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Abstract

This study investigates the suitability of two thermoplastic polymers that are non-toxic and
environmentally friendly, namely polylactic acid (PLA) and recycled maleic anhydride grafted
polypropylene (rMAPP), as potential alternatives to formaldehyde-based adhesives in plywood
production. Two types of rotary-cut wood veneers, beech and Douglas fir, are tested. The performance
of interfaces is evaluated using interlaminar shear strength tests, and compared to those obtained with a
benchmark polyvinyl glue. This study examines the manufacturing process settings on interlaminar
shear strength, as well as the influence of incorporating plant fibre reinforcement into the adhesive. It
also evaluates the effects of accelerated ageing on the shear strength. The results indicate that
manufacturing parameters tested within the specified range have a limited impact on shear strength.
Both rMAPP and polyvinyl glue exhibit similar performance. This strong adhesion obtained with
rMAPP is attributed to the formation of covalent bonds between the maleic anhydride (MA) and the
hydroxyl groups within the amorphous constituents of the wood cell wall, and to mechanical
interlocking resulting from the polymer’s efficient penetration into the various wood pore structures,
including cell lumens and lathe checks. The incorporation of flax fibres enhances interface performance
under ambient conditions but has a negative effect in the case of hygro- and hydro-thermal accelerated
ageing. The results with PLA adhesive show more varied outcomes, with lower shear strength when
manufactured via vacuum bagging technique. Furthermore, the performance of PLA adhesive does not
meet plywood ageing standards due to its moisture sensitivity and susceptibility to hydrolysis

degradation.



Keywords

Plywood, bonding, natural fibres, ageing, adhesive, hybrid materials

1. Introduction

For the last twenty years, the use of renewable materials in industry has gained relevance due to various
environmental concerns facing our society. In the plywood industry, the most frequently used adhesives
are urea-formaldehyde (UF), melamine-urea-formaldehyde (MUF) and phenol-urea-formaldehyde
(PUF). These thermoset adhesives are petroleum-based and have a significant environmental footprint
both during their production process and at the end of their lifecycle. Additionally, they present some
health hazards [1]. Substituting these adhesives with environmentally friendly alternatives is the subject

of extensive research [2].

The use of bio-sourced resins, primarily derived from tannins and lignin, is well documented in the
literature and shows promising outcomes. In some cases, mechanical performance is comparable to that
of traditional adhesives, despite having certain limitations in terms of humidity resistance [3-8]. The
use of thermoplastic resins as adhesives for plywood is also an interesting alternative due to their
recyclability advantages. Bekhta et al. [9] tested the adhesion quality of birch and beech plywood bonded
with low density polyethylene (LDPE), co-polyamid (CoPA) and co-polyester (CoPE). They observed
adhesion properties approaching those of industrial glues and even exceeding them for CoPA. Other
studies have shown that the use of recycled polypropylene (rPP) as an adhesive for plywood results in
higher interlaminar shear strength (ILSS) compared to traditional formaldehyde-based adhesives [10,
11]. Gaugler et al. [12] investigated high-density polyethylene (HDPE), thermoplastic polyurethane
(TPU) and polylactic acid (PLA) in amorphous and semi-crystalline phases, to determine their suitability
as adhesives for maple, beech and spruce veneers. Their study revealed the superiority of PLA over
other adhesives, due to its higher polarity. Luedtke et al. [13] continued this study and showed that the
quality of the bond was dependent on the parameters of the manufacturing process. The excellent
performance of PLA as a plywood adhesive was subsequently corroborated by Grigsby et al. [14], who
also demonstrated that amorphous PLA outperformed semi-crystalline PLA in achieving a stronger

bondline in plywood.

Fibres can also be incorporated into the adhesive to produce advanced engineering materials with
enhanced performance. Bal et al. [15] observed that the modulus of elasticity and ultimate stress
increased when reinforcing poplar plywoods with glass fibre fabrics. Studies showed that these types of
reinforcements have an impact on the ILSS value, which is influenced by factors such as adhesive type
[16] and fibre orientation [17]. Fibres with lower environmental impact such as basalt fibre [18], bamboo
fibre [19, 20] have also displayed promising performance as interface reinforcements. However, Jorda

et al. [21] observed no significant effect of flax and cellulose fibre reinforcements on beech plywoods,



raising questions about reinforcement dependency on fibre areal weight, and adhesive choice. Despite
their many environmental benefits, plant fibres are also characterized by a high sensitivity to moisture,
especially when compared to the traditional synthetic fibres such as glass and carbon. That is why it is
important to evaluate the humidity and immersion resistance of new adhesives reinforced with such
fibres as it provides insights into their ageing behaviour and suitability for specific applications. Bio-
based adhesives can also be sensitive to moisture, which warrants a thorough evaluation of their

durability.

Literature points out that plywoods bonded with PLA exhibit minimal degradation of their ILSS when
immersed in cold water [14], meeting ASTM/HPVA industrial criteria [22]. However, degradations
have been observed when plywoods are immersed in water at temperatures above 60 °C due to the
degradation of PLA ester groups [23]. Kajaks et al. [10] observed that plywood glued with
polypropylene showed a reduction in ILSS of approximately 60% when immersed in cold water for
24 h. However, the hydrophobic nature of polypropylene makes it resistant to accelerated ageing
processes in hot and boiling water, meeting the standards for plywood adhesives [11]. Research has also
demonstrated the possibility of improving humidity resistance and adhesion between polypropylene and
lignocellulosic materials by grafting it with maleic anhydride (MA), which allows esterification between
O-H groups and maleic anhydride molecules [11, 24, 25]. Studies of ageing over several days and in
different atmospheric conditions show a dependence of the mechanical behaviour of plywood on relative
humidity and temperature caused by swelling of the substrates, which varies with the type of adhesive
[26, 27]. Long-term ageing of thermoplastic polymers when used as a matrix for plant fibre reinforced
plastics (FRP) shows that the presence of fibres affects the overall ageing behaviour of the composite,
with degradation occurring at the fibre / matrix interfaces [28] due to fibre swelling during water uptake
[29]. One might observe that literature lacks information relating to interlaminar performances of
plywoods made of low-quality veneers, as well as knowledge regarding ageing behaviour of interfaces

made of recycled or bio-sourced thermoplastics and plant fibres.

So, this study proposes a comparative analysis of the adhesive bond strength between wood veneers
using a traditional vinyl adhesive and adhesives with a reduced environmental impact, namely PLA and
recycled PP grafted with maleic anhydride. These adhesives were selected to represent two distinct
approaches for developing plywood adhesives with minimised carbon footprints and toxic emissions, in

contrast to the conventional formaldehyde-based adhesives commonly used in the industry.

PP is a widely utilised polymer with a broad range of applications, ranging from high-end to commodity
uses, including agricultural consumables, and represents 21% of the non-fibre plastic production since
1950 [30]. The recycled PP investigated in this study originates from such agricultural consumables. It
also allows for a reduction in its environmental impact, as its pellets production have a Global Warming
Potential (GWP) of 0.19 kg CO- eq./kg of polymer (for a ratio of 90% of recycled PP), against 1.86 kg



CO:> eq./kg of polymer for virgin pellets. For comparison, urea-formaldehyde (UF) based adhesives have
a global warming potential of 5.00kg CO- eq./kg of resin, and 3.66 kg CO; eq./kg of resin for phenol-
formaldehyde (PF) based adhesives. GWP values are issued from the Ecolnvent3 database. PP

production volume was of 79 million tons in 2018 [31].

The inherent hydrophobic nature of PP presents challenges when forming strong bonds with hydrophilic
materials like wood. However, this limitation can be overcome by grafting it with a compatibiliser, such
as maleic anhydride. As mentioned before, this process enables the creation of covalent bonds between
the PP molecules and the hydroxyl groups available on natural fibres [25]. By replacing some of the
hydroxyl groups on the wood polymers with organic anhydride, the hygroscopic properties of the wood
are reduced [32].

On the other hand, PLA stands as a prime illustration of bio-based adhesives, derived from abundant
biomass like maize [33], with no toxicity, and better environmental profile, as it has a global warming
potential of 3.09 kg CO; eq./kg of polymer (values issued from Ecolnvent3 database, excluding the
biogenic carbon component). Its production volume, of 494 thousand tons in 2023, is estimated to reach
around 2.9 million tons in 2028 [34].

Bio-based adhesives offer good properties such as their excellent compatibility with bio-based materials
due to their hydrophilicity, good mechanical performance, and potential for biodegradation. However,
their hydrophilic nature and propensity for biodegradation impose limitations on their potential
application fields, warranting thorough examination.

This research also involves two different wood species: beech, a wood commonly used in the European
plywood industry and serving as a reference material, and Douglas fir, a local wood type used to explore
new applications, particularly for the lowest graded wood pieces. The investigation also delves into the
effects on interface performance of plywood manufacturing parameters, ageing and the incorporation of

flax fibres within the adhesive.

In this paper, the first section presents the materials studied, the samples fabrication process, the testing
methods and the various post-processing studies carried out on the results. The second section is
dedicated to the presentation and discussion of the findings pertaining to the influence of the fabrication
parameters, flax UD reinforcement and ageing on ILSS and fracture behaviour. Lastly, the conclusions

drawn from these studies are comprehensively reviewed in the final section.

2. Material and Method

2.1. Materials

The plywoods studied are made from either beech (Fagus sylvatica) or Douglas fir (Pseudotsuga

menziesii) veneers from the Centre-Val de Loire and Bourgogne-Franche-Comté regions of France,
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respectively. They are rotary cut and provided by the LaBoMaP (processes and materials laboratory),
Cluny, France. The veneers are 2 mm thick for beech and 3 mm for Douglas fir. The Douglas fir veneers
are thicker because they are more fragile, making them more difficult to cut with a lathe while
maintaining a thinner thickness. They are considered as low-quality veneers because of the high number
of cracks and knots. Their average density at 15% moisture content is 710 kg/m?® for beech and 500
kg/m? for Douglas fir. After cutting, the veneers are dried, and then stored under non-controlled ambient

relative humidity and temperature.

Three adhesives are studied. The first one is a polypropylene recycled from agricultural wastes, provided
by the company Adivalor. It is mixed with 5 wt% of a polypropylene grafted with maleic anhydride
(rMAPP) Polybond ® 3200, which contains 1 wt% of pure maleic anhydride (MA). It is extruded into
70 um thick films using a calender extruder. Its melting flow index (MFI) is 6 g/10 min (measured at
230 °C, with a 2.16 kg load). Its ultimate tensile strain is 918% +/- 45%. The second adhesive, denoted
as “PLE 0057, is a PLA resin supplied by Natureplast with a crystallinity index of 30% to 40%. It is
processed through a calender extruder to produce 100 um thick films. This adhesive has a melt flow
index (MFI) of 10 g/10 min (measured at 190 °C with a 2.16 kg load). Its ultimate tensile strain is
approximately 5%. The third adhesive used as a reference is a common polyvinyl based wood glue
Paracol Wood D3®.

The reinforcement fibres used are in the form of unidirectional flax fibre tape (FlaxTape ®), supplied
by Ecotechnilin, France. The tape has an areal weight of 110 g/m2. The fibres are stored at 23 °C and
50% RH for a minimum of 48 hours prior to manufacture.

2.2. Fabrication

The veneers are stacked in the sequence [0/90/0]. In this sequence, the 0° orientation is aligned with the
longitudinal direction of the wood (L) and the x axis of the plate, whereas the 90° orientation is aligned
with the tangential direction of the wood (T) and the y axis of the plate. This stratification (Fig. 1(a)) is
chosen to ensure that the two middle veneers have the same orientation, which is a requirement for the
standard test described in section 2.4. The orientation of veneers with respect to opened or closed sides,
which depends on the presence of lathe checks, is randomly selected in this study and is therefore not
one of the parameters studied. Two adhesive film sheets are placed between each veneer. For both
adhesives, the temperature is set at 180 °C, as this provides good flowability for IMAPP and PLA while

remaining below the degradation temperature of flax fibres [35] and wood [36].



0 ° veneer

o p
90 ° veneer—,

[0,//90,,/0\\1s [0,,/90,,/0,,/0f]s
(a) (b)

Fig. 1 Schematic representation of plywood stratification, (a) without flax fibre reinforcement and (b) with flax fibre
reinforcement. In the stratification nomenclature, W is for Wood veneer, and F is for Flax Fibre ply.

A Fontijne LaboPro 600 press is used for thermocompression. The manufacturing process is as follows.
First, the stack is inserted in the press, and the thermocompression process begins. The press closes, and
starts heating to the set temperature at a rate of 15 °C/min. Once the desired temperature is reached, the
selected pressure is applied for a given period, which is divided into two segments. The first segment
has a fixed duration dependent on the veneer species. It is the time needed to reach the target temperature
in the core of the plywood. It is determined once for each configuration by monitoring temperature with
a thermocouple positioned between the middle veneers of the plywood. The second segment is a variable
time added to the fixed duration and referred to as Additional Heating Time (AHT). AHT is a parameter
considered in the optimisation phase of this study. The platens are then cooled down at a rate of 20
°C/min until they reach ambient temperature. The press then releases pressure and opens. When
investigating the effect of fibre reinforcement, a layer of unidirectional flax fibres is inserted between
the two adhesive film sheets of the middle layer (Fig. 1(b)). Fig.2 displays the temperature evolution
within the plywood core, along with the set temperature and pressure applied.
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Fig.2 Evolution of temperature and pressure between plywood’s middle veneers during the fabrication process

For vacuum bagging, the plywood is heated in a Memmert® UF 450 oven. The fabrication process
remains the same as for thermocompression, with two notable differences: a heating rate of 4.5 °C/min

and cooling achieved by opening the oven doors.



Reference plates are produced by a cold press process using polyvinyl glue. The glue is applied to one
side of the veneers with a roller at a rate of 150 to 200 g/m2. The veneers are then assembled under a

press with a pressure of 6 bars for a minimum duration of 20 minutes.

The newly manufactured plywood is then stored at 50% RH and 23 °C for a minimum of 48 hours before

being tested.

The parameters employed in the production of plywood without flax fibres, using both
thermocompression and vacuum bagging techniques, are summarised in Table 1. Meanwhile, the
parameters used in the manufacturing of plywood with flax fibres and for ageing tests are presented in
Table 2.

Table 1 Summary of fabrication parameters and composition of the tested plywoods

Adhesive Type and Fixed heating Additional heating time —

Wood ) ) ) Pressure (MPa)
mass (g) time (min) AHT (min)
rMAPP -92 g; Vacuum (0.1); 1
Beech 34 5; 15
PLA-181g¢g and 2
Douglas rMAPP - 92 g; Vacuum (0.1); 1
. 51 5; 15
fir PLA-181g and 2

Table 2 Summary of the fabrication parameters of the plates used for the fibre reinforcement and ageing studies

Sample Wood Adhesive Type  AHT (min) Pressure (MPa)
Fibre ] rMAPP
) Beech; Douglas fir 5; 15
reinforcement PLA .
) ) rMAPP
Ageing Beech; Douglas fir 15
PLA

The produced plywood plates are cut into 7 samples (25 x 100 mm?) following EN 302 standard
recommendations. Subsequently, notches are made on both sides of each sample, resulting in grooves
3 mm wide and 25 mm apart. These grooves reach a depth equivalent to three veneer layers. A schematic
representation of the final sample shape is depicted in Fig.3. The area between the two grooves is
referred to as the overlap area, measuring 25 x 25 mm2. When the specimen is subjected to tensile

loading, the overlap surface is subjected to shear loading, allowing ILSS to be measured for different

interface configurations. um
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Fig.3 Schematic representation of the test samples used for interlaminar shear strength measurement (a). Photo of an
interlaminar shear strength test sample before testing (b).

2.3. Ageing methods

7 samples of each group of components listed in Table 2 are subjected to accelerated ageing by two
different methods, each with a different degree of severity. The first method, labelled “Ag1” (for Ageing
1), draws inspiration from the works of Scida et al. [37], who studied the hydrothermal ageing of
flax/epoxy composites. In this method, the samples are aged in a Q-SUN-XE-3® climatic chamber with
a relative humidity of 90% and a temperature of 40 °C for 40 days. Samples are then placed in a climatic
chamber at the same hydrothermal conditions as those used for unaged samples conditioning (23 °C
50% RH), until stabilization of their relative humidity. The second method, designated “Ag2”, is derived
from the EN 314 standard, which is used for testing the adhesion of plywood. It consists of immersing
the samples in boiling water for 6 hours. Samples are then placed in a climatic chamber at 23 °C 50%
RH until stabilization of their relative humidity. Its severe aspect allows for testing the limits of
adhesives. These ageing methods are applied to samples with beech or Douglas fir veneers, bonded with

either MAPP or PLA adhesive, and with or without flax fibres reinforcement.

2.4. Interlaminar shear strength (ILSS) tests

Interlaminar shear strength tests are conducted using a tensile testing machine MTS C45 equipped with
a 100 kN load cell. The tests are carried out at a crosshead displacement speed of 2 mm/min. In Fig.3(a)
the applied forces are indicated by red arrows, and the shear test area is highlighted in red. The direction

of tensile testing coincides with the wood grain orientation (L-direction) in both the middle and outer



veneers. Throughout the test, the force and crosshead displacement are recorded over time. The ILSS is

subsequently calculated by dividing the tensile strength by the overlap area.

The results are analysed using various statistical methods and tools.-The statistical methods used are

detailed in the Online Resource 1.
2.5. Microscopic and X-Ray microtomography observations

Microscopic observations are conducted to examine the configuration of the interface across various
material compositions. Samples are cut transversely in a region outside the overlap area, polished, and
observed using a Keyence VHX 6000 digital microscope.

Some samples are scanned by X-Ray Computed Tomography (CT) on an EasyTom machine from RX
Solution, and the X-ray transmission images (projections) are acquired using a 2530DX detector of 2176
x 1792 pixels2. All the details concerning the X-ray microtomography conditions and parameters are

described in the Online Resource 2.

3. Results and discussions
3.1. Influence of manufacturing parameters on interface behaviour

Interlaminar shear strength

Fig.4 presents the results obtained from ILSS tests conducted on beech plywood samples manufactured
under the different combinations of pressure and heating times and with the three selected adhesives,
vinylic glue (VG) as a reference, rIMAPP, and PLA. Configurations are represented by a nomenclature
that includes the adhesive used, the pressure value and the additional heating time. The results of
statistical Tukey’s and Dunn’s tests are marked with letters next to the mean result, indicating whether
or not the results are significantly different from each other. Mean value and standard deviations are
represented with red dot and red lines. The box plots illustrate the median value, first (Q1) and third
(Q3) quartiles, and extreme values (whiskers). Outliers are not included in the box plots. Results are
summarised in Appendix 1. The overall findings indicate that both rMAPP and PLA yield ILSS values
within the same range as the reference adhesive. The mean ILSS values ranges from 6.5 MPa to 8.3
MPa with rMAPP and from 5.7 MPa to 7.6 MPa with PLA adhesive, while the reference adhesive yields
ILSS values from 6.4 MPa to 9.8 MPa. The ILSS results of rMAPP fall within the range observed by
Kajaks et al. [38] for birch veneers bonded with MA grafted PP, with values ranging from 6.82 MPa to
12.62 MPa. ILSS values obtained with PLA closely align with those reported by Luedtke et al. [13] for
beech veneers, ranging from 6.70 MPa to 9.56 MPa. As expected, results exhibit considerable variation.
Testing wood materials inherently involves statistical aspects, influenced by material heterogeneities,

defects and singularities. The coefficient of variation ranges from 2.8% to 29.7% depending on the



sample lots. Therefore, a statistical approach is clearly necessary to ensure a reliable comparison of the
results. The Tukey’s post-hoc test indicated that most of the configurations yielded ILSS values within
the same distribution, represented by the letter “b”, as the vinylic glue reference. The only configurations
that are statistically different from the reference are the samples made with PLA under vacuum
conditions, whose distribution is represented by the letter “a”. The beech-PLA samples manufactured
under vacuum with a 5-minute AHT are not depicted in the figure because the veneer samples
delaminated immediately after the manufacturing. Vacuum bagging demonstrated overall poor
performance for beech plywoods glued with PLA adhesive. Based on these findings, it is not

recommended to use vacuum bagging for this particular combination of materials and adhesive.
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Fig.4 ILSS of beech plywood manufactured with various combinations of additional heating time (AHT) in minutes and

pressure in MPa using the three selected adhesives

Fig.5 shows the ILSS results for Douglas-fir plywood. The overall findings reveal that most ILSS results
obtained with rMAPP and PLA (marked with the letter “b) do not exhibit a statistically significant
difference compared to the VG reference test. The Kruskal-Wallis test indicates a statistically significant
effect of adhesive choice and manufacturing parameters on the ILSS of the samples (p < 0.0006). Further
analysis using the corrected post-hoc Dunn’s test reveals that Douglas-fir samples glued with PLA at 1
and 2 MPa with an AHT of 15 minutes (marked with the letter “a”) are the only samples that do not

belong to the same distribution as the VG reference sample.
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The significant gap in ILSS values observed between the beech and Douglas fir samples is attributed to

the inherent lower strength of Douglas fir wood compared to beech, as indicated in references [39, 40].
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Fig.5 Interlaminar shear strength (ILSS) of Douglas plywood manufactured with various combinations of additional heating
time (AHT) and pressure using the three selected adhesives

Fracture mode and surface

Visual and microscopic observations are made to analyse the fracture surfaces after the tests and the
samples are categorised according to their fracture modes. Some examples are presented in Fig.6. Six
distinct fracture modes are identified: cohesive fracture located in the wood (Co-W (Fig.6(a))), cohesive
fracture located in the adhesive (Co-A (Fig.6(b))), mix of adhesive fracture and cohesive fracture located
in the adhesive (A/Co-A (Fig.6(c))), mix of adhesive fracture, cohesive fracture located in the adhesive
and cohesive fracture located in the wood (A/Co-A/Co-W(Fig.6(d))), mix of cohesive fracture in the
adhesive and cohesive fracture in the wood (Co-A/Co-W(Fig.6(e))), and out of joint (OJ). Beech
samples bonded with PLA primarily experience a mixed adhesive / cohesive adhesive mode (A/Co-A),
with the adhesive being the limiting factor. In contrast, a majority of rIMAPP-bonded samples exhibit

cohesive fractures within the wood substrate (Co-W), making wood the limiting factor.

This difference in failure mechanisms alters the interpretation of the ILSS values for rMAPP-bonded
samples, suggesting that these values represent the ILSS limit achievable at the interface, but not the

maximum potential of the adhesive. This could also explain the difference in variability observed
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between samples with ruptures located within the PLA joint and those within the veneer, with PLA

displaying a lower variability in failure than wood [41].

The fracture analysis for Douglas fir samples (Appendix 2) indicates that most of the configurations
result in cohesive fractures within the wood substrate (Co-W) or a mixed fracture involving the wood
substrate. Consequently, the wood veneer emerges as the weak link in these ILSS tests, limiting the
potential interpretations of the influence of the manufacturing parameters and the adhesive contribution
to ILSS.

Beec§+ PLA -
(1 MPa, 15 min)

Beech + rMAPP Beech + rMAPP + flax

N (1 MPa, 15 mm)- i fibre (1 MPa, 15 min) ||
C ~(b) (©)

Beech + rMAPP | L

(1 MP.«J 5mm) i

i Douglas r +PLA 22,
B (1 WP, min) D
(d)

Fig.6 Examples of fracture surfaces. (a): Co-W; (b): Co-A; (c): A/Co-A; (d): A/Co-A/Co-W; (e): Co-A/Co-W.

The difference in fracture behaviour can be attributed to the mechanical properties of the polymers
themselves. At ambient temperature, PP remains in the rubbery state. Its softness and deformability
facilitate the redistribution of stress within the bond line and throughout the surrounding veneers. In
contrast, PLA is in a glassy state, exhibiting higher rigidity, brittleness and significantly lower capacity
to deform, resulting in brittle fractures at the plywood interfaces. This phenomenon is observable on the
stress-deflections curves of the ILSS tests presented in Fig. 7 , as it showcases clear ruptures at lower
deflection values for the samples glued with PLA, where samples glued with rMAPP reach a higher

value of deflection, and demonstrate gradual break patterns.
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Fig. 7 Stress-deflection curves for ILSS testing on douglas (a) and beech (b) samples bonded with rMAPP or PLA

Nonetheless, all these results point out the suitability of using PLA and rMAPP with these two wood
species in plywood production, provided that appropriate manufacturing parameters are applied. This

demonstrates their ability to effectively compete with the reference VG adhesive.
Interphase region and bonding interactions

Fig.8(a) shows tomographic observations across the radial-tangential (RT) plane of the interface
between the middle veneers (taken outside the joint region and away from the sample borders), for
different wood species and adhesives. The images show characteristic anatomical features of wood.
They are detailed with arrows. Certain wood vessels near the interface between the veneers appears to
have a different colour compared to those further away from the interface. Vessels filled with rMAPP
display a grey level brighter than air but darker than wood due to the lower density of rMAPP. Those
filled with PLA are harder to distinguish from wood because the density of PLA is close to that of the
wood. The green dotted lines delimit the boundaries of the area where some vessels are filled, referred
to as the interphase region. A distinctive glue line varying in thickness depending on the type of adhesive
and the species of wood, is highlighted by the brown line. These distinct areas are the same that those
depicted in Castanié et al. [42]. Corresponding images on Fig.8(b) show the same visuals after machine
learning segmentation using the Fiji plugin "Trainable Weka Segmentation”. The aim of the
segmentation is to highlight the adhesive, allowing a clearer view of its diffusion. In the displayed
images, a higher level of brightness indicates a higher probability that a given pixel corresponds to the

adhesive.
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Fig.8 (a) X-Ray cross section of samples middle interface. (b) X-Ray cross section slices of samples middle interface with

highlighted adhesive through segmentation. The green dotted line marks the boundaries of the interphase region

The observed diffusion of adhesive within the vessels implies that the interfacial adhesion between

veneer layers results not only from chemical bonding but also from mechanical interlocking.

Indeed, at a plywood interface, bonding interactions are typically categorised into two distinct types:

chemical bonding and mechanical bonding.
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Mechanical bonding encompasses macroscopic phenomena where mechanical stresses are applied to
the veneer and/or the adhesive to uphold bond strength. Within a plywood interface, these bonds are
observed through phenomena such as adhesive anchoring in cracks and damages, adhesive penetration
in wood cell voids and surface roughness. Previous studies have shown, for example, that lathe checks,
which are periodic cracks formed on the inner edge of the veneer during the peeling process, have a
significant role in the mechanical performance of the joint [39, 40]. The presence of these mechanical
anchoring points with the adhesive used is illustrated on Fig.8. This phenomenon is observed for all the

tested materials.

The Fig.8 also highlights some irregularities in the glue line depth, particularly noticeable in the
Douglas-fir — rMAPP image, which increase the surface roughness. Surface roughness in veneers is
well-known to be affected by the wood grain structure, the cutting technique, and the wood species, and
can create additional mechanical anchoring points for the adhesive. Mechanical anchoring phenomena
can also result from variations in surface hardness, influenced by the presence of earlywood or latewood
or by wood anatomical features such as rays. During the fabrication process, the applied pressure on
these irregularities can lead to surface interpenetration if a stiff feature encounters a softer part, as it is
observable on the Douglas fir pictures on Fig.8. This effect is present in every tested sample, and
therefore cannot be distinguished as an explanation for differences observed in interlaminar shear

strength.

From the tomographic observation, it is evident that the adhesives penetrate into voids within the
veneers, primarily within the vessel lumens. This phenomenon, also known as “bulk flow” [43], is
influenced by factors such as lumen dimensions and openings on the wood surface, adhesive viscosity
and surface energy, and process parameters including assembly time, temperature, pressure and moisture
level [44]. This void penetration creates a new region around the adhesive joint, called the interphase
region, visible in Fig.8, where mechanical properties are influenced both by the wood and the adhesive.
The area seems to be wider for PLA glued samples, aligning with its lower viscosity compared to
rMAPP, which may serve as a reinforcing element for the bond line, as demonstrated in the research
conducted by Ebewele et al. [45].

Two distinct mechanisms facilitating the diffusion process are identified in the tested materials. The
first one, prevalent in beech samples, involves diffusion from one vessel to another in close proximity,
originating at the interface. This diffusion process has the potential to fill vessels with adhesive even in
the absence of a direct connection to the interface. Fig.9 illustrates this diffusion phenomenon with
illustrations obtained by CT scan a beech plywood sample glued with rMAPP. Red area is determined
by segmentation and illustrates areas filled with rMAPP, allowing the adhesive pathway through beech

vessels to be seen.
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Fig.9 X-Ray cross section and 3D reconstruction illustrating the adhesive diffusion through communicating and merging

vessels. Plywood interface is marked by the yellow dotted line.

The second diffusion mechanism, predominant in Douglas fir samples, involves diffusion from one
tracheid to another in close proximity, specifically through tracheid bordered pits. Bordered pits are
micrometric pores in the cell walls of tracheids that facilitate sap transfer. Fig. 10 shows tomographic
slices in plan xy and yz of a plywood sample made of Douglas fir and glued with rMAPP, from different
angles. The picture is shown before (Fig. 10(a)) and after (Fig. 10(b)) adhesive segmentation,
represented by the red areas. The pointed cell wall has a porosity that allows the adhesive to flow. Its
shape is that of a bordered pit border. The important difference in diffusion between earlywood (thin
cell walls) and latewood (thicker cell walls) observed in the last image of Fig.8(b), is due to the greater
thickness of pits components in latewood than in earlywood, which reduces its permeability and
therefore the adhesive diffusion [46].
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Fig. 10 X-Ray cross-section illustrating adhesive diffusion through bordered pits in Douglas fir tracheids, before (a) and after
(b) adhesive segmentation (red areas)

Fig. 11 shows a 3D representation of the segmented adhesive layer, with the wood cell walls virtually
hidden. The figure clearly illustrates how the resin fills the wood vessels, creating a strengthening

network in the shape of cylindrical resin structures.

_ Beech - rMAPP

{17

Fig. 11 X-Ray 3D reconstructions of plywood adhesive bondline for different wood species and adhesive, illustrating adhesive

diffusion in nearby vessels or tracheids

The interlocking mechanism may explain the higher incidence of cohesive fracture in rMAPP bonded
samples. An alternative explanation may lie in the brittle nature of the PLA adhesive, which exhibits
around 5% strain at break, in contrast to the highly ductile behaviour of rMAPP, which exhibits 918 %

strain at break.
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The advantageous aspect of adhesive diffusion into nearby empty vessels of the veneer lies in its
facilitation of improved stress distribution and reinforcement of the vessels [43]. However, while studies
have demonstrated that penetration depth can have a beneficial effect on the bond strength [45],
excessive diffusion can lead to the formation of an overly small bond joint, known as “starved” joint,
which ultimately weakens the interface bonding [47]. In the present study, the CT scan observations
reveal that the bond line remains significant for beech samples, whereas is considerably smaller for the
Douglas-fir samples. However, the great majority of wood-cohesive fracture mode in the Douglas-fir

indicates that their bond line thickness is sufficient to not be the limiting factor.

Another potential mechanical bonding phenomenon is macro-molecular entanglement, which
unfortunately remains undetectable in tomographic observations due to insufficient resolution. This
phenomenon may involve the entangling of polymer chains derived from the amorphous constituents of
the cell walls themselves [48] or between these chains and those of the adhesive [49]. Further
ultrastructural analysis would be required to shed light on the existence of these potential mechanisms

in the studied materials.

Despite the observed differences in the mechanical anchorage mechanisms between the two wood
veneer types and the two adhesives, the most plausible hypothesis to explain the higher ILSS values
obtained for rMAPP with both wood species is related to chemical bonding. Indeed, chemical bonding
phenomena play a decisive role in the final strength of the bond line [44]. In the case of rIMAPP, covalent
bonds are formed through esterification between the maleic anhydride and the hydroxyl groups of the
amorphous constituents of the wood cell wall. Additionally, hydrogen bonds can be formed between the
hydroxyl group of unoccupied sites. For PLA bonded veneers, the only bonds created are hydrogen
bonds between the hydroxyl groups of amorphous constituents of the wood cell walls and the polar
oxygen in the PLA molecule. Although hydrogen bonding is among the strongest intermolecular forces,
it remains much weaker than covalent bonds. Moreover, it is susceptible to hydrophilicity, as bonds

formed with hemicellulose or amorphous cellulose can be displaced by water molecules.

Finally, a last hypothesis could be put forward to explain the observed differences in adhesion between
the different tested materials. This involves the infiltration of the polymer into the wood cell wall. This
phenomenon has been shown to have a significant impact on the bond strength [50]. However, it can
only occur if the monomers possess a sufficiently low molecular weight, therefore favouring adhesive
with in-situ polymerisation [51]. In the studied thermoplastic adhesives, polymer chains undergo pre-
polymerization before veneer assembly, resulting in a molecular weight that is too high for diffusion

into the cell walls during veneer bonding.

Fig. 12 presents a schematic representation of the described bonding interactions occurring within the

interface region of the adhesive-bonded veneers.
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3.2. Influence of the incorporation of UD flax fibres in the adhesive

Interlaminar shear strength

Fig.13 displays the results obtained from ILSS tests conducted on the plywood interface, bonded with
PLA and rMAPP, reinforced with unidirectional flax fibres oriented either parallel or perpendicularly to
the wood grain, (detailed results are provided in Appendix 1.). Results showing statistically significant

means difference are marked by a different letter.
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Fig.13 ILSS of beech and Douglas fir plywood bonded with PLA and rMAPP, with or without flax fibre reinforcement.

In the case of beech plywood bonded with rMAPP, the addition of flax fibres at 0° resulted in a
statistically significant improvement of ILSS (p < 0.007), increasing from 6.96 MPa to 8.83 MPa
(+27%). However, the addition of fibres with a 90° orientation do not yield significant variation (p >
0.3). For beech plywood bonded with PLA, the incorporation of fibres leads to a significant reduction
in ILSS (p <0.0005), from 7.66 MPa to 6.76 MPa (-12%). A similar effect is observed for fibres oriented
at 90°, with ILSS decreasing from 7.66 MPa to 6.57 MPa (-14%). This can be attributed to the fact that
PLA also forms hydrogen bonds with the flax fibres, which do not contribute to shear strengthening the
bond line. The observations regarding the fibre reinforcement effect in this study differ from those
reported by Jorda et al. [21] on beech plywood glued with urea-formaldehyde (UF) and reinforced with
flax fibres, where no significant effect was observed. Several possible reasons can account for these
discrepancies. A possible explanation could be the lower areal weight of fibre reinforcements used in
their study, at 50 g/m2, as this may not provide sufficient reinforcement to significantly strengthen the
interface. Another factor to consider is the adhesive used. In the current study, samples bonded with
rMAPP show an increase in ILSS when reinforced with flax fibres, whereas samples bonded with PLA
do not, as does the UF adhesive in the study by Jorda et al. [21]. The improved performance with fibre
reinforcement may be attributed to the better adhesive properties of rMAPP and its compatibility with
cellulosic materials due to the maleic anhydride grafting, which may have enhanced the interaction

between the adhesive, fibres, and wood substrates.

When it comes to Douglas fir samples, those glued with rMAPP exhibit a significant increase in ILSS
(p < 0.04) when 0° fibres are added, increasing from 4.17 MPa to 5.69 MPa (+36%). However, no
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statistically significant effect is observed when fibres are oriented at a 90° angle. ILSS values for
Douglas fir samples glued with PLA significantly increased (p < 0.007) when fibres with a 0° orientation
were added, rising from 2.52 MPa to 3.77 MPa (+50%). For fibres oriented at 90°, there is no significant
variation in ILSS (p > 0.06).

Fracture mode and surface

The presence of flax fibres at the interface appears to have a significant effect on the fracture modes of
rMAPP and PLA glued beech plywood, predominantly leading to cohesive fractures occurring within
the adhesive (Co-A). However, this effect is not observed in Douglas fir plywood, where cohesive

fracture within the wood (Co-W) remains predominant.
Interphase region

Fig.14 shows a microscopic observation (a and b) and a X-ray slice (c) of the transverse cross-section
of a sample of beech plywood glued with rMAPP, with and without flax fibre reinforcement. In the
microscopic observation of the non-reinforced sample (Fig.14(a)), adhesive diffusion into the nearby
vessels is observed. When flax fibres are added at the interface (Fig.14(b), (c)), they form a joint
approximately 100 um thick. Interestingly, the phenomenon of adhesive diffusion into nearby veneers

is still present, even though most of the adhesive serves as matrix for the flax fibres.

Observation of the fracture surfaces of reinforced and non-reinforced plywoods shows a correlation
between joint composition and interface failure mode. Beech samples reinforced with flax fibres have a
higher occurrence of cohesive fractures within the adhesive compared to non-reinforced ones. This can
be attributed to the thicker and stiffer joint in reinforced plywoods, enabling shear stress concentration
within the composite joint and reducing stress on the wood veneer. The fracture mode observed suggests
that these results can be interpreted as shear strength of the adhesive rather than being limited by the
strength of wood veneers. In contrast, Douglas-fir samples reinforced with flax fibre show no difference
in fracture mode despite a thicker joint. The difference with beech samples may be due to the lower
strength of Douglas-fir, which causes the veneer to break before the reinforced adhesive reaches its limit.

No fibre bridging was observed in the tested materials.
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Fig.14 - Cross-cut microscopic observations of beech samples middle interface, glued with rMAPP. (a) and (b) are obtained
with a numerical microscope, (c) is a cross section obtained through X-Ray CT Scanning. Samples on (b) and (c) have flax
fibre reinforcement at its middle interface. The red dotted lines delimit the border of the bond line

3.3. Effect of ageing on ILSS

The ILSS of samples made with the different veneer species, adhesives and stratifications is also
measured after undergoing accelerated ageing processes. The aim is to gain insight into the ageing
behaviour of the interfaces and the effect of the incorporation of flax fibres between the veneers on the
ageing behaviour. The overall results are presented in Appendix 2.

In Fig.15, ILSS results for the “Agl” ageing campaign (40 days at 40 °C 90% RH) are presented.
Samples of beech plywood glued with rMAPP shows a statistically significant increase (p < 0.0009) in
ILSS following this ageing, rising from 6.96 MPa to 9.43 MPa (+35%). This improvement could be due
to a relaxation of residual stresses accumulated during manufacture and reconditioning because of the

relative humidity variations of the plywood.

When flax fibres are present between the middle veneers, the ageing leads to a significant decrease (p <
0.0004) in ILSS, dropping from 8.83 MPa to 6.63 MPa (-25%). This decrease could be caused by
interface degradation between the natural fibres and the adhesive due to the swelling and shrinking of
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the fibres during the ageing and reconditioning processes, as presented by Assarar et al. [28] for plant

fibre composites.

In the case of beech veneers glued with PLA, the ageing process has a detrimental effect on the ILSS
values, regardless of the presence of flax fibres. Without the fibres, the ILSS value significantly
decreases (p < 0.0004) from 7.66 MPa to 6.48 MPa (-15%). With the fibres, ILSS decreases from 6.76
MPa to 4.82 MPa (-38%). This reduction is attributed to the plasticizing effect of water on PLA and
wood cell wall, to the onset of PLA degradation due to the hydrolysis phenomenon, coupled with
fibre/matrix interface degradation due to fibre swelling. The water molecules infiltrate both in PLA and
wood cell amorphous components, forming hydrogen bonds that replace those initially formed between
PLA and cell wall components, potentially increasing flexibility at the interface.

Interestingly, samples of Douglas fir plywood glued with rMAPP shows no statistically significant
variations in ILSS after ageing, whether flax fibres are present or not (p > 0.9 and p > 0.3). When the
Douglas fir veneers are glued with PLA, ageing has no significant effect (p > 0.05) on the ILSS value.
However, an effect is observed when samples have flax fibres between their middle veneers, resulting
in a significant decrease (p < 0.004) from 3.77 MPa to 2.82 MPa (-25%).
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Fig.15 - Interlaminar shear strength of reinforced and non-reinforced plywood before and after Agl ageing

The effects of immersion accelerated ageing (Ag 2) on the ILSS of beech and Douglas fir plywood are
presented in Fig.16. It is worth noting that samples bonded with PLA show rapid debonding due to

adhesive hydrolysis during the ageing process, therefore the results are not presented.
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For beech samples glued with rMAPP, the ageing process results in a statistically significant
improvement (p < 0.05) of the shear strength, with an increase of the ILSS value from 6.96 MPa to
9.16 MPa (+32%). The decrease in number of hydroxyl groups in wood cell constituents resulting from
the formation of covalent bonds via esterification with maleic anhydride, along with the coating of cell

wall surfaces by the hydrophobic chains of PP, account for the material's excellent resistance to ageing.

When flax fibres are present at the interface, the ageing process leads to a significant decrease (p <
0.00001) in ILSS, dropping from 8.83 MPa to 4.47 MPa (-49%).

In the case of Douglas fir samples glued with rMAPP, there is no significant variation (p > 0.7) observed
when subjected to the ageing process. However, Douglas fir samples reinforced with flax fibre
experience a significant decrease (p < 0.002) in ILSS from 5.69 MPa to 2.94 MPa (-48%).
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Fig.16 - Interlaminar shear strength of reinforced and non-reinforced plywood before and after Agl ageing

Ageing does not have a significant effect on the fracture behaviour of beech plywood bonded with
rMAPP. For non-reinforced samples, the fracture mode still involves at least partial engagement with
the wood veneers, making it challenging to draw conclusions regarding adhesive alteration. In contrast,
reinforced beech samples glued with rMAPP continue to fracture mainly within the adhesive joint even
after ageing. The significant decrease in their ILSS values following ageing can be attributed to interface
degradation, possibly arising from fibre/matrix interface degradation [28].

Aged Douglas-fir samples mostly experience fractures that occur fully or partly within the wood veneer.
This outcome does not provide sufficient evidence to draw conclusions about the potential effects of

ageing on the interface performance.
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4. Conclusion

The aim of this study was to evaluate the performance of thermoplastic resins, specifically rMAPP and
PLA, as adhesives in plywood made of beech and second-grade Douglas fir veneers. These evaluations
were carried out with or without flax fibre reinforcement and the study utilised interlaminar shear
strength testing before and after ageing. The results show that both rMAPP and PLA exhibited ILSS
values within the range of a standard vinyl adhesive as a reference. This suggests that both rMAPP and
PLA have the potential to serve as efficient formaldehyde-free adhesives for plywood production.
Additionally, rMAPP demonstrated excellent ageing resistance attributed to its hydrophobic nature,
making it suitable for outdoor applications. In contrast, PLA displayed a poor ageing resistance due to
its biodegradable nature, limiting its suitability to indoor applications. X-ray tomography observations
allowed to highlight the different adhesion mechanisms occurring in the bond line and demonstrating

the role of mechanical anchoring in the overall behaviour of the joint.

The addition of fibre reinforcement significantly improved ILSS for beech and Douglas fir plywood
glued with rMAPP and for Douglas plywood glued with PLA. However, its effect was insignificant for
beech plywood glued with PLA. When the reinforced plywood samples were aged, they exhibited a
lower ILSS value compared to their unaged and unreinforced counterparts. This decrease is attributed
to the probable interfacial degradation between the fibres and the matrix during the ageing and drying
cycles. Plant fibre reinforcement proves to be an effective means of improving ILSS performance, but

it should be limited to indoor plywood applications.

This study has shown that recycled (rMAPP) and bio-based (PLA) thermoplastics are viable alternatives
to traditional petroleum-based adhesives in plywood production. The choice between these adhesives
should be based on the intended application environment. Moreover, fibre reinforcement stands out as

a relevant option to improve the interfacial performance in plywoods.
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8. Appendices

Appendix 1 - ILSS values and fracture surface categorization of the plywood specimens tested under the various

combination of pressure and heating times with the three selected adhesives. Rupture mode acronyms are: Co-W: Cohesive

Wood; A: Adhesive; A/Co-A: Mixed Adhesive and Cohesive Adhesive; OJ: Out of Joint.

facture mode (%)

Adh AHT P ILSS 5 CoV Stat Mied

(min)  (MPa)  (MPa) (%) group Co-w Co-A oJ
A/Co-A  A/Co-A/Co-W  Co-A/Co-W
Beech
PLA 5 Vac (0,1) / / / / / / / / / /
1 748 021 28 ab | 00 00 857 0.0 14.3 0.0
2 752 04 53 ab 00 0.0 1000 0.0 0.0 0.0
15 Vac(0,1) 565 047 84 a 0.0 0.0 100.0 0.0 0.0 0.0
1 7.66 031 4 ab | 00 00 857 0.0 14.3 0.0
2 69 046 6.6 ab 00 00 667 0.0 333 0.0
rMAPP 5 Vac (0,1) 6.82 2.03 297 ab 429 0.0 0.0 14.3 0.0 42.9
1 6.96 108 104 ab | 714 00 0.0 0.0 14.3 14.3
2 65 161 247 b | 571 00 0.0 0.0 28.6 14.3
15 Vac(01) 83 077 92 ab | 571 00 0.0 28.6 0.0 14.3
1 744 139 187 714 0.0 0.0 14.3 0.0 14.3
2 8.08 1.06 131 100.0 0.0 0.0 0.0 0.0 0.0
VG 1 832 115 138 714 0.0 0.0 28.6 0.0 0.0
Douglas fir

PLA 5 Vac (0,1) 275 042 151 ab 429 0.0 57.1 0.0 0.0 0.0
1 3 025 84 ab | 571 00 0.0 429 0.0 0.0
2 298 076 256 ab | 1000 0.0 0.0 0.0 0.0 0.0
15 Vac(0,1) 352 063 179 ab 1000 0.0 0.0 0.0 0.0 0.0
1 252 058 231 a 00 00 16.7 66.7 0.0 16.7
2 227 054 237 a 500 0.0 16.7 333 0.0 0.0
rMAPP 5 Vac (0,1) 385 098 255 ab 85.7 0.0 0.0 14.3 0.0 0.0
1 417 097 232 ab | 667 0.0 0.0 0.0 0.0 333
2 405 073 18 ab |1000 0.0 0.0 0.0 0.0 0.0
15 Vac(0,1) 399 088 221 ab | 500 0.0 0.0 16.7 0.0 333
1 351 141 402 ab | 714 00 0.0 14.3 0.0 14.3
2 35 114 327 ab | 714 00 0.0 14.3 0.0 14.3
VG - 1 444 084 189 b 571 0.0 0.0 14.3 0.0 28.6
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Appendix 2 - ILSS results for plywood interface hybridization with flax fibre for the different wood species and adhesives

i Main
Adh Fibres ILSS (MPa) SD CoV (%) fracture mode(s)
Beech
rMAPP  No fibres 6.96 1.08 155  Co-W (71%)
Fibres 0° 8.83 0.86 9.7 Co-A (85%)
Fibres 90° 7.53 0.62 8.2 Co-A (100%)
PLA  No fibres 7.66 031 40  A/Co-A (85%)
Fibres 0° 6.76 0.35 5.1 Co-A (100%)
Fibres 90° 6.57 0.27 4.1 Co-A (100%)
Douglas fir
rMAPP No fibres 4.17 0.73 175  Co-W (66%)
Fibres 0° 5.69 109 191  Co-W (66%)
Fibres 90° 3.65 051 139  Co-W (66%)
PLA  No fibres 2.52 058 231  A/Co-A/Co-W (66%)
Fibres 0° 3.77 051 13.6  A/Co-A/Co-W (43%) | AICo-A (28%)
Fibres 90° 3.22 049 151  Co-W (43%) | Co-A (28%)

Appendix 3 - ILSS measured for the different wood species, adhesives and with/without fibre reinforcement after the ageing

processes
Agl Ag2
Adh Fibre ILSS (MPa) SD CoV Main fracture mode(s) (I,\I/l_ﬁi) SD CoV Main fracture mode(s)
Beech
PLA No 6.48 0.33 5.06 A/Co-A(100%)
Yes 4.82 0.17 3.55 Co-A(100%)
PP No 9.43 0.74 782 Co-W (75%) 9.16 128 139 A/Co-A/Co-W (62,5%)
Yes 6.63 0.33 4.99 Co-A(100%) 447 056 12.6 Co-A (100%)
Douglas fir

PLA No 3.24 0.45
Yes 2.82 0.28
PP No 4.6 1.85
Yes 5.08 1.29

13.9 A/Co-A (50%) | A/Co-A/Co-W (50%)

10.01 co-A/Co-W (83%)
40.2  Co-W (63%)
2546 A/Co-A/Co-W (50%) | Co-W (37%) 2.94 0.79 26.7 Co-W (71%)

436 097 222 Co-W (66%)
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