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ABSTRACT

While bonding for structural applications in Europe was limited to only a few softwood
species in the past, forest alterations toward more climate stability will increase the diversity
of tree species. This requires an understanding of typal wood-adhesive interactions. To help
facilitate birch wood bonding, its cold-water soluble extractives and their effects on mechanical
performance and bond line morphology were studied using water-borne melamine-urea-
formaldehyde (MUF) and hydrophobic solvent-free polyurethane (PUR) adhesives. Extractives
classes were identified via mass spectrometry and their concentration and extraction kinetics
were evaluated. The analysis revealed that the mechanical properties of the bond line were
essentially unaffected by extraction when using the hydrophobic PUR adhesive. Increased
degrees of extraction resulted in reduced MUF penetration, and slightly thicker bond lines,
however, the mechanical results indicate improved performance, indicating fewer defects in
the cured adhesive network.
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Introduction species will reduce in the future, while it will increase
for deciduous species, such as beech, oak, ash and
birch.!'") While initial findings on the effects of

extractives on the structural bonding of beech,!'®

The production of engineered wood products (EWPs)
predominantly requires adhesive bonding. Different

chemical and physical processes are involved in form-
ing an adhesive bond. Fundamental adhesion theories
were fiercely discussed in their importance to the
overall bond performance for decades.!'"”)
Compared to solid bulk materials, i.e., metals or
plastics, the adhesion of wood is even more complex
due to its anisotropic, porous, as well as its structur-
ally and chemically heterogeneous nature. It has been
shown that the presence of wood extractives can affect
the properties of a wood-adhesive bond.®-!!) In the
past years, an ongoing change in silviculture to more
diverse structured forests could be observed, from
predominantly monoculture coniferous species to an
increased amount of deciduous species. This is driven
by the increasing risks and damages of monospecific
softwood stands under climate change impacts such
as droughts, heat, storms and insect attacks.[!>-14
Consequently, the availability of wood from coniferous

0ak'"”! and ash!’® and other hardwoods!" are avail-
able, silver birch has hardly been studied in this
regard. Because birch wood will gain in importance
especially as a pioneer wood species for the reforesta-
tion of damaged forest areas, even under changing
climatic conditions, and also has very positive
physical-mechanical wood properties,?*?!! birch wood
will become increasingly interesting for load-bearing
timber products. The attainable bond strength(202223]
of birches indicates good potential for use in glulam
or CLT. To exploit the potential a fundamental under-
standing of the basic mechanisms in the bonding of
birch wood, in particular on interactions between
wood extractives and adhesives is essential.

The extent and depth of the adhesive flow into the
wood were studied using X-ray computed tomogra-
phy!24-2¢1 and microscopic methods?”?8) when bonding
different wood species with various adhesives. In

CONTACT Max Engelhardt @ engelhardt@hfm.tum.de; Antoni Sanchez-Ferrer @ sanchez@hfm.tum.de @ Chair of Wood Science, TUM School of Life
Sciences, Technical University of Munich, Winzererstr. 45, Miinchen D-80797, Germany
Supplemental data for this article can be accessed online at https://doi.org/10.1080/02773813.2024.2314453

© 2024 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-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, trans-
formed, or built upon in any way. 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/0000-0002-9781-7476
http://orcid.org/0000-0001-8747-8506
http://orcid.org/0000-0002-5617-9236
http://orcid.org/0000-0002-5968-6719
http://orcid.org/0000-0002-6583-0254
http://orcid.org/0000-0002-1041-0324
mailto:engelhardt@hfm.tum.de
mailto:sanchez@hfm.tum.de
https://doi.org/10.1080/02773813.2024.2314453
https://doi.org/10.1080/02773813.2024.2314453
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com

2 M. ENGELHARDT ET AL.

addition to the penetration into the wood’s pore struc-
ture, diffusion into the cell walls was observed with
in situ polymerizing resins, which results in a strong
improvement of dimensional stability.>>*% Konnerth
et al.®!l demonstrated with scanning thermal micros-
copy (SThM) that polyurethane (PUR) adhesive is not
diffusing into cell walls. This observation was con-
firmed by Casdorff et al.l*?! using atomic force micros-
copy (AFM) and Raman spectroscopy imaging. In the
case of water-borne phenol-resorcinol-formaldehyde
(PRF) adhesive, with its lower molar mass and ability
of hydrogen bonding, Konnerth et al.’! observed
gradients of adhesive into the cell walls by SThM
experiments. By the use of X-ray fluorescence micros-
copy and nanoindentation, Jakes et al.l** observed the
penetration of PF adhesive into wood cells.

The resulting interphase with filled lumina or
modified cell walls can exhibit altered mechanical
properties, e.g., higher stiffness or increased brittle-
ness. In Gindl* and Konnerth and Gindl,[?’
nanoindentation of interphase cell walls and refer-
ence cell walls of spruce bonded with MUF, PUR
and other adhesives demonstrated a decrease of the
modulus of elasticity (MOE) of cell walls near PUR
bond lines due to the damaging of the cell wall’s
structure during surfacing. However, an increase in
MOE and hardness was observed in the case of cell
walls near MUF bond lines, where damaged cell
walls are stiffened by adhesive diffusion. These find-
ings have been verified in nanoindentation studies
multiple times since.[**-*] Equal importance in
mechanical behavior for load-bearing timber with
bond lines can be attributed to the adhesive’s
mechanical properties. In Miiller et al.,!*” tensile
shear and fracture tests with dual cantilever beam
geometry were performed using digital image cor-
relation (DIC) techniques and compared to
finite-element-method (FEM) simulations with PUR,
PRF and MUF adhesives. Increased stress concen-
trations for stiffer adhesives and higher fracture
energy for softer PUR adhesives were demonstrated.
Similar results were obtained before by Serrano and
Enquist!*!! using DIC analysis on tensile shear and
block shear tests.

Adhesive curing kinetics govern the evolution of
viscosity during the bonding process. This determines
the adhesive’s mobility during the formation of the
bond line interphase by penetrating into the adher-
ends porous structure. The effects of extractives from
several softwoods but also larch, beech, oak and chest-
nut wood on adhesive curing were studied by
Ozparpuzu et al.*>-*! vig rheometry and parallel FTIR
spectrometry for common adhesive systems. There,

the observed effects on curing kinetics were highly
dependent on the respective wood species.

In an initial study on interactions of birch wood
extractives with MUF adhesive and one-component
PUR adhesive, it was found that the kinetics of adhe-
sive curing can be affected by the presence of birch
wood extractives.[*”! In this prior study, also the ten-
sile shear strength (TSS) was found to be affected
after performing a partial cold-water extraction of
the boards.

To better understand the relationship between
extractives concentration and effects on the bond line
properties, this study shall investigate them as a func-
tion of extraction duration and respective extraction
degree (ED). Thereby, specific correlations between
extraction and bond line properties can be quantified.
The effects of extractives on adhesive penetration and
interphase formation were not quantified before. So,
in summary, while adhesive penetration and its influ-
ence on mechanical bond line properties have been
studied for wood in general, the factor of extractives
on the bond quality was unclear for silver birch wood.

Therefore, the objective of this study is to first
identify and quantify the water-soluble extractives of
birch wood using liquid chromatography coupled with
high-resolution mass spectrometry. Secondly, the
extracted wood was subsequently bonded with MUF
and PUR adhesives, followed by investigations into
the changes in adhesive penetration behavior and
mechanical bond line properties as a reaction to
extraction treatments. For this purpose, the standard
tensile shear setup is extended using digital image
correlation (DIC), and an image-based microstructural
characterization tool has been developed using UV
microscopy to assess the bond line morphology.
Finally, the previous findings on the extractives and
bond line quality were linked to the results of mechan-
ical behavior for both MUF and PUR adhesives.

Experimental section
Materials and pretreatment

The wood used in this study was silver birch (Betula
pendula RoTH) from the region of Lieska in Finland,
conditioned at 20+ 1°C and 65+ 3% relative humidity
(RH). The logs were cut flatsawn resulting in a mixed
radial/tangential cut of the processed boards. From
these boards, batches of similar growth ring orienta-
tions were selected for both adhesives to eliminate
orientation differences between extraction groups.
Boards from straight-grained, defect-free sapwood
with a density of 600+ 30kg/m*® and dimensions of



350mm (L) x 150mm (W) x 5.5mm (T) were pre-
pared. Within the study, two different types of adhe-
sive were used - an in situ polymerizable adhesive
and a pre-polymerized adhesive. For a typical in situ
polymerizing adhesive, the water-borne melamine-
urea-formaldehyde (MUF) resin Kauramin® 683 with
20% (W/W) hardener component Kauramin® 6884
was used. To improve the adhesive’s contrast to the
wood, the xanthene-type UV dye Rhodamine B (CAS
No 64381-99-3) was added in a concentration of
0.02% (W/W). As a typical pre-polymerized adhesive,
the water-free one-component polyurethane (PUR)
adhesive Loctite® HB S309 Purbond!¥”! was used. Here,
a UV-fluorescent dye was already included in the
manufacturers’ formulation. As extraction solvent,
partially deionized water (treated by reverse osmosis)
of controlled ion concentration (determined via total
dry solid content mass per solvent volume TDS,)
was used.

Three extraction processes of 4, 8 and 16 days were
performed with 8 boards each. The boards were
placed in closed glass containers, fixed and separated
by glass-made rack constructions. They were then
submerged in 20°C water with a volume ratio of 10:1
(water/wood) under constant stirring using a magnetic
stirring bar. To minimize saturation effects, the solvent
water was exchanged every 24h. Before recondition-
ing, the soaked extracted boards were kept in the
emptied containers at saturated RH while stacked and
weighted (20kg) for 72h to (i) equilibrate the gradi-
ents of extractives developed during the diffusion
process, and (ii) reverse possible warping of the
boards. The reference boards, with no extraction, were
also prepared to minimize possible bias due to any
secondary effects of the water imbibition. Therefore,
they were soaked without excess water by repeatedly
wetting the surfaces. All boards were reconditioned
at 20+1°C and 65+3% RH for bonding.

Extraction analysis

Within each of the three extraction periods, a set of
four solvent water samples was taken over the course
of extraction (the sampling procedure is detailed in
Appendix A). The dry sample solid masses were
obtained after filtration by lyophilization and used to
calculate the extractives content as the ratio of dry
extractives m,, (t) removed after each sampling period
t to the dry wood mass m,,. The cumulative extractives
content C,_ (¢) was calculated from the extractives con-
tent results of the three sample sets.

Hydrophilic interaction liquid chromatography
(HILIC) and reverse phase liquid chromatography
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(Shimadzu Nexera UHPLC) were performed and cou-
pled with mass spectrometry (TOF-MS, Sciex
TripleTOF6000) both in positive and negative modes.
The UHPLC-ESI-TOF-MS technique allows
high-resolution (1-107*Da) ion mass determination
without requiring sample derivatization. Following the
post-processing of the data, a detailed plausibility
check was conducted. All compounds passing this
review were assigned to a chemical class for further
evaluation since identifying and verifying exact molec-
ular structures was neither necessary nor feasible,
given the applied untargeted analysis method. For a
detailed specification of the extractives analysis pro-
cedure, see Appendix A.

The cumulative abundance C,(t) of the compounds
was obtained for the three sample sets by peak area
integration A, and subsequent adjustment by multi-
plication with the respective sample mass m(t).

Both the progression of C,, and C,; were analyzed
by fitting the data to a stretched exponential function
(Equation (1)), suitable for Fickian and non-Fickian
diffusion processes!*®!

c(t)=C 1—e7@ﬂ (1)

whereby estimates for the equilibrium values after
infinite time (complete extraction) C_, the kinetic
parameters, i.e., lifetime 7 and stretch exponent f3,
and the equivalent lifetime 7 (Equation (2)) were
obtained, with I' being the gamma function.

=103}

This way, kinetic parameters for the individual
compounds were obtained. Additionally, the cumula-
tive, m/z-weighted abundances of individual com-
pound classes were evaluated in the same way.

Mechanical bond line analysis

The tensile shear experiments were based on the stan-
dard EN 302-1 for tensile shear strength (TSS)
testing, but uses silver birch as a wood species with
the above-described pretreatments of the boards. The
specimen preparation and measurement were con-
ducted at 20£1°C and 65+3% RH. All boards were
sanded on a wide belt grinding machine with 220-grit
sandpaper to 5mm thickness (surface preparation).
From each group (0, 4, 8 and 16days of extraction),
four boards were bonded with MUF and PUR
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adhesive, respectively. The bond procedures followed
the manufacturers’ recommendations in the technical
data sheets (listed in Appendix B). From each bonded
pair, 18 shear specimens were obtained. The growth
ring angles of the MUF and PUR bonded TSS spec-
imen from the flat-sawn boards were in the range of
26°£13° and 39°+19°, respectively, following the results
and suggestions to improving tensile shear testing in
adhesion studies with diffuse-porous hardwoods of
Hass et al.l’%

The TSS experiments were conducted at a constant
displacement rate of 1 mm/min on a universal testing
machine with wedge screw specimen holders
(ZwickRoell GmbH & Co0.KG, Ulm, Germany).
Additional aluminum guides were mounted to the
specimen holders to minimize bending and subse-
quent peeling in the bond line. Parallel to the mea-
surement of shear stress, the local deformation in the
specimen’s overlapping region was detected with dig-
ital image correlation (DIC), observing the bond line
and wood in the 10x 10mm? side face. During the
shear experiment, this region was tracked with the
DIC System (Aramis 12MP, GOM GmbH,
Braunschweig, Germany) with a field of view of
20x 15mm?, allowing a spatial resolution of the sur-
face strain of 70-80pum. A description of the DIC
measurement technique is presented in Appendix B.

With the acquired deformation data, the apparent
shear modulus of the bond line G, was calculated
from the specimen’s global shear stress 7 and the
arithmetic mean of the engineering shear strain along
the bond line 7,. G, was determined by the slope
dr /dy,, of a linear regression in the linear viscoelastic
(LVE) regime, whereby a variable interval yielding the
maximum R? was used. The yield strength (elastic
shear stress limit) 7, was determined by the offset
method®!! based on the regression result of G, allow-
ing a plastic shear deformation threshold of y, =
2x107%.

The shear deformation profiles along the bond line
and perpendicular to the bond line were constructed
by subsetting the shear deformation at y=0mm and
averaging the deformation data of the entire overlap
area in 0.l mm steps in the y-position, respectively.
The profiles were generated for reference conditions
of constant average bond line shear deformation and,
subsequently, average profile curves were generated
per specimen group. This allowed a qualitative com-
parison of the stress distribution along the bond line
and the deformation concentration toward the bond
line or into the interphase region. A quantitative com-
parison of the strain distribution perpendicular to the
bond line was conducted by fitting the time-dependent

profile data in the LVE regime to a single, centered
pseudo-Voigt function with a variable height of ¥, ()
by optimizing the full width at half maximum W and
shape parameter s (Equation (3)).

The fractured surfaces of the tensile shear specimen
were captured in a dark room with UV illumination
(365nm) using a 5 MP camera with a 20 um resolution.
The fluorescent adhesive was detected by color thresh-
olding in Image] version 1.53q to generate binary
masks of both surfaces. Applying Boolean operations
to the masks of both surfaces, fracture areas with no
adhesive, adhesive on one surface, and adhesive on
both surfaces were determined to calculate the area
percentages of cohesive wood failure (WF), adhesion
failure between wood and adhesive (AF) and cohesive
failure in the adhesive layer (CF), respectively. The
developed script was made available online (https://
doi.org/10.5281/zenodo.7661117).

Morphological bond line analysis

The tensile shear strength (TSS) specimens were used
for microscopic analysis after being tested. Therefore,
the fractured overlap area was sawn off at the notch
positions of the specimen. The two resulting trans-
versal surfaces were sanded and polished. Using a
UV light source, the fluorescent bond lines were cap-
tured with a digital reflective microscope (Carl Zeiss
Microscopy Deutschland GmbH, Germany). Images
of 3.1mm x 2.3mm were captured continuously along
the bond line at a resolution of 0.8 um?/px. The
image overlap was approximately 15%, resulting in
20 images per specimen.

All image processing was conducted in the soft-
ware Image] version 1.53q (public domain). First,
the images of each bond line were combined, and
the areas of fluorescent adhesive were segregated
from the wood. The local bond line thickness and
the size and location of cavities in the bond line
were determined. Further, for penetrated adhesive
in the interphase, the area and the shortest distance
to the bond line (the penetration depth) were
evaluated.

With this data, the mean bond line thickness th
and the adhesive penetration factor APF were calcu-
lated for each specimen. The APF is the sum of all
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i adhesive-filled areas A, in the interphase of each
specimen multiplied by their penetration depths d,
per total observed bond length L (~2x20mm) of the
specimen (Equation (4)).

APF = %de,iAw. (4)
Since especially one-component PUR adhesive can
form cavities in the bond line due to trapped CO,-gas,
the areal fraction of cavities to the total bond line
area, ergo the bond line porosity ¢, was additionally
calculated. A more detailed description of imaging
and image processing can be found in Appendix C,
while the processing script itself was made available
online (https://doi.org/10.5281/zenodo.7657395).

Results and discussion
Extraction analysis

The extraction analysis was performed to identify the
types of extractives and their kinetics of extraction.
Therefore, repeated sampling, gravimetric quantifica-
tion, and mass spectrometry (MS) of the extractives
via UHPLC-ESI-TOF-MS were performed and ana-
lyzed based on generalized diffusion laws.

The progression of the cumulated extractives content
per dry mass of treated wood C,, removed from the
boards is presented in Figure 1. The extraction progress
can be explained in good agreement (RMSE < 0.02%)
by a stretched exponential function (Equation (1)).
From the function, an estimated extractives amount at
an infinite time C,, = of 1.18% (W/W) is estimated,
which is in good accordance with expectations from

Figure 1. The cumulative sum of extractives content (per dry
weight wood) in the water samples; dashed line indicates the
stretched exponential fit (Equation (1)).
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the literaturel®?) Moreover, an equivalent lifetime 7 of
11.6 d and the kinetic parameters 7 =7.8d, 8 =0.61 can
be derived. Based on the equilibrium extraction amount,
the extraction degree ED(t)=C,, (t)/C,, , attained are
49%, 64%, and 79%, for the extraction durations t of
4 d, 8 d and 16 d, respectively. The cumulative
extraction curves by weight and MS evaluation show
a high correlation (R* > 0.98) for all UHPLC/MS mea-
surement modes (Figure SI-1). Detailed results for all
modes are found in the supplementary information.

For further evaluation, analysis results from the
UHPLC/MS mode yielding the highest detection rate
are selected for each compound class. Compound
classes, which are small in the number of compounds
or low in relative abundance C,; , = C, /2C, ¢
are neglected in the results and discussions below.

Utilizing the TOF-MS sensor’s good linearity for indi-
vidual ions, the kinetic parameters of individual com-
pounds could be quantified. The evaluation of diffusion
kinetics indicates a high variance in <T>, within as well
as between compound class groups (Figure SI-5).
Cumulatively (abundance-weighted averages), fatty acids,
phenolic glycosides and saccharides show the fastest dif-
fusion behavior with <T> of 2.1, 3.0, and 3.8 d, respec-
tively. Slower diffusion behavior is exhibited by compound
classes, especially phospho- and glycerolipids, with (r)
values of 6 and 8 d, respectively. Other detected classes
are phenols and polyphenols with (7) values of 4.6 d and
5.7 d, respectively.

The abundance-weighted average m/z for the dif-
ferent compounds’ classes ranges from 200Da for
carboxylic fatty acids to 759 Da for saccharides.

The compound classes of the highest detected MS
abundance are phenolic glycosides (C, ., =38%), phos-
pholipids, (C, ., = 19%), saccharides (C,; , = 11%),
glycerolipids (mono- or disubstituted glycerols, C, .,
= 10%) and fatty acids (Cy;,, = 10%). It has to be
noted that the presented C, ., values are considered
only a semi-quantitative approach for estimating the
composition of the extractives via MS abundances.
Thereby, differences in ionization probability within
and between UHPLC/MS modes and response factors
are neglected. Moreover, only organic compounds in
the detectors m/z range can be considered.

The curve-fitting parameters and relative standard
error (RSE) for the combined adjusted abundances
of all compound classes are shown in Table 1. In
general, the non-linear regressions of combined abun-
dances showed good accordance with the MS data
with RSE values of 2% or below for the respective
compound classes.

Comparison of the total MS abundance data to
the gravimetric results of the relative extractives
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concentration per weight, i.e., extraction degree ED,
reveals some deviations in the release pattern com-
pared to MS data (see Figure SI-6 and discus-
sion there).

Considering the similarity in the kinetic release
pattern of the compound classes and, thus, the high
similarity of extract compositions (Figure SI-6C) for
the varying extraction durations, the results below are
discussed in correlation to the aggregated extraction
degree ED.

Mechanical properties

Previous investigations indicated both reduced stift-
ness and strength due to extractives in the bond line
when using birch wood, especially when using MUF
adhesive.[*) The mechanical analysis intends to pro-
vide additional means to verify the relationships
between extractives in birch wood during adhesive
curing and the mechanical bond line properties in a
more detailed way. Therefore, an adapted tensile shear

Table 1. Compound classes of birch extractives: Average results
of abundance-weighted m/ z, and equivalent lifetime 7.

Compound class m/ z [Da] <T> [l Cys, %] RSE [%]

Glycerolipids 437 8.0 10 0.4
Phospholipids 494 6.0 19 1

Polyphenols 329 57 1.1 <0.1
Phenols 213 4.6 13 <0.1
Saccharides 759 38 11 0.4
Phenolic glycosides 518 3.0 38 2

Fatty acids 200 2.1 10 0.6
unknown - - 10 -

Relative concentrations C,,; ,, measured by UHPLC/MS modes with the
highest detection rate. Goodness-of-fit of the curve fitting (Equation 1)
as RSE of regression.

setup combined with a digital image correlation (DIC)
device for detecting local shear deformations of the
lap joint, in addition to strength properties, success-
fully allowed in situ analysis of apparent bond line
stiffness, determination of the bond line’s yield point,
and analysis of strain distributions.

The tensile shear strength (TSS) results, defined as
the maximum shear stress 7, of the specimens indi-
cated a moderate but significant (p>0.0001) increase
in MUF bond strength with higher extraction degree
ED. While the reference specimen without extraction
showed an average TSS of 7, = 11.1+1.9MPa (aver-
age tstandard deviation), higher results of 12.1+1.1,
11.8+0.8 and 12.8+1.2MPa were obtained after 4, 8
and 16 d of extraction, respectively (Figure 2(a), in
black). Linear extrapolation estimates a strength
increase A7, of 1.8 MPa (+17%) for complete extraction
(ED = 100%). Similarly, the yield strength increased
(p>0.0001) with values of 7, = 10.5+1.4, 10.4+1.4
and 10.7+1.6 MPa after 4, 8 and 16 d of extraction,
respectively, compared to 8.6 +1.9 MPa for specimens
without extraction and bonded with MUF (Figure
2(a), in blue). Linear extrapolation estimates a yield
strength increase A7, of 2.6 MPa (+30%) for complete
extraction.

In the case of PUR bonded specimens, no effect
due to ED was observed on ultimate strength with 7,
= 14.4+ 1.8 MPa for the specimens without extraction
and 14.4+1.8, 14.2+1.6 and 14.1 +2.2 MPa after 4, 8
and 16 d of extraction, respectively (Figure 2(B), in
black). Also, no trend between the PUR bond line’s
yield strength and ED was observed with 7, = 8.9+2.1,
9.3%£2.3, 9.4£2.4, and 8.4+3.2 MPa, for the specimen
groups of 0-16 d, respectively (Figure 2(B), in blue).

Figure 2. Mechanical properties as a function of extraction degree ED. Ultimate strength T, (maximum shear stress; in black) and
yield strength T, (elastic shear stress; in blue) for specimens bonded with MUF (A) and PUR (B). Small dots indicate individual
results; large dots indicate the average result per specimen group. The dashed lines indicate the linear regression of the individual

results and the confidence band (a=0.05).
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Because of the hydrophobic nature of the PUR adhe-
sive, water-soluble extractives will have an incompat-
ibility with the adhesive media due to their hydrophilic
character. Nevertheless, those extractives that are
amphoteric and partially compatible with the adhesive
will be hindered from diffusing due to the high vis-
cosity of the PUR adhesive (24 Pa-s)*”! compared to
water-borne MUF adhesive (2 —3.5Pa-s).l4] Moreover,
mostly only extractives deposited on the cell surfaces
will interact with the prepolymerized PUR, which is
unable to diffuse into the cell walls.3!:32

While comparisons for bonds on extracted wood
were not available for birch, the TSS results of
untreated wood specimens are generally in line with
expectations from the literature: In Konnerth et al.,[")
tensile shear tests based on EN 302-1 were conducted
on untreated birch wood using PUR and MUF type
adhesives. The average 7, reported, was 12.1 MPa (vs.
lower TSS of 11.1 MPa in this study) for MUF-bonded
specimens and 11.3MPa (vs. higher TSS of 14.4 MPa
in this study) for PUR-bonded specimens. In contrast
to this work, however, a higher average wood density
of 682kg/m® was reported, the surfacing was per-
formed by planing, and the MUF adhesive used was
a different product. Finally, in this work, the selected
displacement rate was 20% lower and the TSS setup
was nonstandard due to the mounted metal guides
to minimize peeling forces, especially occurring at
high deformations as in the case of PUR.

The ultimate strength and the yield strength of the
water-borne MUF bond lines improve with increasing
ED and this is a strong indication of modified
mechanical properties of the adhesive layer due to
extractives migrating into the adhesive during curing
to achieve a new equilibrium for the extractives

JOURNAL OF WOOD CHEMISTRY AND TECHNOLOGY 7

between the adhesive and wood polymers domains.
If only strength values were to be affected, the results
could be attributed to interfacial effects such as low-
ered adhesion forces due to changes in surface energy
(poor wetting) or a weak boundary layer of extractives
on the wood surface.

The average apparent bond line shear moduli G,
of specimens bonded with MUF (Figure 3(A)) are
0.80+0.19, 0.89+0.22, 0.85+0.22, and 1.0£0.27 GPa
for the specimen groups with 0, 4, 8 and 16 d
extraction duration, respectively, with regression anal-
ysis indicating a slight increase (p=0.003) with ED.
In the case of specimens bonded with PUR adhesive
(Figure 3(B)), the results for these groups are
0.54+0.12, 0.48+0.18, 0.49+0.11, and 0.51+£0.19GPa,
respectively, with statistical analysis suggesting no
change by ED.

The results were qualitatively compared to prior
studies on the same adhesives.[*S] There, isolated birch
extractives were added to the adhesives before curing
the adhesive film specimens for tensile stress-strain
measurements. Similarly, a softening effect - plastici-
zation — of MUF was observed upon increasing the
extractives concentration. While the tensile measure-
ment in PUR films also indicated a softening due to
birch wood extractives, here softening did not occur
in situ in PUR bond lines. This demonstrates the low
mobility and solubility of hydrophilic extractives from
wood into the PUR adhesive during curing.

The results of G, are also in good agreement with
derived G values from the modulus of elasticity and
Poisson ratio measured on additive-free (similar to
ED = 100%) adhesive specimens in tension using
DIC,53 with values of 0.93 and 0.35GPa for MUF
and PUR, respectively (red dashed lines in Figure 3).

Figure 3. Bond line stiffness/apparent shear modulus G, as a function of the extraction degree ED for the tensile shear specimens
bonded with MUF (A) and PUR (B). Gray dots indicate individual results; the black dots indicate the average result per specimen
group. The black dashed lines indicate the linear regression estimate and the confidence band (a=0.05). The red dotted line indi-
cates the average shear modulus of pure adhesive specimens (equivalent to ED = 100%) derived from tensile test data in Winkler

et al.l’¥
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Saccharides or other compounds with hydroxyl
groups are able to partake in condensation reactions
when curing formaldehyde-based resins such as
MUEP*¢1 or PEI57%8] End-linking molecules or
higher-molecular weight compounds, thereby, decrease
the final cross-linking density of the network, which
would explain the observed effect on the apparent
shear modulus G,. However, non-reacting molecules
diffusing into the water-adhesive mixture during MUF
curing would affect the network in a similar way by
introducing defects or disturbing the network forma-
tion, and acting as plasticizers.!"!

The strain distribution perpendicular to the bond
line (profiles averaged along the complete overlap
length 0Omm < x<10mm) was analyzed to detect any
change in the strain distribution as a function of the
extraction degree. These distribution characteristics
were quantified by fitting all shear data in each spec-
imen’s linear viscoelastic (LVE) regime: The shape
parameter of the pseudo-Voigt fittings was s = 1 for
nearly all specimens, indicating a predominantly
Lorentzian peak shape. The corresponding parameter
W - the full width at half maximum - of the strain
distribution is 1.6—1.8 mm on average for MUF bonded
specimens (Figure 4(A)), with a slight positive correla-
tion (estimated coefticient AW /AED = 2um/%, p=0.02)
to ED. In the case of PUR-bonded specimens, the
average W value was lower with only 0.8-0.9mm
(Figure 4(B)) and no correlation to ED was detected.
These results indicate that MUF increasingly distributes
the deformation to the wood regions because of a stiff-
ness closer to that of wood.[®! The high G, of the MUF
adhesive results in a broader deformation of the wood
interphase, while with the softer PUR adhesive, the
deformation is concentrated closer to the bond line.
Note that the shear stress to reach y,, = 0.01 is accord-
ingly lower for PUR.

Explanations of the slightly broader distribution of
shear strain (increased W) in the case of MUF upon
longer extraction treatments are given by the stiffer
adhesive bond line, as seen in the higher G, and the
reduced penetration of MUF adhesive during curing
(see the following chapter), thus less stiffening/bulking
effect on the adjacent wood interphase.

Comparing the shear strain along the bond lines
(y=0mm) at a constant average shear strain in the
bond line (y,, = 0.01) reveals a more pronounced
stress concentration with increased shear strain peaks
at both ends of the lap joints for MUF (Figure SI-7A)
compared to the more evenly distributed strain in
PUR bond lines (Figure SI-7B). This is due to the
lower stiffness of PUR - higher mechanical contrast
with wood - and is in line with expectations from
common lap shear models.®") However, no differen-
tiation based on extraction duration was observed,
indicating an insignificant effect of the extractives on
the strain distribution for PUR.

The TSS specimen’s failure mode had to be recorded
for a complete interpretation of the effects of the
extractive on bond line properties. Therefore, a UV
imaging and processing method was successfully
applied, determining the area percentages of cohesive
failure in the wooden substrate WF, adhesion failure
between wood and adhesive AF, and cohesive failure
in the adhesive layer CF.

In Figure 5, the results of the fracture analysis are
presented for MUF and PUR. In the case of MUF adhe-
sive, the average wood failure fraction was WF = 62, 59,
61, and 51%, the average adhesion failure AF = 31, 38,
35, and 44%, and the average cohesive failure CF = 6,
4, 4, and 5%, for the specimen groups with no extraction,
4 d, 8 d, and 16 d extraction duration, respectively. For
PUR-bonded specimens, the average wood failure fraction
was WF = 76, 71, 87, and 87%, the average adhesion

Figure 4. Average shear strain distribution perpendicular to the bond line (y-axis; 0mm < x<10mm). The full width at half max-
imum W from pseudo-Voigt fitting (Equation (3)) to strain distributions in the LVE regime of the individual specimens (z <7 ) for
specimens bonded with MUF (A) and PUR (B). Gray dots indicate individual results, the black dots indicate the average result. The
black dashed lines indicate the linear regression estimate and the confidence band (a=0.05).
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Figure 5. Failure modes as a function of extraction degree ED. Area fractions of wood failure (WF, black), adhesive failure (AF,
blue), and cohesive failure in the adhesive (CF, red) for specimens bonded with MUF (A) and PUR (B). Small dots indicate individual
results and large dots indicate the average result per specimen group. The black dashed lines indicate the linear regression of the

individual results and the confidence band (a=0.05).

failure AF = 21, 26, 12, and 11%, and the average cohe-
sive failure CF = 3, 3, 1, and 1%, for the specimen groups
with no extraction, 4 d, 8 d, and 16 d extraction dura-
tion, respectively.

When comparing the aforementioned TSS measure-
ments in Konnerth et al,[®) where average WF was
reported to be >90% for both PUR and MUE the WF
in this work was lower, especially for MUF-bonded
specimens.

Given the mixed mode failure with a generally high
WF percentage, the observed trends for WF as a func-
tion of ED could be related to a simple geometrical
effect due to changes in the adhesive penetration
behavior (see results of bond line morphology in next
chapter): As MUF penetration is lower upon increas-
ing ED, the resulting thicker bond line covers a
broader plane around the peak stress and the inter-
faces to the adherend are located at lower stress
regions. Thus the adhesive can be more likely to frac-
ture. The opposite can be concluded for PUR-bonded
specimens, where an increased penetration depth was
assumed upon increasing ED resulting in thinner bond
lines and, as a consequence, in lower probabilities to
fracture in the adhesive layer.

A general negative correlation between the wood fail-
ure percentage and shear strength was observed (Figure
SI-8) for the results of all specimens, with a higher cor-
relation in the case of MUE This shows that a high WF
percentage is not necessarily an indication of a strong
adhesive bond but rather a lower strength in the wood
or the wood-adhesive interphase. Moreover, in the case
of mixed failure modes, the area percentages do not
indicate the origin of the failure, which further compli-
cates interpretations regarding bond line quality.

Bond line morphology

The effects of extractives on the curing reactivity
shown in a previous study!*” for MUF and PUR adhe-
sives led to the question of whether they affect the
process of bond line interphase formation. This can
be characterized by comparing the extent of adhesive
penetration and the bond line thickness. Therefore, a
processing methodology using UV fluorescence
microscopy imaging was developed, which successfully
allowed quantifying the bond line and adhesive
penetration.

In the case of MUE, the average bond line thickness
(Figure 6(A)) was slightly increasing at higher ED
with th of 180 um both without extraction and spec-
imens bonded after 4 d extraction, 201 um after 8 d
extraction, and 211um after 16 d extraction.
Accordingly, the average adhesive penetration factor
APF lowered with ED on average (Figure 6(C)), from
32x 10~ mm*/mm for specimens with untreated wood
to 21x10~° mm®/mm for specimens bonded after 4
d extraction and 10-11x10~> mm’/mm in the cases
of 8 d and 16 d extraction, suggesting a reduction of
MUF adhesive flow from the bond line to the inter-
phase upon increased ED. This can be caused by a
faster setting of MUF due to the absence of molecules
that interfere with the crosslinking process or intro-
duce defects to the network."

The average bond line thickness th of PUR bonded
specimens was slightly decreasing (Figure 6(B)) with
ED with 183, 175, 155, and 137 um for extraction
durations of 0, 4, 8, and 16 d, respectively. However,
the adhesive penetration of PUR-bonded specimens
was unaffected by ED (Figure 6(D)), with APF of
2-4x107° mm®/mm, no significant correlation and
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Figure 6. Mean bond line thickness th ((A) MUF bond lines; (B) PUR bond lines) and Adhesive Penetration Factor APF ((C) MUF
bond lines; (D) PUR bond lines), shown as a function of the extraction degree ED. Gray dots indicate individual results, and the
black dots indicate the average result per specimen group. The black dashed lines indicate the linear regression estimate and the

confidence band (a=0.05).

high variance of individual results. Hypothetically,
hydrophilic extractives, e.g., polyols, such as lignans,[éz]
or carboxylic acids, in the wood can react with iso-
cyanate groups of PUR,®* thereby reducing the mobil-
ity and flow of the penetrating adhesive, which would
lead to increased bond line thickness. The higher
bond line thickness at lower ED could not be explained
by changes in the observed CO, cavity formation: The
average bond line porosity ¢ actually increased slightly
with ED (see Supporting Information and Figure
SI-9 there).

The observed effects on adhesive penetration are
in line with previous results of the mechanical exper-
iments and can be explained by the effects seen in
rheological curing:*>! There, it was shown that hydro-
philic birch extractives had an inhibiting or minor
catalyzing effect on the curing rates of MUF or PUR
adhesives, respectively. Accordingly, a low ED (i.e.,
higher extractives concentration in wood) results in
an increased adhesive flow of MUF adhesive and,
thus, higher adhesive penetration. Also, a slight
increase in PUR reactivity was indicated by shorter
durations to reach the gel point in the presence of

extractives, which could be attributed to the increased
bond line thickness seen at lower ED.

Conclusions

The effects of water-soluble birch extractives on the
mechanical and bond line properties when gluing with
a water-borne hydrophilic (MUF) and a water-free
hydrophobic (PUR) adhesive were studied. The classes
and extraction kinetics of these low-molar mass mol-
ecules were evaluated and identified. The study
showed how they affect the bond line stiffness and
yielding of glued birch wood as a function of the
extraction degree. Moreover, morphological bond line
parameters (thickness and penetration depth) were
obtained using an automated image processing
analysis.

The extraction treatment of birch wood resulted in
the case of the PUR adhesive in a slight increase in
WF percentage. Also, a thinner PUR bond line indi-
cated an increased adhesive flow. However, the PUR
bulk adhesive properties and the mechanical bond
line performance were not affected, as no significant



changes in G, or 7, were observed for PUR. The
extraction treatment resulted in stronger MUF bond
lines with similar increases in 7,, and 7,. Extrapolation
to a full extraction degree (ED = 100%) estimated
increases in 7, of 17% and 7, of 29%, while the
extrapolated increase was 28% for bond line
stiffness G,.

The G, of MUF bond lines slightly but significantly
increased with ED. This indicates, removing extractives
from the adherend resulted in a polymer network of
lesser defects, which is not happening to PUR bond lines.
In the case of MUF bond lines, the results of bond line
thickness and adhesive penetration provide an in situ
confirmation of the observed reduction in curing reac-
tivity due to the presence of birch extractives in
Engelhardt et al.**) The removal of extractives also coin-
cided with a slightly lower WF percentage. As these
effects are assumed to originate from the diffusion of
extractives during bonding, the most affected areas are
in the interphase, which might shift the failure location
away from the clear bond line, leading to an increased
wood failure with lower ED.

In summary, while hydrophilic extractives content in
birch wood was not significantly affecting PUR bond
properties, some improvement could be gained from
extraction for MUF bond line strength. However, the
reduction of bond strength due to extractives is small
enough to consider MUF bond lines on pristine birch
wood a viable option for EWPs, which might be further
optimized by formulation adaptions, e.g., using
faster-curing mixtures to alleviate extractives diffusion
with higher acidic catalyst concentration or increased pH
buffer capacity.
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Appendix A - Analysis of extractives

Within the extraction periods, three sets of samples,
with four samples each, were taken. Samplings were
done every 24h, immediately before solvent exchange.
Single 300 mL samplings (number of samplings n, =1
) made the first set of samples after days 1-4. The
samples in the second set for the 8days extraction
procedure were obtained by sampling 150 mL each on
two consecutive days (n, =2) after days 1-8. Lastly,
samples in the third set (16 days extraction procedure)
were obtained by sampling 75mL over four consec-
utive days (n; =4) until day 16. In this way, all water
sample sets with 4 x300mL represent the cumulative
extraction behavior, and deviations in subsequent han-
dling and analysis processes can be detected by com-
paring sample sets. Moreover, the sampling frequency
is thereby adjusted to the exponential nature of the
extraction diffusion process, yielding more data points
in earlier extraction stages. To minimize possible bias
due to any secondary effects of the water imbibition,
the reference boards with no extraction were soaked
without excess water by repeated wetting of the sur-
faces and reconditioned in the same manner as the
extracted board.

The water fraction of the extract solutions was
removed after filtration (P4: 10-16 um glass filter)
using a rotary evaporator (35°C/50 mbar) and a lyo-
philizer, retrieving a dry powder. Additional samples
of the solvent water before the extraction were taken

Table A1. UHPLC-ESI-TOF-MS setup and measurement
parameters.

HILIC Reverse phase

HILIC UHPLC BEH Kinetex XB-C18,
Amide, 2.1x 100, 2.1x100, 1.7 ym

analytic column

1.7 um

eluent A 5mM ammonium 0.1% formic acid in
acetate in water water

eluent B 5mM ammonium 0.1% formic acid in
acetate in acetonitrile
acetonitrile/water
(95:5, V/V)

min 0-1.5: 100% B
min 1.5-8: 100% B to

min 0-0.5: 0.2% B
min 0.5-10: 0.2% B to

gradient profile

60% B 100% B
min 8-10: 60% B to min 10-13.5: 100% B
20% B min 13.5-14: 100% B

min 10-11.5: 20% B
min 12-15: 0% B
injection volume 5uL
MS settings Gas 1 55, Gas 2 65, Curtain gas 35, Temperature
500°C
TOF MS and MS/MS scan range: 50-2000 m/z
MS settings positive  ESI voltage +5500 V
mode de-clustering voltage +80 V
collision energy: ramped from +15 to +55V
MS settings negative ESI voltage —4500 V
mode de-clustering voltage —80 V
collision energy: ramped from —15 to —55V

to 0.2% B
min 14-15: 0.2% B
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and processed in the same way to determine TDS,.
The extractives content as the ratio of dry extractives
m,, (t) removed after each 24h sampling period ¢ to
the dry wood mass m,  was calculated based on the
sample solid mass m(t), the total extraction water
volume V,, the sampled water volume V, ;, as well as
the wood’s mass m, . and moisture content u
before extraction.

20/65 20/65

mexl(t):(ms (t)_VW,S.TDSW)'VW.nS (Al)
My Vw,s ’ (m20/65 /(1 T Unosss ))

The extractive samples were then dissolved with a
concentration of 1 mg/mL in methanol/water (10:90,
V/V) and analyzed in randomized order by ultra-high
pressure liquid chromatography (Shimadzu Nexera
UHPLC) coupled with a time-of-flight mass spectrom-
eter (Sciex TripleTOF6000). All extractive samples
were analyzed by separation with a HILIC column
and in reverse phase with a C18 column, both in
positive and negative mode. The parameters for mea-
surement are detailed in Table Al.

De-noised centroid peaks in open mzXML format
were obtained using the ProteoWizard!®* ms-convert
tool. The bioconductor/R package xcms was used for
data processing and feature identification: The matched
Filter algorithm in xcms(®>%! was used for peak iden-
tification. Applying the peak density method,!*”! the
peaks were grouped into a global compound list. Due
to the sample-wise peak finding, missing peaks of
compounds were imputed according to their m/z
range and retention time.

All compounds detected underwent a review pro-
cess at which database annotation results via MSDIAL
(681 using the xmcs pipeline, and molecular structure
estimation via Sirius & FingerID software.[*”)
Additionally, cross-references to contaminant lists,!”"!
the release pattern (diffusion kinetics, described

Table B1. Bonding parameters for the applied adhesive sys-
tems: average + standard deviation of all boards.

adhesive type PUR MUF
quantity [g] 9.1+0.1 19.3+0.1
spread [g/m?] 179+2 3802
(per bonded area)

fluorescence (UV) included in the Rhodamine B:

dye manufacturer’s 9-(2-Carboxyphenyl)-
formulation 3,6-bis(diethylamino)
xanthylium acetate
open waiting 1.5+0.3 2+1
time [min]
closed waiting 19+3 43+4
time [min]
pressure [MPa] 0.8 1.2
pressing time [h] 1.5+ 10+
application single-sided both-sided
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Figure B1. Top: Side view of the tensile shear specimen, dimensions in mm. Bottom: Tensile shear specimen with an indication of
overlap area measurements (red) and positioning of the speckle pattern for DIC shear deformation analysis. Top and bottom indi-
cations refer to the orientation of specimen ends during mechanical testing.

below), and neural-net-based class estimations by
CANOPUS "1 were considered in the review. Further,
a manual grouping of compounds with identical m/z
and release patterns was necessary to merge the abun-
dances of identical substances recognized at multiple
retention times because of clustering effects in the
columns.

Appendix B - Bonding and mechanical
analysis

Both untreated and water-extracted boards were
sanded with 220-grit sandpaper to 5mm thickness
(surface preparation) before bonding. Before and
during the bonding of the pairs of boards with MUF
or PUR adhesive, boards were kept in equilibrium
conditions at 20+1°C, 65+3%RH. The realized pro-
cessing parameters for bonding are listed in Table B1.

Groups with wood after 0, 4, 8 and 16days of
extraction with both MUF and PUR adhesive were
bonded directly after surface preparation, yielding 36
shear specimens (dimension in Figure Bl, top) per
specimen group.

The specimens’ overlap area of 10x 10 mm side-face
was coated with a thin white layer and a fine black
speckle pattern using an airbrush (0.1 mm nozzle,
3bar air pressure at 15cm distance) and acrylic paint.
This area’s shear deformation was monitored full-field
throughout the tensile shear measurement.

A material testing machine 1455 equipped with a
20kN Xforce K load cell (ISO 7500-1 accuracy class: 1
from 40N; 0.5 from 200N) and wedge screw grips, type

8406, (ZwickRoell GmbH & Co0.KG, Ulm, Germany) for
parallel clamping was used for tensile shear testing. Metal
guides were mounted to the grips (Figure B2) to mini-
mize bending and peeling forces in the specimen’s overlap
area. The tensile shear measurements were conducted
with a constant 1 mm/min displacement rate.

To measure the deformation behavior of the side
face of the tensile shear specimen’s overlap region and
bond line, an Aramis 12MP 3D digital image cor-
relation (DIC) system (GOM GmbH, Braunschweig,
Germany), equipped with 2 Baumer VCXU-123M.K06
monochrome cameras with Titanar B 75 lenses ori-
ented at a 25° incident angle in vertical alignment to
the specimen, was installed with a working distance
of 30cm. This setup resulted in a field of view of ~20
by 15mm spatial resolution of the surface strain of
70-80 um with a local strain reference length of
~0.1 mm. The accuracy of the digital image correlation
system’s shear strain data was evaluated based on
VDI/VDE 2626 Part 1,72 resulting in a zero defor-
mation deviation y,, = 6x10™* (mean-squared error
of y for specimens in undeformed state). The mea-
surement frequency was set to 1 Hz and increased to
10Hz in the final second prior to shear failure via a
ring buffer. During measurement, the material testing
machine’s stress and displacement data was synchro-
nized to the deformation data via analog voltage sig-
nals (16-bit DAC/ADC). All deformation data is
mapped to the initial coordinates of the overlap area,
with the x-axis oriented along the bond line and the
y-axis perpendicular to the bond line (y=0 at the
bond line center).
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Figure B2. Left: tensile shear setup schematic in the universal test machine: specimen in brown, parallel clamping system in gray,
metal guides in blue. Right: Drawing of the metal guides.

Figure B3. Tensile shear stress-strain measurement evaluation with DIC deformation data. (A) applied shear stress 1 in the bond
line as a function of average shear deformation in the bond line (grey curve), linear regression for calculation of G,, elastic limit
(yield strength) 7, and point of maximum shear strength 7, (blﬁbg). (B) distribution of shear deformation of the overlap surface
area (green = 0, red=high strain) at the yield point, the black dashed line at y=0 indicates bond line position. (C) average shear
strain profile as a function of perpendicular distance to the bond line (y-coordinate) at selected states of measurement (cf. color
legend in (D). Lines are pseudo-Voigt fits (Equation 3) (D) shear strain profile along the bond line, used for averaging to calculate
¥, at the selected times during the measurement (lines shown are local smoothing fits (LOWESS), as a guide to the eyes).
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A graphical representation of the calculation of G,
, 7, and 7, described in the experimental section is
shown in Figure B3(A). The shear deformation pro-
files along the bond line and perpendicular to the
bond line are constructed by subsetting the shear
deformation data (Figure B3(B)) at y=0mm and aver-
aging the deformation data of the entire overlap area
in 0.1mm steps in the y-position, respectively. The
profiles generated for reference conditions (at constant
stress or average bond line shear deformation or pro-
file at yield point) are shown in Figure B3(C,D). A
specifies the relative deviation to the given criteria
due to the limited frame rate, which, however, is dis-
tributed around A =~ 0% and, therefore, considered
negligible for group-wise comparisons and LVE
analysis.

Appendix C - Morphological bond line
analysis

The tensile shear specimen were used for microscopic
analysis after TSS measurement. Therefore, the frac-
tured overlap area was sawn off at the notch positions
of the specimen. The two resulting transversal surfaces
were sanded and polished (with up to 800-grit).

A modified Stemi II microscope (Carl Zeiss
Microscopy Deutschland GmbH, Germany), equipped

with a specimen holder fixed on a cross table, a
400nm short pass incident filter (G38026203) to elim-
inate ultraviolet reflections of the specimens’ surface,
and a 12MP color CCD sensor (Sony IMX477R),
achieving an imaging resolution of 0.6 pm?/pixel, was
used. The setup was operated in a dark enclosure.
For UV excitation of the adhesives, 365nm diodes
(Type NCSU 276AT, Nichia Corporation in Anan,
Japan) were used. Images along the bond lines with
a field of view of 3.1mm x 2.3mm were captured
continuously with an overlap of approximately 15%,
resulting in 10 images per surface, i.e., 20 images per
TSS specimen and 11,520 images in total.

All image processing was conducted in Image] ver-
sion 1.53q (public domain). By matching the image
overlaps, the 10 images of each surface were fused
into large images of the complete cross-section of the
bond line using the stitching algorithm by Preibisch
et al.[”*! By setting color thresholding values for pixel
hue, saturation and brightness, fluorescent areas indi-
cating adhesive in the fused images were detected and
converted to binary images (masks; wood areas in
white, adhesive areas in black).

For further processing of the masks (processing
pipeline schematic see Figure cl), separate layers were
derived containing the continuous bond line, cavities
in a bond line, and the penetrated adhesive in filled

Figure C1. Workflow schematic of imaging and processing of UV bond line microscopy.



lumina, using a sequence of binary inversions and
void-filling.

The separation quality of the bond line and adja-
cent filled lumina was further refined using the
adjustable watershed algorithm (0.25 tolerance). The
path (medial axis) of the bond line was determined
via a Floyd-Warshall thinning algorithm 747 and
identifying the “longest shortest path” of the result-
ing skeleton using the AnalyzeSkeleton algorithm.l’”)
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Along this path, a profile of bond line thickness
was generated pixel-wise after applying a local
thickness algorithm to the mask.l”¥ To evaluate the
adhesive penetration behavior, the areas and their
shortest distances to the bond line are determined
for all isolated domains of penetrated adhesive in
the interphase. The image processing script was
made available online (https://doi.org/10.5281/
zen0do.7657395).
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