating that the observed degradation was primarily physical
and reversible, rather than a result of permanent chemical
breakdown. Both wet and re-dried groups exhibited the same
deformation and fracture patterns shown in Figure 4B.

3.3.2 | Mechanical Properties
The ultimate tensile strength, elastic modulus, elongation

at break, and strain energy density were extracted from ten-
sile stress-strain curves and presented in Figure 10. The
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mechanical metrics of control group samples were plotted as
dashed lines for comparison. As shown in Figure 10A, the ul-
timate tensile strength notably decreased as the water immer-
sion duration increased from 3 to 15days. The ultimate tensile
strength of PLA samples dropped from 54.6 MPa in the control
group to 47.8 MPa after 12days of immersion, demonstrating a
12% reduction. The ultimate tensile strength of wood-PLA sam-
ples decreased from 23.4 MPa in the control group to 21.1 MPa
after 3days, further dropping to 18.5MPa after 15days, repre-
senting a 20% reduction. For both PLA and wood-PLA samples,
the most significant decrease in ultimate tensile strength oc-
curred within the first 7days, after which the decline gradually
stabilized. By applying the Jonckheere-Terpstra test [54] to the
ultimate tensile strength of wood-PLA and PLA after water im-
mersion, both datasets were shown to exhibit a clear monotonic
decreasing trend. The one-sided p values were 0.998 and 0.982,
respectively, for wood-PLA and PLA, both exceeding the signif-
icance threshold of 0.95. After redrying, the tensile strength of
both samples returned almost to the control level.
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FIGURE 10 | Tensile results of wet and redried groups: (A) ultimate tensile strength, (B) Young's modulus, (C) elongation at break, and (D) strain

energy density.
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Figure 10B shows that in the wet group, Young's modulus of
wood-PLA decreased with prolonged immersion, dropping
from 1495 MPa in the control group to 1333 MPa after 15days,
corresponding to a 10% reduction. After redrying, the Young's
modulus of the samples from each immersion stage returned to
its original value. PLA samples exhibited a decrease from 3102
to 2846 MPa after 15days of water exposure, representing an
8% decrease. The Young's modulus of PLA samples immersed
for 3days fully recovered to its initial value after redrying.
However, for other immersion durations, the redried samples
exhibited a lower modulus than the initial value. After 15 days
of immersion, the Young's modulus of the redried samples was
2863 MPa.

Water absorption had a significant influence on elongation at
break. As shown in Figure 10C, with increasing immersion
time, both PLA and wood-PLA samples exhibited a notable in-
crease in elongation at break, reaching a peak value at 10days,
followed by a decline by 15days. The wood-PLA sample had an
initial elongation at break of 4.8% in the control group, reaching
a peak of 8.0% after 10days, representing a 66% increase. For
PLA, the value started at 2.1% and peaked at 2.8% after 10days.
By applying the Jonckheere-Terpstra test to the elongation at
break of wood-PLA and PLA after water immersion, with par-
ticular focus on the datasets for 3, 7, and 10days of immersion,
both materials were found to exhibit a clear monotonic increas-
ing trend. The p values were 0.026 and 0.037, respectively, for
wood-PLA and PLA, both below the significance threshold
of 0.05. After redrying, the elongation at break of wood-PLA
samples decreased compared to the wet group but remained
higher than the control group, possibly due to residual moisture
trapped within the wood fibers. However, the elongation of PLA
returned close to the control level after redrying, suggesting a
fully reversible effect in PLA.

Primarily due to the increase of elongation at break, both wood-
PLA and PLA samples exhibited an increased energy absorption
after water immersion as shown in Figure 10D. Initially, the
strain energy density of wood-PLA and PLA was 8.91x1077J/
m? and 6.39x1077J/m3, respectively. After 10days of immer-
sion, the strain energy density of the wood-PLA and PLA sam-
ples peaked at 1.32x107%J/m? and 8.46x107~7J/m3, and with
the maximum increase rate 48% and 32% respectively. Then,
the values for both materials decreased to 9.78 x10~7J/m? for
wood-PLA and 6.87x1077J/m3 for PLA, though both remained
higher than their initial values. Hence, both wood-PLA and PLA
demonstrated a noticeable increase in their energy absorption
capacities within a short period (up to 15days) of water absorp-
tion. After redrying, both samples showed a decline in strain
energy density, with their values closely aligning with that of
control group, indicating that the energy absorption capacity
was reversible during the water soaking and redrying treatment
processes.

Similar observations have been reported in previous studies on
wood-PLA and other biofibre-reinforced PLA composites after
water immersion. For instance, Ecker et al. [35] found that im-
mersion in water led to a noticeable reduction in tensile strength,
particularly in composites containing higher hydrophilic fiber
content. Ayrilmis et al. [16] similarly reported that water uptake
caused a pronounced reduction in tensile strength in wood-PLA.

Ali et al. [70] emphasized the significant increase in elongation
at break and toughness of flax/PLA composites.

The observed changes in mechanical properties can be attributed
to water-induced plasticisation [71]. Water functions as an ex-
ternal plasticizer by reducing intermolecular interactions and
enhancing chain mobility [72]. Although both PLA and wood-
PLA underwent this process, the effect was more pronounced
in wood-PLA owing to its hydroxyl-rich constituents (i.e., cel-
lulose and hemicellulose) and higher porosity, which facilitated
water uptake and hydrogen bond formation, as discussed in
Section 3.2. FTIR analysis corroborated this mechanism, show-
ing intensified absorption in the 3000-4000cm™" regions after
immersion, indicative of increased hydroxyl groups and hydro-
gen bonding.

3.4 | SENB Test Results With Water Immersion

Figure 11A,C show the force-displacement curves for wood-
PLA with 4 and 10 mm notches, respectively. Unlike the tensile
results, water absorption had a negligible impact on the peak
force of SENB samples. Compared to the curves of the redried
samples, the wet samples consistently exhibited a slower force
decline stage with higher force levels after the peak force. In
contrast, Figure 11E presented that for PLA with a 4mm notch,
regardless of the immersion time or whether the sample was
redried, the curves were tightly clustered with very minimal
differences. The deformation and fracture patterns remained
consistent with the control group as presented in Figure 5, re-
gardless of the water immersion.

As shown in Figure 11B,D, wood-PLA samples with a 4mm
notch exhibited an initial energy absorption of 2.897J in the
control group, which increased to 3.33J after 15days of water
immersion. Similarly, wood-PLA samples with a 10 mm notch
had a slightly lower energy absorption of 2.127J but increased to
2.897J by 15days. Both types of wood-PLA samples exhibited a
significant increase in energy absorption: the 4mm notch sam-
ple showed a growth rate of 15%, whereas the 10 mm notch sam-
ple demonstrated an even more pronounced increase of 36%.
The increase in energy absorption was primarily reflected in
the descending phase of the force-displacement curves. As men-
tioned earlier, compared to the redried samples, the wet sam-
ples consistently exhibited a more gradual force decline while
maintaining higher force levels after reaching the peak force.
Consequently, the area beneath the curves for the wet samples
was larger, resulting in greater energy absorption. After redry-
ing, both samples exhibited a reduction in energy absorption,
with the values returning to their original level as indicated by
the control group.

In contrast, the pure PLA samples showed minimal changes
in energy absorption after water immersion, as demonstrated
in Figure 11F. The energy values remained stable around 2.17,
with only slight fluctuations observed. The subtle changes ob-
served in the PLA SENB test can be attributed to the structural
characteristics of the SENB testing method. Unlike the dog bone
samples used in the tensile test, the SENB configuration exhib-
ited reduced contact efficiency with the surrounding water. The
increased thickness of the sample hindered water penetration

12

Polymer Composites, 2025

85UB01 SUOLIWIOD SAER.D) 3 [qedt|dde 2y Aq peunob 8 DR YO 88N J0'S3IN 1o ARRIqIT UIUO /B]1A UO (SUORIPUOD-PLE-SLLBHW0D™ A8 I Ae1d) 11U U0/ SdIY) SUORIPUOD PUe SW L 3L 385 *[520Z/0T/7T] U0 ARg178UIIUO AB]IM ‘10UN0D LIRSSy [EIIPRIN PUY UIESH BUOIEN AQ #8102 90/Z00T 0T/10p/w00" A8 | 1M ARe.d 1 puluo'Suo o1 igndedsyy//Sdny o pepeojumoq ‘0 ‘695087ST



(A) (B)4
» wood-PLA (4 mm _notch) ] Wet [] Redried - - Control
1.2} A Wet group  Redried group
/ 3 Days 3 Days 6
—— 7 Days 7 Days :3" = S - -
~09} ——10Days —— 10 Days | .2
Z — 15D 15D
i~ \ ays ays & r
~ \\— Control grou @2t
) group @ 2
206} =
i 2 ‘-
3
03} glf
m
0.0 - : .
0 2 . 4 6 8 3 7 10 15
Displacement (mm) Immersion duration (days)
(®) (D) .
wood-PLA (10 mm notch) [ Wet [ Redried - - Control
0.6 F — Wet group 3t
Redried group
’ ~—— Control group
é 0.4 //
q) /
Lg ’:
02} /
)/
0.0 - : - :
0 2 4 6 8 3 7 10 15
Displacement (mm) Immersion duration (days)
(E) (F) .
PLA (4 mm notch) [ Wet [ Redried - - Control
L6 — Wet group — —
-Redried group =2
—— Control grou =
~12 i o=
& e
4 2
208 =
o 1
2 >
g
0.4 (=
m
0.0

Displacement (mm)

3 7 10 15
Immersion duration (days)

FIGURE 11 | The force-displacement curve and energy absorption of the SENB sample with different conditions: (A) and (B) wood-PLA with
4mm notch, (C) and (D) wood-PLA with 10 mm notch, (E) and (F) PLA with 4mm notch.

(mentioned in Figure 7B before), limiting the water absorption
effect on the material [18]. This reduction in water absorption
was noted in both PLA and wood-PLA samples. Additionally,
the minimal variation in energy absorption observed for PLA
in the SENB test, compared to wood-PLA, can be explained by
the inherent material differences. PLA is less sensitive to water
exposure than wood-PLA, which incorporates wood fibers.

The short-term yet non-negligible effects of water immersion on
wood-PLA composites carry important implications for their
practical use. Due to the hydrophilic nature of wood fibers,
these materials readily absorb moisture in humid environments,
which can compromise their mechanical performance. As a re-
sult, careful consideration must be given when employing such
composites in conditions where humidity fluctuates or where
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direct water exposure is likely, as their structural reliability may
be adversely affected.

At the same time, the observed increase in strain energy density
following moisture uptake points to potential utility in applica-
tions that demand enhanced energy absorption, such as impact
resistance or vibration damping. Nonetheless, the associated re-
duction in tensile strength must be taken into account to ensure
that the material's load-bearing capacity remains suitable for its
intended function.

Encouragingly, the recovery of mechanical properties after re-
drying suggests that the degradation induced by short-term
water exposure is largely physical and reversible. This charac-
teristic is particularly beneficial in scenarios where the material
may intermittently come into contact with moisture, as its per-
formance can be restored through appropriate drying, thereby
prolonging the service life of the composite.

4 | Conclusions

This study examined the mechanical properties of wood-PLA
composites manufactured via FDM printing under water condi-
tioning. Tensile and SENB tests were conducted on wood-PLA
and compared with those of pure PLA. The impact of water ab-
sorption on mechanical performance was evaluated through
water immersion for up to 15days, followed by a redrying pro-
cess. The key findings are as follows:

Before water immersion, wood-PLA exhibited a significantly
lower ultimate tensile strength (23.4MPa) than pure PLA
(54.6MPa) but a 41% higher strain energy density (8.91x10~7J/
m? compared with 6.31x1077J/m3). The longer elongation at
break in wood-PLA contributes to its higher energy absorption
capacity. Similar trends were observed in SENB testing, where
wood-PLA consistently absorbed more energy. This improve-
ment in energy absorption was attributed to the introduction of
wood fibers, which altered the fracture behavior and shifted the
brittle failure observed in PLA to ductile fracture.

During water immersion, both materials experienced a de-
cline in tensile strength and an increase in energy absorption
capacity. These changes resulted from the plasticization effect
induced by water molecules, which acted as external plasticizers
by penetrating the polymer matrix and temporarily disrupting
intermolecular interactions. Moreover, wood-PLA exhibited
significant water absorption due to its higher porosity and the
presence of hydrophilic components in the wood fibers such as
cellulose and hemicellulose. Although the tensile strength and
elastic modulus of wood-PLA exhibited a maximum reduction
of 20% and 10%, the elongation at break and energy absorption
ability for wood-PLA increased by 66% and 48%, respectively.

After drying, both materials largely regained their original prop-
erties, including ultimate tensile strength, elongation at break,
Young's modulus, and energy absorption capacity. This recovery
demonstrated the reversible nature of water-induced plasticisa-
tion during short-term water immersion. These findings high-
light the potential of FDM printed wood-PLA composites for use

in environments with intermittent moisture exposure, provided
that adequate drying can be ensured between wet cycles.

In addition to its technical implications, this study has signif-
icant potential for broader impact. The findings could benefit
industries such as construction, automotive, and packaging,
where materials are exposed to variable moisture conditions.
Furthermore, this work contributes to the growing body of re-
search in sustainable and bio-based materials, offering insights
into the processing and performance of wood-PLA composites
in real-world applications. This study paves the way for future
research aimed at enhancing the performance and durability
of wood-PLA composites, including their long-term behavior in
humid environments.
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