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ABSTRACT ARTICLE HISTORY
Performance of an adhesive bond depends on the individual Received 18 March 2025
strengths of the adherends, the adhesion of the interface layers, Accepted 13 August 2025
and the cohesion of the adhesive itself. Treating wood with KEYWORDS

liquids prior to bonding can displace air and impurities from Wood bonding; 1C-PUR;
the cell surface, and ensure that moisture-sensitive adhesives wetting agent; wetting
adhere properly. To understand the influence of the wetting temperature; airing time,
agent, temperature and airing time on one-component polyur- adhesive joint formation
ethane bonding, the bond quality was quantitatively assessed

using tensile shear tests EN 302-1. Supplemented by light

microscopy images of the bond design, it was possible to

make statements about the bond geometry in relation to

strength. It became clear that wetting has a significant influence

on the penetration behaviour of the adhesive and thus has a key

effect on the thickness of the glue line. As a result, the bond line

thickness increases on average by 19 % when the airing time is

extended by two minutes. Deeper penetration and reduction in

voids are associated with the forcing of a vapour diffusion flow

towards the centre of the board, which is intensified by the

increase in the moisture conductivity coefficient with rising

temperature. Therefore, the amount of adhesive required

depends not only on the wood density, but also on wetting

parameters.

1. Introduction

The bonding of wood is influenced by many factors, as already explained in
various publications, e.g.““” Of particular significance is the parameter sur-
face treatment with liquids, e.g., water or primers, especially when bonding
with the moisture-sensitive adhesive 1C-PUR. This is notably evident in the
durability of the bonds assessed through delamination testing.”>®! Moreover,
for wood types that are difficult to bond, mainly hardwoods and resin-rich
softwoods, pre-treatment with liquid is often prescribed in the approval.”) The
general behaviour of liquids in wood is therefore explained in more detail,

CONTACT Adrian Wick €) adrian.wick@bfh.ch €) Institute for Building Materials and Bio-based Products, Bern
University of Applied Sciences- Architecture, Wood and Civil Engineering, Soluthurnstrasse 102, Biel CH-2504,
Switzerland

© 2025 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s)
or with their consent.


http://orcid.org/0009-0004-8949-6774
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00218464.2025.2550786&domain=pdf&date_stamp=2025-09-17

2 A. WICK ET AL.

followed by a listing of effects on wood surfaces caused by liquids, and finally
a consideration of the bonding mechanism of 1C-PUR.

In wood, which is a porous, hygroscopic adherend, the use of liquids for
surface treatment can trigger various processes. In the capillary-porous wood
system, moisture movement is caused by vapour pressure gradients. Water
evaporates from the menisci under load, diffuses into air-filled pores, and
condenses on opposite menisci that are not under load. The condensed water
is transported in the menisci by tension differences. As long as there is
a moisture difference in the wood, water is drawn out of the larger capillaries
(tracheids, vessels) by the tensile forces and stored in the finest capillaries in
the cell wall system. The moisture transport described takes place for
a moisture range of 5 % up to fibre saturation point (FSP).'*°! Above the
ESP, the moisture is stored in the macrosystem and transported longitudinally
to the fibre via the cavities of the vessels or fibres and transversely to the fibre
through the pits (tangential) and rays (radial). The change in the transport
process is based on a serial distinction between micro- and macro-systems at
the FSP according to Tiemann.!'® However, current research indicates
a parallel change.!"!! This means that free water precipitates before the cell
wall is fully saturated. The conduction of the fluid depends on the anatomical
direction, the intensity and speed primarily on the distribution of the capil-
laries, the temperature, the viscosity, and the surface tension.'>*) Water con-
duction can be expressed using the moisture conductivity coefficient K r (1),
which tends towards zero in wood at low moisture content and towards
infinity in the area of water saturation. In the fibre saturation range, there is
a local maximum, which describes the transition from the micro to the macro
system. The moisture conductivity coefficient is proportional to the surface
tension and inversely proportional to the viscosity of the liquid, which is why
the influence of the temperature can be taken into account via the correction
factor CFr, whereby the moisture conductivity coefficient can be expressed as

follows! >3

or
Krr = Kgyp o 0T Ko - CFr (1)
Hr 0o

My» 00 :Viscosity or surface tension at 0 °C

Ny, 0T :Viscosity or surface tension at T °C

Kr, Kpr :Moisture conductivity coefficient at 0 °C or T °C [kg/(m-s-%)]
CFr :Correction factor in depending on the liquid and temperature [-]

The viscosity 11T[14] and surface tension or, according to the Eotvos
approximation!'®), of water can be computed in dependence of the tempera-
ture by the following equations:
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1
- Pa- 2

Tr 0.1-T2—34.335-T+2472[ 2] @
or = 0.07275 - (1 — 0.002 - (T — 291)[N/m] (3)

Inserting the values derived from Equations (2) and (3) into Equation (1)
yields a correction factor CFr of approximately 1-5 for a temperature range of
0-100 °C. The correction factor shows a quadratic (approximately linear)
increase with temperature, which consequently leads to an enhanced moisture
conductivity coefficient by increasing the temperature. This approach can
therefore also be applied to other liquids or the adhesive itself. In the field of
adhesives, it is already known that its increased adhesive temperature during
wetting and curing generally leads to a higher and more durable adhesive
strength. In most cases, higher adhesive temperatures reduce viscosity and
therefore facilitate wetting.!*®’

Wood surfaces are treated with liquids before further processing for
a variety of reasons. The wetting of wood surfaces is mainly known in the
area of surface coating with paints or varnishes."”! This involves wetting the
surface with water in order to loosen the compacted wood surface via
a relaxation and set-recovery process, which can lead to the fibres standing
up.!"®! The set recovery process is clearly visible in densified wood.!"”! Local
compression also occurs during the production of the wood surface, depend-
ing on the process, e.g., planing, sanding, feed rate, or cutting geometry.>*"’
Boger et al.?! studied the interactions between wood and water in primers
and found that initial moistening and reconditioning increased the original
thickness of the lamella. This is attributed to the relaxation of previously
compressed wood cells caused by mechanical surface processing. Treatment
with water or primer leads to a measurable reduction in the modulus of
elasticity of the wood. This can cause a local plasticisation, which changes
the stress distribution in the bond line and thus potentially improves the
overall bond performance.??! An additional effect of watering is the opening
of the pores.”? The low-viscosity property of the water allows it to flow and
penetrate into the cracks and cells of the wood surface. This can be used to
displace air and impurities on the cell surface.?”’ When bonding wood with
moisture-sensitive adhesives, such as one-component polyurethane (1C-
PUR), the moisture content of the wood plays a decisive role in the curing
process.*! This is because 1 mole of a reactive isocyanate group requires 18 g
of water for curing.!**! In the case of polyurethane adhesives, the absence of
moisture increases the curing time.'”” In non-air-conditioned rooms, the
relative humidity can fall below 30 % during the winter months, causing the
wood surface to dry out considerably within a few hours.**! In addition, low
wood moisture can lead to a permanent loss of the available polar hydroxyl
groups, which reduces wetting by polar liquids. Removing the bound water
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from the cell wall brings the cellulose chains close enough together to form
intramolecular bonds. This effect is also responsible for the hysteresis beha-
viour of the wood equilibrium moisture content.”*”! The moisture absorption
in the wood leads to swelling, which exposes further adsorption sites. The
additional adsorption sites increase the surface energy of the wood and thus
the critical surface tension'?*1?8] As the penetration depth of 1C-PUR is quite
shallow, the adhesive lacks the necessary water for curing'*®.. Preliminary
water spraying at substrate or surface moisture levels below 8 % significantly
improves the performance of the adhesive.!**) This effect increases up to 50 g/
m” of applied water for systems with low reactivity (waiting time 60 min),
reaches a maximum at 34 g/m* for medium reactivity (waiting time 30 min)
and has a slightly negative effect for highly reactive adhesive systems (waiting
time 0 min)"**!. Investigations into the wood-water interaction of primers in
1C-PUR bonding have shown that primers improve the bulk flow, leading to
a better penetration of the adhesive into the voids and thus to a reduction in
the glue line thickness, which results in better tensile strength.”*"] Atomic force
microscopy revealed that water-based primer systems exhibited significantly
enhanced adhesion compared to unprimed surfaces.”® The study by Luedtke
et al.®" reveals a glue line thickness of 20 + 9 um for circumferentially surface
milled beech wood with a density of 740 + 50 kg/m?, primed with 20 g/m* of
Loctite PR 3105 and aired for 10 minutes, bonded with 160 g/m? of Loctite HB
§109 adhesive at a pressure of 0.8 MPa. Tests on 1C-PUR glued finger joints,
produced at a wood moisture content of 100 % and 14 %, show higher
adhesive penetration and less blistering in the glue line.*?!

The Bonding corresponds to a composite material whose overall strength
depends on the individual strengths of the adherends, the interface layers and
the adhesive.”*) Adherends with higher strengths have higher bond strengths
under the same conditions. This is due to the lower adhesive layer deformation
resulting from the lower elongation at a higher modulus of elasticity. The
strength of the interface and adhesive layers depends on the adhesion and
cohesion forces acting on them.!**! Cohesive forces are present in all liquid and
solid materials. Their magnitude determines the dimensional stability of
a material. Ideally, an adhesive bond should have uniform cohesive strength
across the entire glue line. Incorrect ratios of the components, air bubbles
caused by the mixing or curing processes, significant variations in the thick-
ness of the glue line or disregard the specified curing time or temperature have
an adverse effect.* Wood undergoes constant shrinkage and swelling due to
its hygroscopic material behaviour, which leads to additional internal stresses,
especially at material transitions. However, this behaviour can be mitigated by
the use of either stiff in-situ polymerised adhesives (MUF, PRF), which
stabilise the material transition by infiltrating the cell walls, or elastic pre-
polymerised adhesives (1C-PUR), which adapt better to deformations due to
their flexibility.®® Improved force transmission through the adhesive layer
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can be achieved by reducing any stress peaks. The more an adhesive layer can
compensate for these stress peaks through elastic and/or plastic deformation,
the greater the proportion of the adhesive surface that transfers the load. This
allows the potential of the cohesive strength to be exploited to a greater
extent.'**! The working range of adhesion forces is defined as an interface
layer. The various wood adhesives can mainly be divided into three categories
according to their adhesion mechanisms: mechanical, chemical or physical.
Mechanical adhesion involves anchoring the cured adhesive in the cell- and
intercellular cavities, micropores of the cell walls or on the surface, which is
enabled by roughness. In addition to the roughness of the wood and the
viscosity of the adhesive, absorption plays an important role in mechanical
interlocking. It influences the penetration of liquids into pores and irregula-
rities on adhere surfaces. Thus, higher absorptions produce better adhesion in
mechanical interlocking systems.'***”) Secondly, an adhesion mechanism is
physical when it is based on Van der Waals forces, hydrogen bonds or
electrostatic interactions. Wood as an adherend provides free hydroxyl groups,
which are a prerequisite for the formation of hydrogen bonds. The third
category is the chemical adhesion, which is described by a covalent bond
between the molecules of the wood and the adhesive.'®?*****) Since the
wood components (cellulose, hemicellulose and lignin) contain varying
amounts of hydroxyl groups, it is theoretically possible to develop
a urethane bond with the wood when bonding with 1C-PUR. Studies have
shown that in the presence of water, the reaction is dominated by the forma-
tion of a urea bond. The reason for this is the higher nucleophilicity of amines,
which leads to a faster reaction of amine with isocyanate.*”! In an oven-dry
state, a covalent urethane bond with the wood can be detected for phenyl
isocyanate, whereby lignin reacts most quickly. However, 4,4-diphenyl-
methane diisocyanate (MDI), which is widely used commercially, shows the
presence of an urethane bond (wood-isocyanate) up to a wood moisture
content of 7 %./!] Urethane and urea intermediates contain one or two acidic
hydrogen atoms that react with free isocyanate to form allophanates or biuret
when energy is added. Due to the greater nucleophilicity of the urea group,
biuret formation occurs uncatalysed at temperatures above 100 °C.!*"! Thus,
depending on the isocyanate prepolymer, the PUR adhesive bond to wood is
composed of a small proportion of chemical adhesion and a larger proportion
of physical and mechanical adhesion. For all adhesion components, good
wetting of the joint surfaces is a prerequisite for successful bonding. The
adhesion mechanisms described above can be activated more effectively
when they are less influenced by a weak boundary layer (WBL). A WBL can
occur in the form of mechanical WBL (e.g. trapped air bubbles, machining
surface damage, or a dirty surface) and/or chemical WBL (e.g. lubricant
contamination, plasticisers and/or additives, aged or inactivated surfaces and
weathered surfaces).[*?
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Since surface treatment with liquids has an influence on the condition of
adherends, bulk flow and curing behaviour of adhesives, this research will
investigate the influence of wetting agent and temperature as well as the set
airing time in combination with a moisture-curing 1C-PUR adhesive and
beech wood. First, to identify the initial conditions, the influence of the
amount of residual water in the wood is determined. Then, the effects on the
cured adhesive bond are evaluated by using a tensile shear test. Finally, light
microscopy images are used to establish correlations between strength and
adhesive bond formation, along with drawing conclusions about changes in
bulk flow. This is achieved by measuring the thickness of the glue line, the
penetration depth, and check the homogeneity of the glue line in terms of
bubbles.

2. Material and methods

In Europe, the use of face-bonded wood products (glued laminated timber,
cross-laminated timber, etc.) for load-bearing purposes is linked to the suc-
cessful classification of the adhesives used. The EN 302 test standards play an
important role in this context. The results presented are based on the tensile
shear strength according to EN 302-1**! with treatment sequences Al (no
treatment except air conditioning at standard climate 20/65) and A4 (treat-
ment 6 h boiling water and 2 h cooling water at 20 °C). The performance of
one-component polyurethane adhesives for load-bearing timber components
exposed to different climatic conditions is classified according to EN 1542514
For the application of adhesive class type I (service class 1-3), limit values for
tensile shear tests of Al1=10 N/mm?® and A4=6 N/mm’ are required.
Different types of surface treatment variants were used to produce the various
test specimens. In the first series, the temperature and type of liquid were
varied while the airing time was kept constant. In the second series, the airing
time was varied for the best commercially viable variant from series 1. The
wood used, beech (Fagus sylvatica), was kiln-dried to a target moisture content
of 11-12 % prior to conditioning the lamellas in the standard climate (20 °C
and 65 % relative humidity) for at least 6 months. Except for the production of
the surfaces and the pressing process, all work took place in a standard climate.
The labels represent the test series of 20 samples each (10 x Al; 10 x A4),
differing in the wetting agent used (tap water; demineralised (DM) water),
temperature and airing time. The thickness planers used were both based on
the principle of circumferential surface milling. The main parameters are
summarised in the following table 1:
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2.1. Desorption behaviour of wetted wooden surfaces

The desorption tests on wetted surfaces are intended to demonstrate the influence
of the wetting temperature on the transport process in wood, as described in the
introduction. It also gives an indication of the additional amount of water available
in the wood for curing the moisture sensitive adhesive 1C-PUR. As the curing rate
of the adhesive depends on the temperature and therefore the adhesive viscosity
changes, the surface temperature is also measured. Wetting the adherends with
demineralised water (D20°, D55°, D85°) was carried out in isolated cases on beech
boards. The beech board was previously stored in the climate [20/65] until mass
constancy was reached. Consequently, a target quantity of 20 g/m2 of deminer-
alised water at a temperature of 20 °C, 55 °C and 85 °C was applied to a beech board
using the E1850+ Standard spraying device from Spraying Systems Co. The
wetting process could not take place in a normal climate, the corresponding
room conditions were humidity of 43 % and a temperature of 17 °C. During the
first 20 min, the weight change (Kern KB 2400-2N) and the temperature change
(Scotchtrak Heat Tracer) were recorded at 1 min intervals.

Table 1. Summary of the main manufacturing parameters of the test specimens for tensile shear
strength depending on the wetting agent (left) and the airing time (right) with the nominal values
and actual values in brackets.

Label T20° T55° T85° D20° D55° D85° D20°-2 D20°4 D20°-6 D20°-8
Standards EN 302-1

Wood Beech

—Cutting direction Riftboard

-Dimension |-w-t 2x(315x134x5)

-Density [kg/m®] 700 £ 50 (685 =+ 24) 700 + 50 (721 + 36)
-Wood moisture content [%)] 12+1

Manufacturing Thickness planer

—Machine typ Georg Fischer HD 65 Hoffmann D 512
-Feed speed [m/min] 9 7

-Infeed thickness [mm] 1 1

-Tilt angle [°] 0 0

—Cutting agent Strip planing blade HSS Tersa M+ HSS
—Condition new new
Surface treatment’ Tap Water Demineralised Water Demineralised Water
-Temperature [°C] 20 55 85 20 55 85 20
-Concentration [%] 100

-Amount [g/m?] 20

-Airing time [min] 10 2 4 6 8
Adhesive? Loctite HB S109

-Amount [g/m?] 180

—Application typ Collano spatula

Oxidation time> [min] 24 h (44.7 £ 23.7) 24 h (139.3 +55)
Assembly time [min] 10 10

-Open assembly time (OAT) (20+0) (1.0+0)

-Closed assembly time (CAT) (6.2+1.27) (4.1 +0.58)

Press Lindenberg Laborpresse KK

-Pressing pressure [N/mmz] 0.8

-Pressing time [min] 25

Note: *Tap water: According to,™** Biel's lake water has a hardness of 10 °fH, pH value of 7.55 and a conductivity of
221 pS/cm. Internal measurements of the conductivity showed: tap water 362 + 50 uS/cm, Demineralised water 9.2
+ 2.5 pS/ecm.

PTechnical data: Brookfield viscosity: 2-3x10° mPa(s at 20 °C; Density: 1.16 g/cm?; Solid content: 100 %.

“Corresponds to the time between the start of surface manufacturing and the start of adhesive application.
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Figure 1. Bonded panel per variant (N;=2) and cutting of the test specimen (N;=20) according to
EN 302-1.

N

2.2. Tensile shear strength

The bonding performance was analysed based on a tensile shear test in
accordance with standard EN 302-1. Once the joining surface had been
created using the processing parameters shown in Table 1, the 10 variants
were wetted using the Autojet E185+ Spray System combined with
a conveyer belt. Upon expiration of the airing time, two panels per variant
were bonded with 180 g/m* Loctite HB S109 Purbond adhesive according
to the standard. The amount of adhesive corresponds to the maximum
guide value according to the adhesive approval.”! The adhesive was applied
with a Collano spatula to the lower lamella. This area corresponds to the
evaluation of the penetration depth of the adhesive on the lower side of the
adhesive joint (tjp.1). The total assembly time (OAT+CAT) of 10 minutes
and the pressing time of 25 minutes specified in the adhesive data sheet!*®’
were met for all variants, as shown in Table 1. Contrary to the pressure of
1.2 N/mm? specified in the adhesive approval for surface bonding of beech
wood,”) the recommended pressure of 0.8 N/mm? specified in the test
standard is used for comparison purposes. After a post curing period of at
least three days in a normal climate (20 ° / 65 %), the specimens were
formatted to 150 x 20 x 10 mm before the 10 x 20 mm test surface was
created by precisely separating the first layer of wood and the adhesive
layer with a 2 mm thick flat toothed saw blade (Figure 1). The resulting 20
test specimens were evenly distributed according to their density between
treatment variants Al (N;=10) and A4 (N;=10). As there is a significant
difference in the stresses acting on the specimens, they were tested in dry
Al and wet A4 conditions. In the dry state, shear stresses predominate,
whereas in the wet state, peeling stresses increase. In a water-saturated state
(A4), the modulus of elasticity of wood is reduced by approx. 15 %
compared to A1, which leads to greater bending of the test specimens
and increases the proportion of peel. The test specimens were tested with
a clamping distance of 70 mm using a universal testing machine Z020 from
Zwick Roell, force-controlled at 2 kN/min. The type of failure (cohesion,
adhesion) was noted on the fracture surfaces and the percentage of fibre
breakage was determined using the Wiesner test.
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Figure 2. Left: position of the microscopy specimen; right: measurement of the adhesive joint
using microscopy.

2.3. Adhesive joint design

Microscopic images were taken to analyse the distribution of the adhesive in
the adhesive joint and to draw conclusions about the influence of surface
treatment on bulk flow and bonding performance. Using a Leica DMLM light
microscope with a magnification of five, as shown in Figure 2 on the right,
a cross-sectional image was taken of each test specimen (N; = 10-X(x;...Xs)) at
a distance of 5 mm from the fracture surface (Figure 2 left) using the camera
Jenoptik Gryphax Arktur. The adhesive contains a fluorescent component that
can be clearly visualised with the aid of a UV light source. The Software Image
Access was used to measure the upper (tjp_y) and lower penetration depth (t;p.
L), the glue line thickness (d), and the overall bond line thickness (tjp_y+d+ t;p.
1) according to the definition of Marra!®”! at five points (fixed pattern) in each
case, taking into account the early and late wood (Figure 2 right). The
measured values were calculated to an average value per test specimen

(i(xl...X5)).

2.4. Statistical analysis

Statistical analysis was performed using a two sample t-test with a 5 % significance
level after checking the data for normal distribution using a Q-Q plot. The t-test
was used to compare the means of the tensile shear strength as well as adhesive
distribution. Descriptive statistics in the form of tables and box-whisker plots
were used to further explain all the results. The box whisker plots used include the
minimum (Oth quantile) and maximum (4th quantile) as whiskers. The box from
the 1st to the 3rd quantile describes the middle 50 % of the data divided by the
median line (2nd quantile). Outliers are described as circles outside the whiskers,
under condition that they are farther away than 1.5 times the interquartile range
(3rd quantile minuslst quantile). The mean is shown as an X.
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3. Results

At the beginning, the desorption behaviour of the usual wetting quantity of 20
g/m? is considered to classify the wetting process. The effects of wetting agent,
wetting temperature and airing time are illustrated in the following sections
3.2 and 3.3 on the basis of specific results (strength, penetration depth, glue
line thickness and adhesive joint design) in order to better understand their
influence.

3.1. Desorption behaviour of wetted wooden surfaces

The influence of the wetting temperature on the desorption behaviour and the
surface temperature are analysed in Figure 3. The left one shows that the
desorption behaviour of the wetting agents at a temperature of 20 °C and 55 °C
is at a similar level for the first 7 minutes. After 10, 15 and 20 minutes the fitted
difference increases from 2.5 % to 4.6 % and 7 % respectively. The desorption
behaviour slows down as the temperature of the wetting agent increases. After
just a few minutes, this leads to a difference in desorption behaviour when
wetted with 85 °C water compared to 55 °C and 20 °C wetting agent. The
desorption of the fitted curve from 85 ° to 55 ° shows differences of 4.7 %, 8.8
%, 11.6 %, and 13.1 % after 5, 10, 15, and 20 minutes. When using a wetting
agent at 85 °C, about 48 % of the amount applied will remain on the board
after 20 minutes of airing, compared to 28 % at 20 °C. In general it can be seen
that all three curves with a coefficient of determination R* > 0.99 follow a 2™
degree polynomial quite exactly.

Looking at the surface temperature (Figure 3 right), it can be seen that the
surface temperature for all three variants is 22 °C before wetting. The wetting
agent with a temperature of 20 °C reduces the surface temperature to 12 °C
immediately after water application. After 13 min the surface starts to warm

100 o

%0 %
" % _
X L
70 b o D20° Pl
= %, 4 g h
g . Y Ds5° 2 s i
c 60 Xog 1 o H e--D20°
S . i Des* g
a ALK R?=0.996 K g 20 D55°
S e <-->Serie 1 a
S 4 2} 7 2 . D85°
2 e, o X Serie 2 L B i P tatd )
30 ey . K] G0N0 N0 08304000 <->Serie 1
w=09  --Poly. (D20°) 5 44 ! X
20 2 v X Serie 2
-Poly. (D55°)
10 Poly. (D85°)
[ 0
0 2 4 6 8 10 12 14 16 18 20 22 24 4 1 3 5 7 9 11 13 15 17 19
Time [min] Time [min]

Figure 3. Left: desorption behaviour; right: surface temperature of beech boards wetted with an
application quantity of 20 g/m? (= 100 %) of demineralised water at a temperature of 20 °C, 55 °C
and 85 °C for a time frame of 20 min.



THE JOURNAL OF ADHESION 11

up again and reaches 16 °C after 20 minutes. The wetting agent with
a temperature of 55 °C initially increases the surface temperature to 27 °C
and then drops to 11 °C within 7 minutes. After a holding time of 1 minute, the
surface temperature rises to almost the initial temperature of the wood. The
wetting agent with 85 °C water is the only wetting agent that does not show
a drop below the initial temperature of the wood. It is depicted that the
temperature can be increased to 33 °C with the wetting agent D85° and the
initial temperature is reached again after just 14 minutes.

In summary, it can be said that for Series 1 with an airing time of 10
minutes, an additional amount of water is available with little variation in
relation to the three wetting temperatures tested. After 10 minutes, at a wetting
temperature of 85 °C, the surface temperature 25 °C is 5 °C higher than the
temperature stated in the adhesive data sheet. This would indicate an acceler-
ated reaction of the adhesive. On the other hand, the wetting temperatures of
20 °C and 55 °C show a reduction of 8 °C and 7 °C respectively, which would
be associated with a reduction in the curing speed. For Series 2, with
a variation in airing time of 2, 4, 6 and 8 minutes, there is a difference in the
amount of water added of up to 30 %, while the surface temperature remains
constant at 12 °C.

3.2. Wetting agent and temperature

This section presents the results for the evaluation of the influence of wetting
agent (T = Tap water; D = Demineralised water) and wetting temperature (20
°C, 55 °C and 85 °C) on the adhesive performance and bond formation.

3.2.1. Tensile shear strength

The results of the tensile shear strength tests after treatment Al and A4
are shown in Figure 4 on the left. For all variants, the mean value with
the corresponding standard deviation is 14.2+ 1.9 N/mm” for the dry-
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Figure 4. Left: tensile shear strength (N; = 10); right: fibre fracture percentage of the test speci-
mens (N;=10), divided into the tested wetting variants and treatment variants.
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tested variants Al and 5.4+ 1.7 N/mm® for the specimens after the
boiling test A4. The mean values of all wetting variants of treatment
Al are above 10 N/mm® and therefore fulfil the above mentioned
requirement. The variants with the wetting agent at 55 °C show
a significant difference to the same wetting agent at temperatures of
20 °C and 85 °C. The required strength of 6 N/mm? after treatment A4
is only achieved for the two wetting agents at a temperature of 55 °C.
Within the same wetting agent, there is only a significant difference
between T20° and T55° for treatment A4.

The results from Figure 4, left, grouped in Table 2, show that there is
no significant difference between the two wetting liquids for treatment
Al, but a trend towards significance can be observed for A4 with p=
0.054. For treatment Al, the mean value with standard deviation is 13.9
+1.7 N/mm?® for tap water and 14.4+2.2 N/mm’ for demineralised
water. Treatment A4 shows a mean value with a standard deviation of
5.0+2.0 N/mm?® for tap water and 5.9+ 1.3 N/mm® for demineralised
water. In addition, an influence can be recognised when the temperature
of the wetting agent is varied. For both wetting agents, the best result is
obtained in all cases at a temperature of 55 °C.

The evaluation of the wood fibre fracture percentage (WFP) in Figure 4
right for A1 shows a mean value with a standard deviation of 81 +21 %.
Looking at the WFP per temperature level, it can be seen that at a wetting
temperature of 20 °C the WFP ranges between 80-100 %. The wetting
temperature of 55 °C shows the lowest WFP, whereby the variant D55°_A1
standing out with an mean value of 60 %. In comparison with Figure 4 on
the left, it can be seen that higher tensile shear strengths show lower WEFP.
At the 85 °C temperature level, the WFP is between 65 % and 100 %, which
is between the 20 °C and 55 °C temperature levels. The variant D85°, with
a median of 87.5 %, has the second lowest values after the D55° variant,
viewed at the median level. This emphasises the comparatively good mean
tensile shear strength of 13.9 N/mm? at a density of 668 kg/m’. The density
of all other variants is on average 20 kg/m’ higher. Generally, the fracture
pattern is a combination of adhesive and cohesive fracture in the joint.
Specimens with a high proportion of fibre fracture of 90-100 % show signs

Table 2. Tensile shear strength of the test specimens, divided into the tested wetting variants and
treatment variants, given as mean value + standard deviation in the unit N/mm?.

Variant: Wetter: 20 °C 55°C 85°C Mean
Al Tap water 13.2+2.0 150+ 1.5 13.7£1.2 139+£1.7
DM water 13.6+27 157109 13.9+2.0 144+2.2
A4 Tap water 37124 6.1+0.8 52+1.7 50+2.0
DM water 56+2.0 64+1.0 57+0.7 59+13
Mean A1 134 15.35 13.8 142+£19

Mean A4 4.65 6.25 545 54+17
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of fibre deviation from the adhesive bond. With the exception of one test
specimen, the fracture pattern of treatment A4 shows 0 % WEFP throughout,
which is reflected as an adhesion fracture. The outlier in the T20°_A1 series
experienced a failure in the wood plane due to the strong inclined fibres.

3.2.2. Adhesive penetration

The measured adhesive penetration depths into the lower (side of the adhesive
application during production) and upper adherends are shown in Figure 5. In
Figure 5 left, the bonds show a penetration depth in the upper adherend of
around 60-300 pm, whereby the mean value with the standard deviation for
treatment variants Al and A4 is 141 + 68 um and 140 + 83 pm. To analyse the
penetration behaviour according to wetting agent and temperature, the values
are grouped in Table 3. This shows that the upper penetration behaviour of
both wetting agents is similar for the 20 °C and 85 °C temperature levels,
whereby the mean penetration depth for the 85 °C temperature is around
35 um greater. For the temperature level 55 °C, the penetration behaviour
between the wetting agent tap water and demineralised water differs
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BT20°_A4
BT55°_Al
BT55°_A4
mT85°_Al
BT85°_A4
BD20°_Al
©D20°_A4
@O D55°_Al @ D55°_A1
BD55°_A4 B D55°_A4
0 WD85°_Al o WD85°_Al
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BT85°_A4
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Upper penetration depth [pum]
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Figure 5. Left: upper; right: lower penetration depth of the adhesive, divided into the tested
wetting variants and treatment variants (N; = 10-X(x;...Xs).

Table 3. Upper and lower penetration depth of the adhesive, divided into the tested wetting
variants and treatment variants, given as mean value * standard deviation in the unit pm.

Variant Wetter: 20°C 55°C 85 °C Wetter
Upper Al Tap water 12141 179+ 63 164 + 40 155+73
DM water 126 + 56 17 +55 142 + 62 128 + 60
A4 Tap water 127 +57 187 £ 95 157 +77 157 £ 95
DM water 113+57 93+48 163 +£71 123+ 68
Mean 122+6 144 £ 46 157£10 14118
Lower Al Tap water 124 + 31 197 £77 183 +54 168 + 67
DM water 207 £58 127 £48 131+£38 155+75
A4 Tap water 79+ 44 110+ 65 176 + 56 122+ 86
DM water 114 +55 15770 107 +48 126 + 69
Mean 131+54 148 +£ 38 149 £37 143 £22
Mean 127 146 153 142

A UL 9 4 +8 2
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fundamentally. The tap water leads to the greatest penetration depth of all
temperature levels and demineralised water to the smallest penetration depth
of all temperature levels. The difference between the wetting agents is 62 um
for treatment variant Al and as much as 94 um for A4. On average, the
demineralised water results in lower penetration depths for A1 and A4, but
not to a statistically significant degree. The average value of both wetting
agents increases by around 20 um per increase in temperature level (122 pum;
144 pm; 157 um), with a significant difference only between temperature levels
20 °C and 85 °C.

For the penetration of the adhesive on the lower adherend (Figure 5 right),
it can be seen that on average the penetration is at a comparable level for both
wetting agents per treatment. However, the mean penetration value for treat-
ment A4 is significantly lower with 124 um than for Al with 161 pm. No
significant difference can be detected between the temperature levels of the
lower penetration at the average level.

Both the upper and lower penetration depths show an influence of the
temperature levels with a tendency for the penetration depth to increase with
increasing wetting temperature. The test variant Al and A4 has no effect on
the upper penetration depth but has a significant effect on the lower penetra-
tion depth. The penetration depths for the top and bottom are at a similar
level. This is confirmed by an almost identical overall mean value (all tem-
perature levels, wetting agents and treatment variants) of 141 + 18 um at the
top and 143 £ 22 pm at the bottom.

3.2.3. Glue line thickness

The grouped evaluation in Table 4 of the glue line thickness results as
illustrated in Figure 6 indicates that the glue line is at a very similar niveau
for all temperature levels and wetting agents. The thickness of the film ranges
from 0-135 pm, with an average value between 34 um and 84 um. Due to the
wetting with the tap water, the adhesive has penetrated a partially deeper into
the upper and lower parts. Consequently, there is now slightly less adhesive to
form the glue line. Although the mean values of the individual temperature
levels exhibit small variations, a discernible pattern emerges in the standard
deviation of the four mean values. To illustrate this point, the mean value of
the standard deviations (2 x Al +2 x A4) increases from 7.25 pm to 7.75 pm

Table 4. Glue line thickness, divided into the tested wetting variants and treatment variants,
given as mean value + standard deviation in the unit pm.

Variant: Wetter: 20 °C 55 °C 85 °C Mean
Al Tap water 84+7 34+6 60+ 14 59+ 44
DM water 49+6 77+8 78+18 68 + 58
A4 Tap water 707 36+8 59+5 55+42
DM water 53+9 83+9 50+ 11 60 + 38

Mean 64+16 58+26 62+12 615
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Figure 6. Thickness of the glue line between the joints, divided into the tested wetting variants
and treatment variants (N; = 10-X(X;...Xs).

and even to 12 um as the temperature rises. It has been demonstrated that
elevated wetting temperatures can have a negative impact on the flatness of the
material. It can also be seen that the average thickness of the glue line across all
wetting variants is 61 + 5 pum, which corresponds to a thin glue line (<0.1 mm)
at a pressing pressure of 0.8 N/mm? in accordance with standard EN 302-1.

3.2.4. Bond line thickness
The bond line thickness results in Figure 7 express the upper and lower
penetration depths together with the thickness of the glue line. Most of the
values are between 200-550 pm. No pattern can be recognised from the specific
mean value per temperature level, wetting agent and treatment variant
(Table 5). Examining the mean values for each temperature level, averaged
across wetting agents and treatments, reveals an increase in bond line thickness
(39 um) from 20 °C to 55 °C, followed by a slight increase (8 pm) from 55 °C to
85 °C. However, significant differences were only identified between tempera-
tures 20 °C and 85 °C. The standard deviation is the inverse of to the mean
value and decreases by around 10 um per temperature step. As can be seen from
Figure 7 and Table 5, the adhesive with demineralised water as wetting agent
has a smaller bond line thickness. Although this difference is statistically
insignificant.

As a summary of the tested wetting variants, representative micro-
scopic images with the corresponding joint design are shown in Table 6.
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Figure 7. Thickness of the bond line, divided into the tested wetting variants and treatment
variants (N; = 10-X(Xq...Xs).

Table 5. Thickness of the bond line, divided into the tested wetting variants and treatment
variants, given as mean value + standard deviation in the unit pm.

Variant: Wetter: 20 °C 55 °C 85 °C Mean
Al Tap water 347 £42 438 +93 412+68 399 £ 104
DM water 402+97 339+82 367 £ 80 369 + 109
A4 Tap water 282+ 67 356+ 126 394 + 91 344 + 148
DM water 290 + 86 342 +88 336+ 85 323+85
Mean 330+ 56 369 + 47 377 +33 359+33

The joints at temperatures of 20 °C and 55 °C have a smooth surface.
The joint specimens at the 85 °C temperature level show a slightly wavy
surface. As all test specimens were produced with new planer knives, it
can be assumed that the use of wetting agents at high temperatures can
cause an uneven surface. The values described are average values (X=X,
(X1...X5) ... Xj9 (X;1...X5)) from treatment Al and A4 in Figures 5-7.

3.3. Airing time of the wetting agent

In this results section, all bonding surfaces were wetted with deminer-
alised water at a temperature level of 20 °C (D20°) prior to bonding.
Subsequently, the airing time was varied between 2 min and 8 min with
an interval of 2min in order to study a possible influence on the
bonding quality.
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Table 6. Representative microscopic images of the average adhesive joint design parameter in
relation to the wetting agent.

Variable: Microscopic image: Description:

Tap water 20 °C

Upper penetration depth: 198 ym
Lower penetration depth: 149 ym
Glue line thickness 24 ym

Bond line thickness 380 ym
Blister formation: none

55 °C Upper penetration depth: 183 um
Lower penetration depth: 153 um
Glue line thickness: 35 um

Bond line thickness: 397 um

Blister formation: none

85 °C Upper penetration depth: 160 um
Lower penetration depth: 180 um
Glue line thickness: 59 um

Bond line thickness: 403 um

Blister formation: none

Demineralised water 20 °C Upper penetration depth: 120 um
Lower penetration depth: 160 um
Glue line thickness: 51 um

Bond line thickness: 346 um

Blister formation: none

55 °C Upper penetration depth: 105 um
Lower penetration depth: 142 um
Glue line thickness: 80 um

Bond line thickness: 340 um

Blister formation: none

85 °C Upper penetration depth: 153 um
Lower penetration depth: 119 um
Glue line thickness: 64 um

Bond line thickness: 352 um

Blister formation: none
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3.3.1. Tensile shear strength

The results of the tensile shear strength tests after treatment Al and A4 are
shown in Figure 8 on the left and Table 7. For all variants, the mean value
with the corresponding standard deviation is 14.4 + 1.8 N/mm? for the dry-
tested variants Al and 6.3 + 1.5 N/mm? for the specimens after the boiling
test A4. The mean values of all airing levels of treatment variant Al are
above 10 N/mm” and therefore meet the requirements of EN 15425. The
results show that the airing times has an influence on the tensile shear
strength. This becomes apparent when comparing the airing times 2 min
and 4 min, where the tensile shear strength in test method Al remains
constant with increasing density. The results of the 2-6 min airing time
variant show significantly better values than at 8 min. The strengths after
treatment A4 meet the requirement of 6 N/mm?® for the 2 min and 4 min
airing variant. It is evident that the 4 min airing time variant has an
exceptionally small standard deviation. The results of the 2-4 min airing
show significantly better values than those of the 6-8 min airing.

By normalising the tensile shear strength to the density, the influence of the
airing time can be better assessed. For treatment variant Al it is evident that
the results decline with increasing airing time, although the results remain
stable between 4 min and 6 min. As with the non-normalised results, the
difference between the results is only significant between 2-6 min compared
to 8 min airing time. Similar to the non-normalised tensile shear strength,
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Figure 8. Left: tensile shear strength (N; = 10); right: fibre fracture percentage of the test speci-
mens (N; = 10), divided into the tested airing times and treatment variants.

Table 7. Tensile shear strength of the test specimens, divided into the tested airing times and
treatment variants, given as mean value + standard deviation in the unit N/mm?.

Variant: Airing time:

2 min 4 min 6 min 8 min Mean
Density: 716 kg/m’ 755 kg/m? 744 kg/m? 673 kg/m?
Al 152+£14 152+13 15.0+£1.2 122+£1.1 144+1.8

A4 6.9+1.0 74+05 52+13 52+16 63+1.5
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there is a significant difference between the airing times of 2-4 min and
6-8 min for treatment variant A4. The results for the airing time of 2-4 min
are at an identical level.

The evaluation of the wood fibre fracture percentage (WFP) in Figure 8, on
the right, shows for Al an average value with a standard deviation of 73 + 28 %
It is noticeable that the test specimens with 2 min airing time exhibit
a consistently high WFP of 70-100 %, without any external signs of inclined
fibres. In general, the fracture pattern is characterised by a combination of
adhesion and cohesion fracture in the bonded joint. The 4-8 min airing time
variants show a cohesive failure in the adhesive for all test specimens with
a wood WFP of less than 40 %.The results for treatment A4 show a very low
WEFP of 2+7 %, which is represented as adhesion fracture and largely as
cohesion fracture in the adhesive.

3.3.2. Adhesive penetration

The measured adhesive penetration depths into the lower (side of the
adhesive application during production) and upper adherends are shown
in Figure 9. In Figure 9 left, the bonds show a penetration depth in the
upper adherend of around 100-500 um, whereby the mean value with
standard deviation for the Al and A4 treatments being 269 + 96 pm and
260 * 165 pm respectively. The penetration depth for the D20°-6_A4 variant
differs from the rest and pushes the mean value for A4 upwards due to the
high value. The statistical analysis shows no significant difference for treat-
ment Al. In treatment A4, a difference can be seen between 2 min and
6 min or 8 min, as well as between 4 min and 6 min.

The penetration depth in the lower joint presented in Figure 9 right ranges
between 90-450 um, with a mean value with standard deviation of 230 +
144 um for Al and 201+ 151 um for A4. The statistical analysis shows
a significant difference between 2 min and 6 min and between 6 min and
8 min for treatment Al. In treatment A4, stages 2 min and 4 min, as well as
2 min and 6 min, are significantly different.

To analyse the penetration behaviour after airing time, the mean values
of the upper and lower penetration depth are compared in Table 8. There is
a clear relationship between airing time and penetration depth. The pene-
tration depth increases up to an airing time of 6 min, with a significant
difference between 2 min and 4 min. The penetration depth for the 8 min
airing time is less than for 6 min, but it is not entirely clear whether the
peak was reached at 6 min or whether, in general, more adhesive is required
to fill the lumina due to the lower density at 8 min airing time. The
penetration depth at the bottom, where the adhesive is applied, is on
average 40 um and 60 um less for Al and A4 respectively, but with no
statistical significance.
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Figure 9. Left: upper; right: lower penetration depth of the adhesive, divided into the tested airing
times and treatment variants (N; = 10-X(X;...Xs).

3.3.3. Glue line thickness

The glue line thickness illustrated in Figure 10 ranges mainly between 0-60 pm
with a mean value and standard deviation of 14 + 19 pm for Al and 20 + 27 pm
for A4. The grouped analysis in Table 9 shows that the glue line thickness
decreases up to an airing time of 6 min, which supports the increasing
penetration depth at the top and bottom. The increase in the glue line thick-
ness for an airing time of 8 min suggests that the peak lies at an airing time of
6 min. In general, the glue line thickness is extremely low for all variants.

3.3.4. Bond line thickness

The bond line thickness results in Figure 11 on the left, expressing the upper
and lower penetration depths together with the thickness of the glue line.
The majority of the values are between 220-800 um. The bond line thickness
increases up to and including the variant with 6 min airing time. There is
a significant difference between 2 min to 4 min, 6 min and 8 min (except
2 min to 8 min treatment A1). Table 10 shows that an increase in density also
increases the bond line thickness, as the existing cavity decreases. This can be
seen by comparing the difference between the mean values in percent of

Table 8. Upper and lower penetration depth of the adhesive, divided into the tested airing times
and treatment variants, given as mean value + standard deviation in the unit um.

Airing time:
Variant: 2 min 4 min 6 min 8 min Mean
Upper Al 222+94 275+ 85 293 + 151 286 + 98 269 + 96
A4 174 + 68 212 £ 65 386 + 109 271+113 260 + 165
Mean 198 244 340 279 265
Lower Al 165+79 277 £109 286 + 141 19173 230+ 144
A4 132+ 71 271+96 237+114 165 + 54 201 +151
Mean 149 274 262 178 216
Mean 174 259 301 229 241
A (U-L) +49 -30 +78 +101 +49
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Figure 10. Thickness of the glue line between the joints, divided into the tested airing times and
treatment values (N; = 10-X(x;...Xs).

Table 9. Thickness of the glue line between the joints, divided into the tested airing
times and treatment variants, given as mean value + standard deviation in the unit um.

Airing time
Variant: 2min 4 min 6 min 8 min Mean
Al 20+4 8+2 9+2 19+4 14+19
A4 295 212 1M1+34 17+3 20+27
Mean 25 15 10 18 17

bond line thickness and density. For this purpose, the change from 2-8 min
for the bond line thickness and the density are plotted on the right hand side
of Figure 11. It can be seen that there is a 100 % correlation between the
change in density and the size of the bond line. In Table 10, the theoretical
change in the bond line thickness is calculated using the linear equation from
Figure 11 on the right. The difference between the measured change and the
theoretically calculated change shows a change in the bond line thickness
without the influence of density. This change shows a constant increase of
19.2£0.14 %.

Table 11 summarises the airing times tested and shows representative
microscopic images with the corresponding joint design, respecting as far as
possible the mean values on the right. It can be seen that with an airing time of
4 min or 6 min, the adhesive has penetrated to such an extent that only a very
thin glue line remains. It can also be seen with these two variants that from
a certain distance from the joint line, the lumina is only wetted with adhesive
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Figure 11. Left: thickness of the bond line, divided into the tested pressure levels and treatment
variants (N; = 10-x(x,...xs); right: comparison of the difference of the mean values in per cent of the
adhesive area vs the density.

Table 10. Thickness of the bond line of the joint pieces, divided into the tested airing times and
treatment variants, given as mean value + standard deviation in the unit um.

Variant: Airing time

2 min 4 min 6 min 8 min Mean
Al 428 £139 577 £138 596 +190 494 £ 139 524 +1157
A4 333+£98 508 £ 134 629 £ 166 458 £ 128 482 + 226
Mean 381 543 613 476 503
Density 716 kg/m® 755 kg/m’> 744 kg/m? 673 kg/m® 721 + 36 kg/m®
A Density +54 % -15% -9.5%
A Bond line +42.5 % +12.9 % =223 %
A Theoretical +23.4 % —6.5 % —41.5 %
A w/o Density +19.1 % +19.4 % +19.1 %

on the surface. The values described are average values (X = X;(X;...Xs) ... Xjo
(Xy...Xs5)) from treatment Al and A4 in Figures 9-11.

4. Discussion & conclusion

Before an adhesive system can be used to bond load-bearing timber products,
the performance of the adhesive must be confirmed by standardised test
methods. As adhesive bonds are mainly exposed to shear forces, the EN
302-1 standard, which involves analysing tensile shear forces, plays a central
role in testing this property. To analyse the influence of different parameters
on the quality of the bonded joint, it makes sense to use EN 302-1 as an
evaluation standard. Microscopic images of the adhesive joint design can help
to understand the mechanism of action of the tested parameters.

To evaluate the initial condition of the adherends after wetting at different
temperatures, Chapter 3.1 showed the residual water content in the wood and
the surface temperature using a desorption curve. For series 1, which had an
airing time of 10 minutes, the differences in residual water content at the time
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Table 11. Representative microscopic images of the average adhesive joint design parameter in
relation to the airing time.

Variable: Microscopic image: Description:

Airing time of D20° -2 min Upper penetration depth: 198 um
Lower penetration depth: 149 pm
Glue line thickness: 24 pm

Bond line thickness: 380 pm

Blister formation: none

—4 min Upper penetration depth: 243 um
Lower penetration depth: 274 um
Glue line thickness: 14 um

Bond line thickness: 543 um

Blister formation: none

—6 min Upper penetration depth: 339 um
Lower penetration depth: 262 um
Glue line thickness: 10 um

Bond line thickness: 613 pm

Blister formation: none

-8 min Upper penetration depth: 279 um
Lower penetration depth: 178 um
Glue line thickness: 18 um

Bond line thickness: 476 pm

Blister formation: none

of adhesive application were minor across the three temperature levels. These
differences increased with longer airing times, indicating deeper penetration
due to increased moisture conductivity at higher temperatures. Due to the
reduced surface temperature of wetting agents D20° and D55° at the time of
adhesive application, a reduction in reaction kinetics can be assumed. The
opposite is true for the wetting agent at 85 °C. While the surface temperature
of D55° rises rapidly again after a local minimum at 8-9 minutes, the surface
temperature of D20° only recovers slowly after a constant plateau with
a reduced temperature from 13 minutes onwards. This indicates that more
energy is available to the system, particularly during the curing process with
wetting agent D55°. While the amount of residual water at the time of adhesive
application is comparable in series 1, the surface temperature remains con-
stant for the different airing times (2 min; 4 min; 6 min; 8 min) in series 2.
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Variation in airing time significantly influences the amount of residual water,
mainly within the first 10 minutes (89 %; 78 %; 68 %; 59 %). Therefore, it can
be concluded that the visible phenomena in series 2 are mainly due to
mechanisms triggered by the amount of residual water.

In the processing of 1C-PUR, water is increasingly being used in industry to
wet adherends, ensuring a proper curing of the moisture-curing adhesive
system at low wood moisture levels. Therefore, the influence of wetting agents
in the form of tap water and demineralised water at different temperature
levels were investigated in Section 3.2 The results show that the penetration
depth increases with the use of water as a wetting agent, which is consistent
with the literature described in the introduction. One potential explanation for
this behaviour is the wetting of the cell surface, which, on the one hand,
enhances the accessibility of the adhesive, a phenomenon that has already
been demonstrated in the literature with various other liquids. Alternatively,
the behaviour may also be attributed to the transport of liquid into the wood
structure. In the unwetted state, there is a moisture equilibrium and, by leaving
the normal climate, the surface tends to dry out, which leads to moisture
transport towards the surface. However, by wetting the surface, the transport
direction is initially reversed. As described in the literature, there is a moisture
difference in the wood as long as water is drawn out of the larger capillaries
(tracheids, vessels) by the tensile forces and stored in the finest capillaries in
the cell wall system. This can also be supported by the findings of microscopic
images, where in addition to wetting in the vessels, filling of the small-pored
structures is also observed. This indicates that mechanical adhesion is
increased by stronger anchoring. The images also confirm the fact from the
literature, as fewer blisters are formed with a higher moisture content. This
aligns with previous literature suggesting that wetting with water reduces WBL
consisting of trapped air. The influence of the reaction by-product, e.g., CO,, is
ruled out, as an increased amount of water accelerates the reaction and
promotes the accumulation of bubbles. However, it has also been shown that
the penetration depth depends on the temperature of the wetting agent. While
an increase in temperature from 20 °C to 55 °C significantly affects the
penetration depth, a further increase to 85 °C does not yield additional effect.
It is known from the literature that increasing the temperature enhances the
moisture conductivity by reducing the viscosity and surface tension. This is
confirmed by the desorption tests in section 3.1, which show that increasing
the wetting temperature reduces the desorption rate. Hence, in series where
the wetting agent and temperature were changed with an airing time of 10
minutes, more water is present at higher temperatures. This corresponds to
a higher wood moisture content and therefore results in increased moisture
conductivity. However, this does not explain the noticeably smaller difference
in the penetration depth when increasing the temperature from 55 °C to 85 °C.
However, the analysis of the measured surface temperatures indicates that at
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a wetting temperature of 85 °C, the surface reaches a significantly higher
thermal level and sustains it over an extended period. As the curing mechan-
ism of 1C-PUR is increased at higher temperatures, it can be a possible
explanation. Consequently, the wetting agent at 55 °C appears to provide an
optimal temperature and moisture content, resulting in significantly better
tensile shear strength after treatment Al and A4.

The types of wetting agents have an impact on the penetration
behaviour as outlined in section 3.2 It became obvious that the amount
of the remaining wetting agent in the wood influences the bulk flow
behaviour of the adhesive. Moreover, see section 3.3, the remaining
wetting agent can intentionally be controlled by the airing time. The
penetration depth increases steadily with an airing time of 2-6 minutes
but reduces with an airing time of 8 minutes. This reduction in pene-
tration depth is caused by the wood’s lower density. This is confirmed
by the linear correlation between the change in density and the change
in bond line thickness. Hence, the penetration depth increases up to the
maximum tested airing time of 8 minutes. An explanation for the cor-
responding behaviour has already been provided in the discussion for
section 3.2 and is based on the build-up of a vapour pressure gradient
with flow direction in the middle of the board. The behaviour of the
tensile shear strength after treatment Al shows that the drop in the
variant with 4 minutes, resp., 6 minutes airing time is probably related
to glue line thickness. While 25um remains in the variant with 2
minutes airing time, it is only 8-9 um for 4-6 minutes. Compared to
the values reported in the literature by Luedtke et al.®!l with adhesive
joint thicknesses of 20 +9 um using 20 g/m?* less adhesive under other-
wise identical conditions, the influence is already considerable. With
a glue line thickness of just a few micrometres (e.g.,<10um), local
penetration of the wood into the glue line is to be expected. It causes
a defect in the adhesive film, which leads to stress peaks and thus
reduces the measured tensile shear strength. The same explanatory
approach is valid for the values after treatment A4, where the worst
values occur at a film thickness of 11 um. The defect in the adhesive
film resulted in an increased number of cohesion failures for variants
with reduced adhesive thickness, as seen after an airing time of 4-8-
minutes. This effect is more pronounced after treatment A4, due to the
additional swelling pressure imposed on the moistened fibres in the glue
line.

Combining tensile shear strength testing with microscopic image analysis was
crucial for making well-founded statements about the impact of the adhesive
joint quality on bond strength. Moreover, conclusions could be drawn about
changes in the flow behaviour of the adhesive. Wetting the surface changes the
penetration depth of the adhesive decisively depending on the wetting agent,



26 A. WICK ET AL.

wetting temperature, and airing time. This also changes the thickness of the glue
line. The change in density shows a linear correlation to the change in the bond
line thickness. For the industry, this means that the influence on the adhesive
should be known for the application of wetting agents, as in the worst case
a reduction in bond strength is achieved. Based on this finding, future parameter
studies on adhesive joints should be carried out with a very limited density of the
test material. This is despite the fact that the EN 302-1 test standard for tensile
shear test specimens allows densities of 700 + 50 kg/m”>. A follow-up study will
investigate the influence of density and glue line thickness on strength.
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