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Abstract The objective of this research was to investi-
gate the technical feasibility of producing plywood by
green-gluing technology. 2.5 mm thick rotary cut veneers
obtained from steamed maritime pine (Pinus pinaster Ait.)
logs were used. Plywood was manufactured under vacuum
with veneers in a wet state. Five-layer plywood panels were
produced using a one-component polyurethane adhesive to
evaluate the effects of two parameters, the wood moisture
content and the amount of adhesive, on the mechanical
properties of plywood. First, a full factorial experimental
design was realised to study the bond performance. Shear
tests were carried out in order to determine the bond quality
and failure type. It was observed that the values of plywood
panels’ shear strength depend more on the wood moisture
content than on the amount of adhesive applied. A model
representing the shear strength of the panels according to
the manufacturing parameters was established by using
statistical analyses. Another part of this study focused on
microscopic observations of the bondline in order to get
information about the joint morphology and the degree of
adhesive penetration into the wood structure. Results sug-
gested that definite proportions of water (moisture content
between 30 and 60 %) and adhesive have to be present on
wood surface when gluing to create efficient bonds. These
analyses were followed by the panel’s characterisation in
flexure to validate the process.
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1 Introduction

Interest in green wood gluing has grown during the sec-
ond half of the 20th century and new adhesive formula-
tions have been developed to make possible the gluing of
wood in a green state (above fibre saturation point). Wet
wood gluing has mainly been studied for glulam and
finger jointing processes and this technology leads to
improved material yield and increased wood flexibility.
Contrary to the traditional gluing processes, wastes or
defects (knots, cut offs, etc.) are not dried. Only the final
product is dried. Studies of green wood gluing have been
carried out with different adhesives (Strickler 1970;
Dunky et al. 2008), such as phenol resorcinol formalde-
hyde (PRF) or melamine urea formaldehyde (MUF).
Later, the New Zealand Forest Research Institute devel-
oped Greenweld®, a modified PRF adhesive (Parker
1994). Soybond®, a two-component adhesive system, was
also produced (Kriebich et al. 1997) specifically for green
wood gluing. One-component polyurethane adhesives
were developed with the same objective. The mechanical,
morphological and chemical properties of this type of
adhesives have been detailed in Pommier and Elbez
(2006), Karastergiou et al. (2008), Ren (2010), Serrano
et al. (2010), Sterley et al. (2012). All these research
studies showed positive results for the structural use of
green-glued wood. When applied to wet wood, the poly-
urethane pre-polymer reacts with the free water and with
the water bound to the wood, and this reaction frees the
hydroxyl sites (-OH) of wood cell wall components
(Morlier et al. 2002). Then physical and chemical bonds
are formed between the wood and the adhesive when the
remaining polyurethane pre-polymer reacts with these
sites. So the adequate proportion of water and adhesive
has to be defined in order to get enough water to react
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with the pre-polymer of polyurethane and to have enough
adhesive to create bonds with the wood cell wall
components.

In this study, the most interesting advantage of using
green wood is its bending capacity. Green plywood man-
ufacturing is associated with the fact that veneers can be
bent using neither high pressure nor high temperature
during the green gluing process. The wood shrinkage
during drying is limited by the 0°/90° orientation of the
plies in plywood (wood shrinkage is larger in the tangential
direction, and negligible in the longitudinal direction).
Plywood can be bent in a mechanical press between
moulds or else by using a vacuum press (Goldman 1946;
Ngo and Pfeiffer 2003; Heebink 1953). When the vacuum
is activated, a differential pressure is created between
inside and outside the bagging film that forces the plywood
against the mould. Moreover, the adhesive migrates
through the wood cells. Moulded plywood technology has
been developed by the boating and aviation industries at
the beginning of the 20th century and it has several tech-
nical benefits, such as no dimensional limitations, variable
thicknesses and shapes allowed in one product, and uni-
form pressure distribution all over the moulded plywood.
The equipment required is also low cost and easy to use.
These benefits led the authors to use this process in this
work on the manufacture of the shaped hull. However, a
limitation of this process is that dry veneers conform to
very curved moulds with difficulty because they are quite
brittle. This drawback could be minimised by using wet
veneer.

Regardless of the gluing process used, the bond strength
depends on the interaction forces between the wood sur-
faces and the adhesive. Several theoretical models are
known, such as mechanical interlocking of the adhesive
into the asperities of the wood surface or the formation of
chemical bonds across the adhesive—substrate interface.
Physical attractive forces (Van der Waals) also participate
at the level of adhesion between veneers and also surface
energy or interface rheology (Meynis de Paulin 1977;
Elbez 2002; Gardner 2001). Among these models, the
degree of adhesive penetration in a wood structure is

Table 1 Definition of factors and levels

assumed to affect the bond performances significantly
(Kamke and Lee 2007; Hass et al. 2012; Johnson and
Kamke 1992).

In this work, the manufacture of plywood panels glued
in the wet state under vacuum was studied. These panels
are intended to form boat hulls, so they should be suit-
able for exterior use (NF EN 314, class 3).

The literature and previous research allowed the fixing
of some plywood manufacturing parameters, but the effects
of the wood moisture content and the amount of adhesive
on the mechanical properties of the panels remain unknown
and are investigated experimentally in this study. Micro-
scopic observations were also performed to compare the
adhesive penetration in the different configurations studied,
and to better understand the gluing phenomena.

2 Materials and methods
2.1 Planning of the experiments

The design of experiments (DOE) method (Louvet and
Delplanque 2005) was performed to quantify the influence
of two factors, the wood moisture content during gluing
(named MC) and the amount of adhesive applied (named
G) on the bond quality. Two levels of the factor G and four
levels of the factor MC were tested (Table 1).

The eight possible combinations of factors and levels are
presented in Table 2. Since a full factorial design was used,
each of the eight points defining the domain of study relates
to a panel manufacture.

The reference of a panel is 1 when G = 250 g/m* and 2
when G = 500 g/m?, followed by the wood MC.

2.2 Panels production

2.5 mm thick Pinus pinaster Ait. rotary cut veneer (from
Rol Pin, Labouheyre, France) was used for plywood man-
ufacture. Wood plies were selected defect free, with a reg-
ular slope of grain in order to avoid their effect on test
results. Only sapwood was taken into account in this work.

Wood moisture content (MC)

Amount of adhesive (G)

Absolute values

Standardised values

Absolute values Standardised values

Level 1 12 %: wood MC when gluing in -1
industrial processes

Level 2 30 %: fibre saturation point —0.59

Level 3 60 %: intermediate MC 0.09

Level 4 100 %: wood MC without drying 1

after the cutting step

250 g/m?: adhesive spread rate in —1
plywood industrial processes

500 g/m*: higher amount of adhesive 1
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Table 2 Panels manufacture parameters

5-ply panels (%) Wood MC (%) Adhesive spread rate (g/mz)

1-12 12 250
1-30 30 250
1-60 60 250
1-100 100 250
2-12 12 500
2-30 30 500
2-60 60 500
2-100 100 500

Vacuum plug —»
Sealant tape

<— Bagging film

....... *. «— Bleeder
"""" <— Perforated film
Peel ply

=————————=<+—Plywood
= Release agent
Mould

Fig. 1 Vacuum system used for plywood manufacturing

They were transported from the company immediately after
the rotary cutting step (wood MC >100 %). Then veneers
were cut to the panels’ dimensions and dried until the
expected moisture content was reached. To determine the
moisture content of veneers two methods were employed,
depending on the final MC required. First, all the samples
were placed in a conditioning chamber at 20 °C, 65 % of air
relative humidity (RH). In the case of plies at final
MC = 12 %, the weight of exposed samples was recorded
every 24 h until equilibrium moisture content (MC = 12 %)
was reached. For samples at final MC = 30, 60 and 100 %,
the weight was recorded at scheduled times. The weight of
plies according to moisture content was estimated using the
oven dry density of 30 supplementary pieces of wood kept
after veneers were cut to panel’s dimensions. Oven dry
density of the wood used was between 450 and 550 kg/m>.
Then the wood plies were taken off the chamber and glued
as soon as the expected MC was obtained. The adhesive
used was a one-component polyurethane (ref: Collano RP
2554) with a viscosity of 1000 mPa/s at 20 °C, developed
from the adhesive patented (Morlier et al. 2002) for green
plywood gluing. 5-ply plywood panels were made main-
taining the vacuum process over 24 h (Fig. 1). In this pro-
cess, wood plies were spread with adhesive and then placed
successively at 0° and 90° on the mould. Different films
were put on the plywood: a peel ply to avoid adhesion
between the plywood and other films, then a perforated film
to avoid too much adhesive migrating out of the panel and,
to finish, a bleeder to absorb the excess water and adhesive
coming from the panel.

A bagging film was sealed to the mould using a sealant
tape. It allowed the air-proofing of the system, needed to

maintain the vacuum pressure on the plywood during the
adhesive curing. A manometer controlled the pressure; the
adjusted values varied between 850 and 900 mbar for the
different panels realised. After being pressed under vac-
uum, the panels were conditioned at 65 % of RH and 20 °C
until the required wood MC (12 %) was reached. Three
boards, 600 x 600 x 13 mm° in size, were produced for
each configuration (Table 2).

2.3 Bond quality

Bond line shear properties are the most prejudicial char-
acteristics for plywood products. Testing these properties
according to NF EN 314-1 (1993) is a common way to
determine plywood quality in the industrial plywood sec-
tor. It also defines plywood classification; in this case, the
manufactured panels should meet the standard mechanical
requirements for outdoor use (class 3, EN 314-2 1993).
Focus was put only on the considered class 3. 20 samples
per panel configuration were cut and tested. The bond line
shear strength tests were performed on half of the samples
which were immersed for 24 h in cool water (20 4 3 °C,
Treatment I). For the 10 other samples, more severe con-
ditions were applied (Treatment II, 72 h in boiling water
before being cooled in 20 + 3 °C water until the samples
reached 20 °C), to observe the bond behaviour. Tests were
performed on wet samples (12.5 x 25 x 150 mm?®), in
standard laboratory conditions (20 °C, 65 % RH). The
shear strength was estimated using Eq. (1):

P
"TILxb (1)

where 7 is the shear strength (N/mm?), P is the fracture load
(N), L is the length of shear area (mm), b is the width of
shear area (mm) (EN 314 1993).

The response of the panels to the shear load was mea-
sured for each configuration and each treatment (for the 2
x 8 x 10 tested samples) and compared to NF EN 314
standard assumptions (for class 3). The shear strength
values are shown in Table 3. The percentage of wood
failure in the shear zone and the shear strength data were
also measured according to NF EN 314 (1993), and com-
pared to the standard requirements after the pre-treatments
of the different samples.

2.4 Microscopic observations

In order to get information on the joint morphology, light
microscopic observations were made on panels’ adhesive
joints. Optical microscopy was carried out to visualise the
internal microstructure of the green-glued plywood (Ren
2010). Samples were extracted from different places in the
panel, in order to get a representative view of the adhesive
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Table 3 Shear strength results

Treatment Panel 1-100 % 2-100 % 1-60 % 2-60 % 1-30 % 2-30 % 1-12 % 2-12 %

1 7 average (N/mm?) 1.28 1.22 1.42 2.14 222 2.74 1.45 1.67
Coefficient of variation 7 % 15 % 10 % 6 % 12 % 11 % 15 % 12 %
% of wood fibres adhesion 2 % 27 % 2 % 46 % 2 % 60 % 1 % 1 %

11 T average (N/mmz) 0.72 1.12 1.11 1.2 1.40 1.65 1.14 1.19
Coefficient of variation 11 % 20 % 6 % 10 % 13 % 10 % 22 % 21 %
% of wood fibres adhesion 2 % 1 % 2 % 5 % 40 % 50 % 1 % 1%

joint. Six samples of 1 x 2 x 0.8 cm’ in size were taken
from each panel’s configuration. Slices were cut from these
samples using a sliding microtome.

2.5 Panels’ characterisation in flexure

Panel flexural properties along and perpendicular to the
grain of the outside veneer were tested to characterise the
plywood panels. The panels’ modulus of rupture (MOR)
and the modulus of elasticity (MOE) were determined with
the four point bending test device (named BOGUI)
described by Bos and Guitard (1995) and presented in
Fig. 2. This BOGUI device has been developed to test thin

eil B T w, ¢

P/z LVDT P/Z

Fig. 2 Panel sample tested using BOGUI device, and related schema
I Bearing, 2 2 points support, 3 longitudinal LVDT, 4 transverse
LVDT, 5 plywood sample, 140 x 500 x 13 mm®. P load applied,
a distance from support to adjacent load (mm), L; span between
deflection measurement points, w; longitudinal deflection, L'; span
between the two central loading points, e panel thickness

@ Springer

laminated plates as plywood. It requires a bearing on each
of the 4 pin supports in order to avoid undesired effects,
such as the anticlastic curvature or the coupling of bending
and torsion when determining elastic properties of the
panels (Bos 1995).

MOE (N/mm?) and MOR (N/mm?) of several 140 x 500
x 13 mm?® plywood samples were calculated from the load
applied P (N), the distance from support to adjacent load a
(mm), the span between deflection measurement points L;
(mm), the longitudinal deflection w; (mm), the panel
thickness e (mm) and the width of the sample b (mm), as
shown in the following Egs. (2) and (3).

6al> P
MOE; = —1x — 2
1863 % wi 2)
3Pa
MOR = — 3
eb (3)

Five panels of 1 m* were manufactured. Eight samples
along the grain of outside veneer (Longitudinal) and eight
samples perpendicular to the grain of outside veneer
(Transversal) were cut and tested.

3 Results

The results are presented in Table 3 for treatments I and II.
For treatment I, average values of shear strength (superior
to 1 N/mm?) and fibre adhesion percentage met the NF EN
314 (1993) requirements. But for treatment II, panels glued
at MC = 100 % did not reach the standard requirements.
The obtained value was below 1 MPa, and the fibre
adhesion percentage was close to 0 %. In addition, panels
2-100 % and 1-60 % were close to the accepted limit
(1 N/mm?).

The influence of each factor on the shear strength was
evaluated in the following part by statistical analyses and
regression. These analyses led to a model representing the
panels’ shear strength as a function of the two parameters
studied: the moisture content and the amount of adhesive
applied during the panels’ manufacture. It allowed to fix
the manufacturing parameters and predict the panels’ glu-
ing quality.
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3.1 Effect of the factors studied on panels’ shear
strength

Results are shown through the main effects and interaction
graphics.

The main effect of a factor was associated with its
independent influence on the response, ignoring any other
variable. In Fig. 3a, the slope of the straight lines between
two points represents the effect of the factor on the
response. An interaction is present if the effect of a factor
(G for example) depends on the level of another variable
(MC). As the lines are not parallel for the different levels of
G, it was considered that an interaction occurs, especially
at high MC. Figure 3b presents the evolution of the
response depending on the levels of the factors studied,
respectively for treatments I and II. The results are valid
only for the area of study. As the slopes of the straight lines
in Fig. 3a were steeper for MC than for G, the effect of MC
was higher than the effect of G. The shear strength was a
little higher when more adhesive was applied for the
manufacturing of the panel (G = 500 g/m?). At
MC = 100 % shear properties were low. An optimum
seemed to be obtained around MC = 30 %.

In the next section, the evolution of the shear strength
according to the factors studied (MC and G) is presented.
The non-linearity of the MC effect led to a polynomial

regression. In this equation a linear variation of G was
assumed, whereas cubic and quadratic terms represented
the non linearity of the parameter MC.

To complete these analyses, the standard error of the
estimate was calculated. RMSE of 0.2 was obtained.

3.2 Model and model validation

General regression was used in MINITAB® software to fit
a model to the experimental data. A polynomial Eq. (4)
was defined to describe the response, so that all the main
and interaction effects were represented.

Y = a+ bG + cMC + dMC.G + eMC? + fG.MC?

+ gMC® + hG.MC® (4)

where Y is the predicted response, a is a constant and b, c,
d, e, f, g, h are the regression coefficients of the model.

The coefficients of the equation obtained from
MINITAB® are shown in Table 4, where the column
“Coef” gives the value for the coefficients and “SE coef”
is the standard error of the coefficients. The R-squared
value of 87 % (“R-Sq” in Table 4) indicates that the
considered model has been correctly fitted to the data, but
the robustness of this model needs to be verified by new
experimental data.

Treatment | Treatment |
(a) (b)
3,0 7
< G (g/mZ) < 8
o | o . G (e/m?
S 5 4 J/ (g/m?)
‘; :7; 250
§ & :7 § © ,0 500
G2 w2
] T () ’
oo [T
c c
g g 2
x x
0,5 12 30 60 100
250 500 12 30 60 100
MC (%)
(a) Treatment Il (b) Treatment Il
3,0 7
, 2
< G (g/m?) MC (%) < 1,6 . G (g/m?)
Iy 2,5 1 7 L VAN —— 250
(7] () 1,4
= s — 500
2= 2,07 - 5 _
c o 50 1,2
[J] [}
= \2, 15 A i = g 1,0
8 ' &
s o "1/{ ——————— - o 0,8
S ' 1 \I ES 0,6
0,5 12 30 60 100
250 500 12 30 60 100
MC (%)

Fig. 3 Statistical analyses of adhesive properties depending on G and
MC—Treatment I a graphical representation of main effects. Each
point represents the average value of shear strength for all tests

carried out at the level of the factor considered—Treatment I
b interactions. Treatment II a graphical representation of main
effects—Treatment II b interactions
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Table 4 MINITAB® general regression analysis—shear strength
versus G, MC for treatment I

Term Coef SE Coef p-value
Constant a= 194 0.0406 0

G b =036 0.0406 0

MC c=-1.79 0.1249 0
G.MC d =0.01 0.1249 0.9
mc? e = —054 0.0531 0
G.MC? f=-032 0.0531 0

mc? g =164 0.1325 0
G.MC? h = —0.08 0.1325 0.5
R-Sq 87 %

It was considered that a factor has an effect on the
response for a p value <5 % (Minitab, Louvet and
Delplanque 2005). Based on results presented in Table 4,
G.MC and G.MC? did not significantly affect the response
for treatment I. The coefficients was recalculated without
taking into account the terms that were not influencing the
response. R-Sq is 86.7 % for the recalculated model of
treatment . The resulting Egs. (5) and (6) fitted to exper-
imental data were respectively for treatments I and II:

Y = 1.94 + 0.37G — 1.79MC — 0.54MC? — 0.33G.MC?
+ 1.64MC?

(5)
Y = 1.27 — 0.83MC — 0.23MC? + 0.69MC> (6)

The parameter G did not significantly influence the
response for treatment II. Moreover, the R-squared value of
68 % indicates that the robustness of this model here is less
relevant for this treatment II.

3.3 Model representation and validation

The results for the two treatments I and II are shown in
Fig. 4. The response surface showed an optimum estimated
at MC = 30 %. The lowest and unacceptable shear
strength values for class 3, treatment II according to EN
314 (1993), were obtained for the higher MC
(MC = 100 %). Slightly better results were acquired for
the highest adhesive rate.

The same trend was observed for the two treatments I
and II, but lower shear strength was measured for treatment
II. Indeed, the treatment in boiling water decreased wood
and adhesive joint properties. For this treatment, less dif-
ference between minimum and maximum shear strength
was also observed. Results were somewhat better for the
highest amount of adhesive (500 g/m?). In order to validate
this model, an additional panel was realised for the con-
figuration G = 400 g/m* and MC = 45 %, within the field
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Fig. 4 Response surface plots for treatment I (a) and treatment II
(b)—shear strength model according to G and MC

Table 5 Experimental and simulated data comparison

Treatment I  Treatment II

Experimental shear strength (N/mm?) ~ 2.38 1.65
Number of samples 10 10
cov 18 % 15 %
Predicted values (N/mmz) 2.40 1.47

(Sim-Exp)/Exp 0.8 % 11 %

of study. 2 x 10 samples were cut and tested according to
treatments I and II. Numerical and experimental data are
compared in Table 5. Predicted and experimental data are
close enough to consider that the model properly fits data
from experiments.

These results allowed to propose the panels’ manufac-
turing parameters, but in order to understand the reasons
why such mechanical results were obtained, depending on
the factors G and MC, microscopic investigations of the
adhesive joints were carried out.

3.4 Microscopic observations

The adhesive joint was defined as the distance between
wood plies. Part of the adhesive was transferred far from
the glue joint via wood cells, especially via ray par-
enchyma cells, but also via wood cracks and lathe checks
created during wood cutting.

At 12 % MC, the adhesive was dispersed in the wood
cellular structure without filling the cells around the
adhesive joint. The microscopic observations showed the
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observed with optical Ply1
microscopy. G = 500 g/m?, ' : (longitudinal
MC = 60 % (lefr), G = 500 g/ Bond line tracheids)
m?, MC = 12 % (right)

-Adhesive %

saturated cells ?lyzv 1

| tracheids)

presence of polymerised adhesive in some isolated cells far
from the bond, in all the wood plies thickness. The adhe-
sive was often found at the exterior surface of the plywood
panel. At 12 % MC, the joint was very thin, with a thick-
ness close to 50 pum and this regardless of the amount of
adhesive applied (250 or 500 g/m®). A similar bond mor-
phology (weak joint with polyurethane adhesive) was
observed on panels glued around MC = 30 %, with 250 g/
m? of adhesive, whereas the adhesive penetration concerns
some rows of tracheid around the joint for the high amount
of adhesive (500 g/m?), with a bond 90 pm thick.

Bonds formed at MC = 60 % and MC = 100 % were
similar, with a respective average thickness of 100 pum and
80 um between two wood plies for G = 250 g/m?,
whereas  160-um-thick bonds were measured at
G = 500 g/m* for both moisture contents. The adhesive
reacted more quickly than at 12 % MC (Fig. 5). Almost all
the adhesive was polymerised close to the joint.

The polyurethane adhesive reaction with free and bound
water in wood is the likely explanation for this. The dif-
ference in the joint formation explained that the shear
strength increases with the amount of adhesive for
MC = 30 % and MC = 60 %. Indeed, a higher amount of
adhesive entailed the excessive penetration into wood cells
and filled the voids formed in the joint by wood
irregularities.

For MC = 100 %, one hypothesis is that too much
water was in the wood surface and in the wood porous
structure, so the adhesive reacted with water on the surface
of the wood without creating real bonds with the material.
The free water prevented the mechanical anchorage of the
adhesive in the wood and the chemical reaction between
these two elements. This hypothesis also explained the
gluing behaviour at 12 % MC=: the joint was weak
because there was not enough free water on the surface so
the adhesive could not totally react. Even if the adhesive
reacted with bound water, or wood —OH sites, the reaction
is easier in the presence of free water. A few adhesive
molecules polymerised in the joint, but most of the adhe-
sive was found elsewhere and thus may have reacted (with
bound water, wood components or air) far from the joint
reducing the polymerisation reactivity at high moisture
content.

3.5 Bending properties

The shear test results previously presented showed that
green wood panels can be glued between 30 and 60 % MC
for both amounts of adhesive and with an optimum at
around 30 % MC. The authors tested first, in flexure, the
panels glued at MC = 60 %, G = 250 g/m>. Results from
the shear tests were the lowest for this configuration but
this type of panel was interesting for industrial reasons:

e those panels matched plywood class 3 requirements
according to NF EN 314 (1993);

e the best results in shear were obtained for the wood MC
of 30 and 60 %, and the MC = 60 % was close to the
veneers MC after the rotary cutting step;

e the lowest amount of adhesive applied (250 g/m?) is
economically and environmentally better (Pommier
et al. 2015) for companies.

Then, panels glued at 60 % MC and G = 500 g/m>
(Table 6) were also tested in flexure.

The material flexural properties were then compared to
the industrial data on panels from Rolpin company which
had been manufactured from dry veneers of Pinus pinaster
Ait. It was observed that the green-glued panels’
mechanical properties were a little higher but close to
properties obtained from industrial plywood of same
thickness and same number of veneers (Rolpin 2014).

4 Discussion

In order to obtain high quality plywood panels produced
under vacuum, the effect of the wood moisture content and
the amount of adhesive on the bond quality were evaluated.
The best shear properties were obtained for moisture con-
tent of 30 %, with the polyurethane adhesive applied at a
rate of 250-500 g/m”. Rather higher shear strength results
were obtained for the larger amount of adhesive for MC of
12, 30 and 60 %. But for an MC of 100 %, whatever the
amount of adhesive applied, mechanical properties in shear
decreased.

A polynomial model defining the shear strength as a
function of the panels’ manufacturing parameters (wood
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Table 6 Panels’ flexural properties

Longitudinal N MOR (MPa) MOR st. dev. (MPa) MOR k (MPa) MOE (MPa) MOE st. dev. (MPa)
1-60 % 8 46 5 35.1 10,673 1327

2-60 % 5 - - - 11,400 1850

Industrial - - - 27.7 9543 -

Transversal N MOR (MPa) MOR st. dev. (MPa) MOR k (MPa) MOE (MPa) MOE st. dev. (MPa)
1-60 % 8 20 1 16.8 2770 175

2-60 % 5 - - - 2600 652

Industrial - - - 14.2 3057 -

MOE average modulus of elasticity, MOR average modulus of rupture, MOR k is the characteristic 5-percentile value obtained according to NF

EN 14358 (2007)

MC and amount of adhesive G) was fitted to experimental
data. The analyses showed that the effect of the MC was
more important than the effect of G. The estimated model
gave an idea about the panel performances in shear, but it
should be used carefully (more tests are needed, and many
coefficients can overestimate the results). In future work,
the reliability of this model should be tested and improved
with reference to other panel’s configurations.

Microscopic observations of the bond line were carried
out to explain these results. It can be hypothesised that the
right proportions of water and adhesive have to be present
on the wood surface so that there is enough water to react
with the pre-polymer of polyurethane and enough adhesive
to create bonds with wood cell wall components.

Moisture contents of 12 or 100 % were not suitable for
this process and for this adhesive formulation. Wood at
MC = 100 % had too much water at the surface and in its
porous structure, so all the adhesive pre-polymer reacted
with water at the surface without creating real bonds with
the material. On the contrary, a 12 % wood moisture
content presented a lack of free water so the pre-polymer
could not react completely in the bond and the adhesive
penetrated further into the wood to find (~OH) functions to
react with. Indeed, the wood was too dry and the entire
adhesive was spread through the wood structure.

Panels were characterized in bending; flexural proper-
ties close to industrial data were obtained for the same
kind of panels. However, only defect-free panels were
produced in this work, which is different from plywood
manufactured industrially. A future evolution of this
project is to realise these panels in industrial conditions to
complete the results.

The bonding performances depend on adhesive charac-
teristics (such as viscosity and surface tension), wood
properties (such as cell diameter, wettability and species)
and process factors (such as temperature, pressure and
time). In future studies, some of these influencing factors
will be investigated to optimise the joint performance. Part
of the work will be to prevent the excess adhesive

@ Springer

penetration into the wood by improving the adhesive vis-
cosity without modifying the adhesive base or by adding
filler (such as glass fibres or silica) to the adhesive.
Research should be continued on the amount of adhesive
applied to the panels, with more levels studied in combi-
nation with fillers.

The adhesion phenomenon between the wood and the
polyurethane will also be studied by a surface approach
(wetting theory) to better understand the mechanisms of
green (wet) gluing of plywood.

Plywood was stored in a normalized climatic chamber to
dry slowly. The effects of temperature and drying method are
complex and will be studied in a future study. Some prelim-
inary tests were realised with temperature applied to the panel
during the gluing process. Its main interest was to decrease the
drying time of the panel without significantly affecting its
mechanical properties. More research will soon be carried out
by the research team to optimise this parameter.

5 Conclusion

In this paper, a new type of panel manufacturing has been
presented and optimized. The results show optimal results
from 30 to 70 % of moisture content. The effect of the
amount of adhesive is not significant in the studied
parameter. To the best of the authors’ knowledge, this is
the first time this process has been reported and it could be
implemented directly after steaming and peeling timber.
The green-manufactured plywood could be used for some
specific applications, when high dimensions plywood or
curved panels are needed. For example, panels can be
directly moulded on boat structure, and fixed on it to avoid
spring back when drying.
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