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Abstract

Using lignin-phenol-formaldehyde (LPF) impregnated flax fibres is a little-studied
method for reinforcing plywood through natural materials with only a modest
increase in density. The main objective of this study was to assess the effects

on the mechanical properties of small-leaved lime (Tilia cordata) veneer-based
lightweight plywood (density <600 kg m~—3) by inserting non-twist flax fibre fabrics
pre-impregnated with lignin-phenol-formaldehyde resin. Two types of composite
materials were compared—fully impregnated flax fibre fabric (Fullpreg’) and pre-
impregnated flax fibre fabric (‘Prepreg’) inserted beneath the top layers of five-layered
plywood boards. A 5-layered plywood without insertions served as a reference.
Plywoods with insertions of pre-impregnated flax fibre fabrics (81.7 N mm™2)
exhibited up to 9.4% higher modulus of rupture (MOR) compared to the reference
(74.7 Nmm™2), while fully impregnated insertions (83.9 N mm™2) achieved

12.3% higher MOR than the reference in the grain direction of the top layers.
Simultaneously, the modulus of elasticity (MOE) decreased for both variants due

to the insertion, with reductions of 5.7% parallel and 10.3% perpendicular to grain
direction. The surface soundness was 1.56 N mm™2 for the ‘Fullpreg’ variant and
147 Nmm™2 for the 'Prepreg’ variant, compared to 1.25 N mm ™2 for the 'Reference’
variant. The mean thickness swelling was 8.7% for the ‘Fullpreg’ variant and 8.8%
for the 'Prepreqg’ variant, while the mean water uptake was 23.9% for both variants,
compared to the reference of 22.2%. Considering the resulting properties, the
insertion of LPF pre-impregnated flax fibre fabrics can be an appropriate technique
for improving the properties of plywood using natural materials.

Keywords Plywood, Reinforcement, Lignin-phenol-formaldehyde, Flax fibre

1 Introduction

The bending properties, both under static and dynamic loads, are among the most
important material properties for plywood in construction and structural use [1].
Simultaneously, the importance of combinations of renewable materials, such as natu-
ral fibres and bio-sourced adhesive systems, is increasing [2, 3]. Improving the bend-
ing properties is possible through several approaches, such as veneer densification [4],
utilising a combination of different wood species [5], or reinforcing with fibres [6, 7].
Fibre reinforcement is a well-discussed method for enhancing plywood, which also
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maintains its favourable strength-to-weight ratio (SWR), but its utilisation in indus-
trial plywood production is low. The increasing relevance of reinforcing plywood with
renewable, eco-friendly fibres such as flax (Linum usitatissimum) fibres is highlighted
in the context of a growing global demand for plywood [8] and an expanding supply
of low-grade wood resources. The increasing scarcity of large-diameter, high-quality
logs suitable for the production of high quality plywood necessitates the investigation
of alternatives, including the use of juvenile and lower quality logs for plywood man-
ufacturing. Various inorganic materials, including carbon, glass, aramid and basalt, as
well as a range of fibre-based products like roving, woven and non-woven fabrics, have
been employed for fibre-reinforcement, often in combination with epoxy resins [9-16].
Vijayan et al. [17] highlighted that natural fibre-based composites have effectively dem-
onstrated their fundamental potential as weight-saving materials. However, the cur-
rent scientific challenge is to make them practically applicable. Correspondingly, the
endeavour to use largely or entirely bio-based material combinations in the long term,
along with bio-based adhesives, is the subject of ongoing research in various fields of
materials science [18]. Bachmann et al. [2] pointed out the often poor interfacial bond-
ing properties between hydrophilic natural fibres and hydrophobic polymers, which lead
to low mechanical properties. Building upon these challenges, Lau et al. [19] point out
that replacing synthetic fibres with natural fibres in structural components is a com-
plex undertaking. The presence of moisture inside the composites (at the laminar level)
and at the bonding interface can notably alter interfacial adhesion properties, thereby
affecting their mechanical performance. In light of these considerations, Saal et al. [20]
suggested that the wider adoption of fibre-reinforced plywood, especially in load- and
impact-bearing applications, would greatly contribute to enhanced durability and lon-
gevity of the material whilst also allowing for more sustainable use of raw wood mate-
rial. They elaborated that better management of wood resources is a key factor, and
although plywood and other contemporary wood-based composites are already mod-
els of resource efficiency, they hold potential for further improvement in this category
through fibre reinforcement [20]. However, besides various organic fibre-reinforcement
materials like kenaf (Hibiscus cannabinus), date palm (Phoenix dactylifera), and hemp
(Cannabis sativa) [21, 22], flax fibre is widely employed [23] in combination with sev-
eral adhesives, including urea-formaldehyde (UF), melamine-urea-formaldehyde (MUF),
polyurethane (PU-K), isocyanate MDI-based pre-polymer (PU-AN), and epoxy resins
[24, 25]. Karri et al. [26] demonstrated that lignin-phenol-formaldehyde resin is suitable
for bonding five-layer poplar plywood. They also used this adhesive system with short
hemp fibres as a reinforcing material. Although research on fibre-reinforced plywood
has made important contributions, the way in which bidirectional flax fibre fabric pre-
impregnated with phenol-formaldehyde (PF), one of the most widely used adhesives in
plywood manufacturing, and its modified adhesives such as lignin-phenol-formaldehyde
(LPF), influence both static and dynamic bending properties of plywood remains unad-
dressed. This study examines methods for assessing these properties under both static
and dynamic conditions, discusses the factors influencing them and investigates the
practical implications for applications. Five-layered plywood was manufactured from
rotary-cut veneers of small-leaved lime (7ilia cordata), incorporating LPF-pre-impreg-
nated bidirectional flax fibre fabric beneath the top layers. The flax fibres were not

spun into yarns, but were instead woven as rovings (without undulation), referred to as
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non-twist. A lignin-phenol-formaldehyde adhesive, where 50% of the petroleum-based
phenol was replaced by lignin, was utilised in order to meet sustainability aspects. The
study assesses modulus of rupture (MOR), modulus of elasticity (MOE), impact bending
strength (IBS), thickness swelling (TS), and includes evaluations of surface soundness
(SS) and strength-to-weight-ratio (SWR) as well as stiffness-to-weight ratio. This analy-
sis illuminates the role of LPF-pre-impregnated non-twist flax fibre fabrics in enhancing
the static and dynamic load-bearing capabilities of plywood. It also contributes to the
challenges and opportunities related to assessing the quality of bonding achieved with
PE-pre-impregnated bidirectional flax fibre fabric. Finally, this study underscores the
importance of optimising plywood-fibre compositions and design strategies to enhance
its performance in the face of varying loads, ultimately contributing to the advancement
of safer, more sustainable, and economically viable structural solutions.

2 Materials and methods

2.1 Materials selection and preparation

Small-leaved lime (Tilia cordata, Mill,, 1768) is a native hardwood species in Central
Europe with suitable properties for veneer and plywood production, but it is rarely
used for material applications in practice. Rotary-cut veneers (Fraunhofer Institute for
Wood Research Wilhelm-Klauditz-Institut WKI, Braunschweig, Germany) with a nomi-
nal thickness of 2 mm were used to manufacture five-layered plywood. The veneers
measured 500 mm X 500 mm (! X w) in nominal size. The wood originated from for-
est stands in Lower Saxony (Braunschweig, Germany) and was provided by the Nieder-
sdchsische Landesforsten (Lower Saxony State Forests, public forestry administration).
Veneers were obtained from three different trees and randomly mixed before specimen
preparation.

The lignin-phenol-formaldehyde adhesive Prefere 14W451 (Prefere Resins Germany
GmbH, Erkner, Germany) was used for both the impregnation of flax fibre fabric and the
bonding of the veneer layers. Prefere 14W451 is a two-component system, consisting of
the adhesive Prefere 14W451 and the powder hardener EXPH 9500 [27, 28]. According
to the manufacturer (Prefere Resins Germany GmbH), this system contains lignin as a
partial replacement for petroleum-based phenol, with a substitution ratio of 50% phenol
by lignin. However, detailed lignin specifications (e.g., origin, molecular weight, purity)
were not disclosed by the manufacturer due to proprietary formulation. The viscosity
at 20 °C was 300 mPa s, the non-volatiles content at 105 °C was 48%, and the density at
20°C was 1.21 gecm ™3 [27].

The selection of fibres and matrix components was the same for both of the 'Fullpreg’
and 'Prepreg’ variants. A commercial bidirectional flax (Linum usitatissimum L., 1753)
fabric, ampliTex® 5040 (Bcomp Ltd., Fribourg, Switzerland), featuring fibres aligned
at both 0° and 90° with a fabric weight of 300 gm™2 and a twill 2/2 weave [29], was
employed as fibre material [29]. The fabric cuttings were 500 mm x 500 mm (I x w)
in size. The lignin-phenol-formaldehyde adhesive, Prefere 14W451 (Prefere Resins Ger-
many GmbH, Erkner, Germany), was used as the matrix. The matrix resin was applied
to both sides using a roller with a total of 520 gm~2 of adhesive applied. Both rein-
forcement approaches were selected to be technically compatible with existing plywood
production lines. However, considerations regarding industrial implementation were
beyond the scope of this study.
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Fullpreg: The adhesive-treated fabrics were subjected to a hot-pressing process at a
temperature of 140 °C, applying a specific pressure of 0.65 N mm~2 and a set point force
of 162.5 kN for a duration of 6 min. After each pressing cycle of 60 s, 120 s, 180 s and
240 s, the press was ventilated for 10 s. A HSP 250 (Gottfried Joos GmbH & Co.KG, Pfal-
zgrafenweiler, Germany) was employed for hotpressing. Subsequently, single Fullpregs
were covered with press paper and allowed to cool to the ambient temperature of 22 °C
over a 24 h period and both sides were sanded with 80 grit.

Prepreg: The adhesive-treated fabrics were pre-cured in a HSP 250 hot press (Gottfried
Joos GmbH & Co. KG, Pfalzgrafenweiler, Germany), which was heated to 100°C. The
press was not fully closed and had an open gap of 20 mm between the heated pressing
surfaces, so no pressure was applied. Heat was applied to the underside of the prepregs
through contact with a pressing plate, while the top side was heated by the ambient tem-
perature. The dwell time of the prepregs in the press was 6 min.

2.2 Sample fabrication and testing

Five-layered plywood was produced using two of the manufactured Fullpregs or Pre-
pregs and Prefere EXP 14W451 to bond the remaining veneers. Prepregs were inserted
between 90° cross laid veneer layers 1-2 and 4-5 without additional adhesive appli-
cation. Veneer layers 3 and 4 were manually glued on the top side by approximately
120 gm~2 adhesive (Fig. 1). Prior to utilisation, the prepregs’ remaining moisture con-
tent in percentage was assessed using two Sartorius MA 160-1 (Sartorius Lab Instru-
ments GmbH & Co. KG, Goettingen, Germany) Moisture Analysers operating at a
temperature of 140 °C. Hotpressing was carried out with an HSP 250 (Gottfried Joos
GmbH & Co.KG, Pfalzgrafenweiler, Germany). The stacked layers were hotpressed to

Rotary-cut Flax Fibre Lignin-Phenol-
Venner Fabric Formaldehyde
Resin

| Impregnation |

Prepreg Dr;ing Fullpreg

| Sanding |
1]
Gluing |
Layer Assembly
1 0
o T e =
S 0
v

| Hot pressing

Fig. 1 Schematic representation of the plywood manufacturing process. Layer assembly simplified for clarity.
Numbers indicate veneer layer order, degree values indicate grain direction. Fullpreg and Prepreg shown in distinct
colours; each board contains only one reinforcement type
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plywood boards with a specific pressure of 1 Nmm™2 and a set point force of 250 kN
for 10 min at a temperature of 130 °C. Ventilation steps of 10 s were interposed after
60 s, 120 s, 180 s and 240 s. Cooling occured within an unheated press, maintained at
0.5Nmm~2, for a duration of 24 h to avoid deformation. One reference was produced
for this study. The reference was created using the same process as described, but with-
out reinforcement material. Instead of employing prepregs, adhesive was manually
applied to the top sides of veneer layers 2 and 5, as was the case with the method used
for the other veneers. Three boards were manufactured per variant. For a selective com-
parative analysis of the 'Prepreg’ and 'Fullpreg’ effects, a five-layered plywood variant
was manufactured with birch veneer top layers and three small-leaved lime core layers,
following the identical manufacturing parameters as applied to all other plywood speci-
mens in this study. This birch-faced variant was not part of the primary test series and
is therefore not included in the full evaluation. However, selected results are used for
orientation when interpreting the mechanical performance of the flax-reinforced ply-
wood. All manufactured boards measured 500 mm x 500 mm (I X w) in size, with thick-
nesses of 9 mm for the reference boards and 10 mm for the boards containing prepregs
or fullpregs.

Cooled plywood boards were cut into the required test specimens. Before testing, all
specimens were conditioned at 20 °C and 65+5% relative humidity (RH) until their mass
stabilised, with no substantial variation observed over two consecutive days.

The density p (kg m~?) of conditioned specimens was determined according to EN 323
[30]. Density profiles were obtained using a GreCon Densityprofiler (Weinig GreCon
GmbH & Co. KG, Alfeld, Germany). Operating conditions for density measurements
included a 0.1 mm s~ feeding rate, 32.686 kV voltage, and 525 pA electric current.

Microscopy images were captured using a 3D reflected-light microscope (VHX-7000,
KEYENCE Corporation, Osaka, Japan). The thicknesses of the flax fibre insertions were
measured, and the mean thickness was determined based on 10 measurements per spec-
imen, with five measurements taken for each flax fibre layer.

Modulus of rupture (MOR) f,, (Nmm~2) and modulus of elasticity (MOE)
E,, (Nmm~2) were determined through three-point bending tests according to EN 310
[31]. The tests were conducted using a ZwickRoell universal testing machine (ZwickRoell
GmbH & Co. KG, Ulm, Germany) equipped with a 10 kN load cell. The specimens had
dimensions of 230 mm x50 mm (/ x w), with thicknesses corresponding to their respec-
tive board thicknesses, and were tested with a span of 180 mm between the supports.
For each variant, a total of 12 specimens were tested: 6 in the parallel (||) direction and 6
in the perpendicular (L) direction, with 2 specimens taken from each of 3 boards.

Impact bending strength (IBS) w (kJm~2) was determined using a Resil Impactor
(CEAST GmbH, Martinsried, Germany) pendulum machine, following a modified ver-
sion of DIN 52189-1 [32] with adjusted specimen size. A pendulum hammer with an
energy of 15 ] was used to transmit the dynamic impulse to the specimens. The speci-
mens had nominal dimensions of 150 mm x 10 mm x 10 mm (! X w X t), with a sup-
porting span of 115 mm. The actual height of the samples corresponded to the thickness
of the specimen. Tests were conducted both parallel and perpendicular to the grain of
the top layers. IBS (w) was calculated based on the recorded energy W (J) using Eq. (1)
where w is the specimen width and ¢ is the specimen thickness, both in millimeters.
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" (1000 x W) )
= wxb D
For each variant, a total of 60 specimens were tested: 30 in the parallel direction (||) and
30 in the perpendicular direction (L), with 10 specimens taken from each of 3 boards.
The strength-to-weight ratio (SWR) o (N mkg_l) was calculated using the method
established by Hao et al. [33] to quantify the reinforcement effect using Eq. (2) where p
is the density in kg m =3, Fax is the maximum force at failure obtained in three-point
bending test in N, and |, w and t are the dimensions of the specimen in m.
13X Fyae ¥ l
U_px 2 X w X t2 2)
The stiffness-to-weight ratios (E/p) in N mkg ™" were calculated to determine the
effect of the reinforcement on the plywood stiffness according to Eq. (3) where E,,q is
the modulus of elasticity (MOE) obtained in three-point bending test in Nm~2 and p is
the density in kgm 3.

1
E/p = ; X Emag (3)

The surface soundness (SS) between the top layers and the impregnated flax fab-
ric beneath was assessed using a modified surface soundness test procedure based on
EN 311 [34] to determine the bonding quality of the plywood. The cutting depth of the
top layers was set to 1 mm. For each variant, a total of 15 specimens were tested (5 speci-
mens from each of 3 boards)

Thickness swelling (TS) and water uptake (WU) tests were conducted on specimens
with dimensions of 50 mm x 50 mm x board thickness. For each variant, a total of 24
specimens were tested (8 specimens from each of 3 boards).TS was determined accord-
ing to EN 317 [35]. Measurements were taken after 2 h and 24 h of water immersion.
Additionally, WU was calculated using Eq. (4) where m,, is the wet mass of the speci-

men after water immersion, and mg is the initial dry mass of the specimen.

WU = My — Md % 100 (4)

mq

2.3 Data analysis

Statistical analysis and data visualisation were conducted using R (version 4.2.2, R Core
Team, 2022) through the RStudio interface (version 2024.09.0+375, Posit PBC, Boston,
Massachusetts). The data analysis focused on descriptive statistics and graphical repre-
sentation methods to examine data distributions comprehensively due to limited sample
size (n = 3 boards per variant) and variations in impregnation and veneer quality. To
visualise the data distribution, boxplot diagrams were employed. The statistical analy-
sis utilised R’s built-in functions to calculate key descriptive measures including median
values, interquartile ranges, extrema (minimum and maximum values), means (where
applicable), and standard deviations, providing a comprehensive numerical characterisa-
tion of the data distribution to complement the visual analysis.
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Table 1 Mean densities and standard deviations of plywood specimens, measured parallel (||) and
perpendicular (L) to the grain of the top layers in kg m >

Plywood variant Density
(kgm—3)
Il L
Reference 563 £ 11 567 £9.3
Fullpreg 638 £+ 22 641+ 17.7
Prepreg 647 £6 650 £+ 16.4
0
[':l\-. 1
Pt ,’l‘ i

4~ 1000 Y Pt

c [ o

2 : [
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Fig. 2 Representative density profiles of selected plywood specimens (a) and cross-sectional microscopy images
(b) showing the flax fibre distribution in 'Fullpreg'and ‘Prepreg’ plywood variants. Vertical white lines indicate the
extent of individual fibre layers. Microscopy images taken at 50 x objective magnification

3 Results and discussion

3.1 Mechanical and physical properties

The insertion of impregnated flax fibre fabrics results in a moderate increase in density
compared to the 'Reference’ variant in both directions (Table 1). Based on the median
values, the actual densities increased by 13.3% for the 'Fullpreg’ variant and by 14% for
the 'Prepreg’ variant compared to the 'Reference’ variant (Table 1). For comparative
purposes, it may be noted that using birch veneers as top layers (own data, variant not
shown) increased the median density by 17.75% compared to the 'Reference’ variant.
The observed density increase can be attributed to both the inherent weight of the flax
fibre fabric itself (with a fabric weight of 300 g m~2) and the additional adhesive content,
contributing to the overall composite mass.

The density profiles of 'Fullpreg’ and Prepreg’ specimens reveal different characteris-
tics despite the use of identical base materials. ‘Prepreg’ specimens exhibit higher, more
pronounced density peaks, while 'Fullpreg’ specimens demonstrate a broader region of
elevated density with lower peak values (Fig. 2a). Microscopy measurements determined
a flax fibre insertion thickness of 577 um (5.8 % of total thickness) for 'Fullpreg’ and
284 pm (2.9% of total thickness) for 'Prepreg’ specimens.

The observed differences in density profiles can be attributed to two primary factors:
the pre-curing state of 'Fullpreg’ and the additional adhesive content. The 'Prepreg’s’
uncured state allows for enhanced resin flow and mobility during processing, result-
ing in higher mean density and considerably lower standard deviation, indicating more
uniform compaction. In contrast, the ‘Fullpreg’s’ partially cross-linked resin structure
restricts material flow and compression. The additional adhesive in ‘Fullpreg’ acts as a
spacer between fibres, contributing to the broader density distribution. These findings



Cordier et al. Discover Applied Sciences (2025) 7:810 Page 8 of 17

strongly suggest that the pre-cured state of the ‘Fullpreg’ matrix is the dominant factor
affecting density distribution. The partially cross-linked resin resists complete compres-
sion due to its reduced mobility, resulting in a broader density profile with lower peaks.
The additional adhesive contributes to a wider spacing between fibres, leading to a
broader density profile. This effect outweighs the influence of the additional adhesive, as
evidenced by the lower overall density in ‘Fullpreg’ specimens despite the added material.
The markedly lower standard deviation in ‘Prepreg’ specimens (SD = 6 vs. SD = 22)
demonstrates that uncured material allows for more uniform compaction during pro-
cessing. The microscopy images of the cross-sections highlight the higher compaction
of the flax fibre fabric inserts in the ‘Prepreg’ variant compared to the ‘Fullpreg’ variant
(Fig. 2b). The choice of pre-impregnation method markedly influences not only the final
density but also its distribution throughout the material. These findings align with previ-
ous studies on wood-based composites, where processing parameters have been shown
to influence density profiles [36]. The density profiles exhibit the typical characteris-
tics of plywood, with higher density in the adhesive joint areas [9, 37]. Jorda et al. [38]
found similarly shaped density profiles for plywood reinforced with unidirectional flax
fibre. The observed density increases in the present study are 4.0% to 13.0% lower than
those reported for synthetic fibre reinforcements such as carbon and basalt, which range
between 17.0 and 27.0% [10], supporting the potential of flax fibres for lightweight appli-
cations. This assessment’s focus on density characteristics is limited to standard climate
conditions (20 °C, 65 %RH) and specific pressing parameters. The influence of varying
processing conditions, such as different pressing temperatures or pressures, might yield
different density distributions and warrants further investigation. For industrial applica-
tions, ‘Prepreg’ systems might be preferable when uniform density distribution is cru-
cial, despite their slightly higher overall density. The broader density distribution in the
‘Fullpreg’ variant might be advantageous in applications where gradual property transi-
tions are desired. Future research should investigate the long-term stability of these den-
sity distributions under various environmental conditions and the relationship between
density profiles and mechanical properties.

The median MOR and MOE measured in the three-point bending test showed a pro-
nounced increase compared to the ‘Reference’ variant. This increase was observed in
both directions, parallel (]|) and perpendicular (L) to the grain of the top layers, taking
into account the actual densities (Fig. 3a—d).

The increase in MOR ||, compared to the ‘Reference’ variant, was A12.3% for the ‘Full-
preg’ variant and A9.4% for the ‘Prepreg’ variant, based on the actual density of the
specimens. The increase in MOR 1, compared to the ‘Reference’ variant, was A20.5%
for the ‘Fullpreg’ variant and A36.6% for the ‘Prepreg’ variant. In contrast to the increase
in MOR, the MOE showed varied results. For the ‘Fullpreg’ variant, there was a decrease
of A—5.7% in the parallel direction and A—10.3% in the perpendicular direction. For
the ‘Prepreg’ variant, however, an increase was observed: A4.6% in the parallel direction
and A15.4% in the perpendicular direction. Clearly, the ‘Fullpreg’ variant had the high-
est standard deviations in both MOR and MOE, in both directions.

The ‘Prepreg’ specimens consistently required an approximately 23.4% higher standard
force compared to the ‘Reference’ specimens when subjected to comparable deforma-
tion (Fig. 4). In contrast, some of the ‘Fullpreg’ specimens exhibited remarkably differ-

ent behavior, undergoing very high deformation (up to 35 mm) without experiencing
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Fig. 3 Modulus of rupture (MOR) and modulus of elasticity (MOE) measurements parallel (||) and perpendicular
(L) to the grain of the top layers. Each boxplot represents 6 measurements (3 boards x 2 specimens). The grain
direction (||, L) is specified in the y-axis labels of each subplot
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Fig. 4 Force-deformation diagram during three-point bending strength tests of selected specimens parallel to
the grain of the top layers. Specimens denoted by * showed no failure during testing

failure during testing. These specimens displayed a notably lower force (approximately
500 N) compared to the reference specimens (typically around 1200 N). A notable trade-
off between ductility and strength was observed, particularly in the ‘Fullpreg’ specimens.
The performance of the ‘Prepreg’ reinforcement indicates its effectiveness. The higher
standard force observed in ‘Prepreg’ specimens at comparable deformation levels sug-
gests an increase in the load-bearing capacity of the plywood. This finding indicates that
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the ‘Prepreg’ method may be more efficient in facilitating stress transfer between the flax
fibres and the wood matrix, resulting in improved mechanical properties. The ‘Fullpreg’
specimens presented more complex behaviour. The wide range of behaviors observed
in these specimens points to inconsistency in the reinforcement process. This variabil-
ity raises questions about the consistency of the fullpreg reinforcement method. While
‘Prepreg’ appears to enhance strength without dramatically altering the failure mode,
‘Fullpreg; in some cases, seems to fundamentally change the material’s behavior, possibly
introducing a more ductile failure mode. Comparing these results with existing research,
some discrepancies are notable. A previous study found no significant influence of
flax fibre reinforcement on the MOR and MOE of beech plywood [25]. One potential
explanation for this discrepancy is the utilisation of disparate flax fibre fabrics. While
Jorda [25] employed fabrics with spun yarns, the present study utilised fabrics with non-
twist yarns, which allow for a more optimal exploitation of the fibre strength due to the
absence of fibre ondulation [39, 40]. The results are somewhat similar to those of Borri et
al. [41], who found that wooden beams made of high-quality wood did not show sig-
nificant increases in load-bearing capacity when reinforced with natural fibres embed-
ded in an epoxy matrix, but indicated increased ductility of the wooden elements. The
results are limited by the high standard deviations observed, particularly in the ‘Fullpreg’
variant, indicating higher variability in the reinforcement’s effects. This variability could
be attributed to inconsistencies in the impregnation process or inherent variations in
the natural materials used. A study of plywood reinforced with carbon and basalt fibres,
showed similar results to this study in that both the maximum load and maximum
deflection of the plywood increased compared to the reference plywood [10]. The choice
between ‘Prepreg’ and ‘Fullpreg’ reinforcement methods may ultimately depend on spe-
cific application requirements. ‘Prepreg’ might be preferred for applications demanding
higher strength and more predictable behaviour, while ‘Fullpreg’ might find advantages
in applications where high deformation without catastrophic failure is desirable.

The increase in MOR can be attributed to the increased density; the SWR shows only
partial improvement of the plywood through the incorporation of impregnated flax fibre
fabrics, depending on the loading direction. In the parallel direction, both reinforcement
strategies show limited influence on the strength-to-weight ratio (SWR), with ‘Fullpreg’
slightly increasing and ‘Prepreg’ slightly decreasing performance compared to the ‘Refer-
ence’ (Table 2). In contrast, the perpendicular direction shows substantial improvements
for both treatments, with the ‘Prepreg’ variant demonstrating the most pronounced
enhancement. This directional dependency suggests that partial pre-impregnation may
be particularly effective under transverse loading, likely attributable to the biaxial fibre
orientation (0° and 90°) within the flax fabric layers. Although the improved strength
values indicate reinforcement effectiveness, baseline density increases due to fibre incor-
poration must be considered when evaluating material efficiency. For orientation, addi-
tional data from a birch veneer treatment (own data) indicate superior performance in
the parallel direction but inferior values in the transverse direction compared to both
flax-reinforced variants. For stiffness-to-weight ratios, the ‘Fullpreg’ variant exhibits
decreased values in both directions. By contrast, the ‘Prepreg’ variant marked direc-
tional dependency: modest reduction parallel to the grain but substantial improvement
transversely. These distinct performance differences underscore the critical influence
of impregnation methodology on reinforcement effectiveness and indicate that partial
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Table 2 Strength-to-weight ratio (SWR) and stiffness-to-weight ratio of different treatments in
longitudinal and transverse direction. Percentage changes (A) relative to the baseline values of the
Reference treatment. *Data for birch veneer are included for orientation only and were not part of
the main study focus

Property Treatment Direction Value Change A vs. Reference
(N mkg™?1) (%)

SWR Reference I 167 178 -
Fullpreg 175 850 +5.2
Prepreg 162 835 -2.6
Birch veneer* 190 884 +14.2
Reference 1 73022 -
Fullpreg 77 196 +5.7
Prepreg 86 553 +18.6
Birch veneer* 68 735 -5.9

Stiffness-to-weight Reference I 1.54 x 107 -
Fullpreg 1.27 x 107 -17.5
Prepreg 1.46 x 107 5.2
Reference 1 4.04 x 106 -
Fullpreg 3.65 x 106 9.7
Prepreg 4.85 x 106 +200

pre-impregnation provides selective mechanical advantages under perpendicular load-
ing conditions.

These findings indicate that the weight penalty of incorporating flax fabrics outweighs
potential stiffness gains in the parallel direction, suggesting the need for selective rein-
forcement strategies. The effectiveness of flax fibre fabrics for stiffness-to-weight ratios
is highly direction-dependent, with pre-impregnated flax fabrics being particularly valu-
able in applications where perpendicular stiffness is crucial. The scope of the investiga-
tion was focused on specific pre-impregnation methods and fabric configurations. The
marginal differences observed in SWR between the reinforced and reference variants
suggest that the current impregnation techniques or fabric properties may not be opti-
mised for maximising the strength-to-weight ratio. Similarly, for the stiffness investiga-
tion, the study focused specifically on pre-impregnated flax fabrics with defined material
parameters in a lignin-phenol-formaldehyde matrix, and the observed effects might vary
with different fibre configurations or impregnation methods. When placing these results
in the context of existing studies [2, 17, 19, 20, 24, 25, 38], it becomes evident that the
effectiveness of pre-impregnated flax fibre fabrics as a reinforcement material may be
more limited than anticipated, particularly when considering the strength-to-weight
ratio. The choice between using LPF pre-impregnated flax fibre fabrics or alternative top
layer materials should be based on the primary loading direction in the intended appli-
cation, with prepregs being particularly beneficial where perpendicular loading resis-
tance and minimal weight increase are prioritised.

The median impact bending strength (IBS) in the perpendicular direction of the top
layers increased with the insertion of pre-impregnated flax fibre fabrics (Fig. 5).

In the perpendicular direction, both the ‘Fullpreg’ and ‘Prepreg’ variants showed
increased IBS, with the ‘Prepreg’ variant demonstrating the most substantial improve-
ment, reaching up to 40.0% compared to the ‘Reference’ variant. In the parallel direction,
the ‘Prepreg’ variant maintained similar IBS to the reference, while the ‘Fullpreg’ vari-
ant showed an increase. Notably, the ‘Prepreg’ variant exhibited much more consistent
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results in the parallel direction, with the coefficient of variation (CV) reduced from
26.5% for the ‘Reference’ variant to 13.5% for the ‘Prepreg’ variant. In the perpendic-
ular direction, the ‘Prepreg’ variant showed a marked reduction in CV to 37.8% from
50.0% for the ‘Reference’ variant, while the ‘Fullpreg’ variant exhibited an increased CV
of 62.1%. The observed reduction in standard deviation suggests that the insertion of
pre-impregnated flax fibre fabrics has a homogenising effect on the plywood. This effect
could be particularly advantageous when using lower grade veneers with lower raw
density for plywood production, helping to stabilise the IBS and reduce extreme devi-
ations. The particularly strong homogenisation observed with the ‘Prepreg’ variant in
both testing directions (CV reduction of 49% parallel and 24% perpendicular to grain)
suggests that this approach offers the most reliable path toward improved material con-
sistency. The observed increase in perpendicular impact bending strength aligns with
studies on other dynamically tested natural fibre reinforcements, such as those reported
by Salman et al. [42], who found improvements in fatigue stiffness and strength of lami-
nated composites using jute fibres as reinforcement material. This assessment focused
on the impact bending strength and its variability. While it provides insights into the
mechanical behaviour of flax fibre-reinforced plywood under dynamic loading, it is
important to note that long-term performance characteristics and fatigue behavior were
not investigated in this particular study. Additionally, the microstructural mechanisms
of failure during impact were not examined in detail. The enhanced perpendicular IBS
and reduced variability in parallel IBS have practical implications, particularly in appli-
cations where plywood is subjected to out-of-plane impact loads or where consistent
product performance is required.

The insertion of flax fibre fabrics led to a slight increase in the mean surface soundness
compared to the reference, thus not negatively impacting the quality. The mean surface
soundness increased by 24.8% for the ‘Fullpreg’ variant and by 17.6% for the ‘Prepreg’
variant compared to the ‘Reference’ variant (Fig. 6). The mean wood failure percentages
were higher in the ‘Fullpreg’ and ‘Prepreg’ variants compared to the ‘Reference’ variant,
with a proportional ratio of approximately 1:3:3.

Compared to the ‘Reference’ variant, the ‘Prepreg’ variant showed a slightly higher
standard deviation of 0.246 N mm~2 compared to 0.186 N mm™2. The results provide
no evidence of deterioration in bonding quality when incorporating flax fabrics. The
increase in mean wood failure percentages supports this observation. The slight increase
in standard deviation can be explained by the inherent variability of natural fibres and
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potential inconsistencies in resin distribution during the prepreg process. These results
align with comparable studies on the integration of natural fibres into wood-based
materials. Jorda et al. [38] found that the shear strength of reinforced plywood was not
negatively affected by the type of reinforcement material nor the adhesive amount. In
contrast to some investigations that reported a decrease in mechanical properties when
incorporating natural fibres within a polymer matrix [43—48], this study demonstrates
an improvement in surface soundness and thus provides no direct indication of a nega-
tive impact on overall bonding quality. It is important to note that this assessment was
limited to surface soundness and did not include other bonding-related properties such
as tensile shear strength. Furthermore, only a limited number of lax fibre-based rein-
forcement approaches were tested, which constrains the scope of the conclusions.

The thickness swelling (TS) and water uptake (WU) of the plywoods were not essen-
tially influenced by the insertion of the Fullpregs or Prepregs. The ‘Reference’ variant
exhibited a sightly higher standard deviation for WU of 2.8% compared to the ‘Fullpreg’
and ‘Prepreg’ variants (both 1.3%). Plywood incorporating fullpreg interlayers exhibited
a 42.0% lower standard deviation in WU compared to reference plywood, while ply-
wood incorporating prepreg interlayers exhibited an even more pronounced effect, with
a 53.5% lower standard deviation in WU. The thickness swelling of plywood predomi-
nantly originates from the face layers. The positioning of prepregs or Fullpregs beneath
the face layers therefore only marginally affects the thickness swelling. These inserts
likely lead to a certain decoupling or temporal delay in the water uptake of the core lay-
ers relative to the swelling of the face layers, resulting in a lower dispersion of the results.
The incorporation of prepreg or fullpreg layers appears to result in a reduced dispersion
of WU measurements through several interconnected factors: The decoupling effect
introduced by these layers facilitates a more uniform and regulated moisture transport
into the core layers, resulting in a more homogeneous swelling process throughout the
plywood structure. The prepreg layers function as semi-permeable membranes, effec-
tively regulating moisture transport. The temporal delay in moisture uptake by the core
layers serves to smooth out short-term fluctuations in ambient conditions. Dimen-
sional stability is crucial in composites, particularly for hybrid composites, as it notably
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influences their mechanical performance in load-bearing applications [49]. The dimen-
sional stability of composite materials is related to their susceptibility to microcracking
and moisture absorption [50]. Cai et al. [51] demonstrated that long-term hydrother-
mal ageing of flax fibre phenolic composites weakens the interlaminar shear properties
through “swelling-debonding-matrix degradation-fibre degradation” The findings pro-
vide a contribution concerning the moisture-related behavior of plywood with prepreg
or fullpreg layers. This assessment focuses primarily on WU and its variability, offering
insights into the mechanisms behind the observed reduced dispersion. However, the
understanding of how prepreg layers function as semi-permeable membranes regulating
moisture transport is limited and would benefit from deeper investigation. The reduced
dispersion in WU measurements has practical implications for plywood applications
where dimensional stability is crucial, potentially the overall performance and reliability
of plywood products in varying moisture conditions.

3.2 SWOT-analysis

To contextualise and assess the results within a broader framework, an analysis of
strengths, weakness, opportunities and threats (SWOT) was conducted based on the
obtained findings, while also taking into account additional aspects (Fig. 7). These fur-
ther considerations, concerning the market situation, life cycle assessment (LCA), and
potential negative drawbacks related to fibre-matrix behaviour, were derived from a lit-
erature survey [52—54].

4 Conclusion

This study demonstrates the potential of flax fibre-reinforced plywood composites using
LPF-impregnated bidirectional flax fabric to address the declining availability of high-
grade roundwood. Both ‘Prepreg’ and ‘Fullpreg’ reinforcements show distinct perfor-
mance characteristics, enabling application-specific material optimisation. However, a
significant performance gap remains before industrial implementation becomes viable.
Whilst measurable improvements in bending properties were achieved, the enhance-
ment levels fall short of commercial requirements for structural plywood applications.
The technique shows promise but requires further optimisation to reach performance
thresholds that justify additional processing complexity and costs. Critical research
priorities include: optimising fibre content and orientation to maximise property
enhancement; conducting long-term durability studies under service conditions; and
establishing economic feasibility through production scaling analysis. Future studies
with larger sample sizes would enable inferential statistical analysis to strengthen the
statistical foundation beyond the descriptive approach necessitated by the limited speci-
men numbers and inherent variability in veneer quality and impregnation consistency.
Success depends on achieving industrially relevant performance improvements whilst
maintaining cost-competitiveness within existing manufacturing frameworks. The inte-
gration of renewable flax fibres with lignin-based adhesives provides a foundation for
sustainable engineered wood products, contingent upon bridging the identified perfor-
mance-viability gap.
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Fig. 7 SWOT analysis of the results within an extended context of feasibility evaluation
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