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ABSTRACT

Single edge-notched three-point bending tests (SEN-TPB) for mode | were utilized to experimentally
evaluate fracture properties of adhesive bondlines in European beech (Fagus Sylvatica L.). The
bondline was examined at two anatomical planes with TR and RT orientation and at control and
two elevated temperatures (70°C and 140°C). Among epoxy (EPI), melamine-urea formaldehyde
(MUF), and polyurethane (PUR) adhesives, the highest average critical energy G. with 0.80 N/mm
and fracture energy G; with 1079.4 N/mm were obtained for EPI in the TR plane and under
standard climate conditions (20°C/65% relative humidity), followed by MUF (G.=0.50 N/mm and
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G;=620 N/mm) and PUR (G.=0.25 N/mm and G;=290.9 N/mm), respectively. PUR was least
effected by elevated temperature, and no significant differences for G. and G between TR and RT
bondline orientations were found for MUF and PUR treated at 20°C/65% relative humidity while
comparisons between other factors varied significantly. Treatment of specimens at elevated
temperatures resulted in reduced fracture performance regardless of wood grain orientation or

the adhesive system.

Introduction

European beech (Fagus sylvatica L. is currently the most
widely spread hardwood species in Central Europe (Ehrhart
2019). Although a recent model shows a decline in stock
and negative long-term yields in decades to come, due to
severe climate change (Ehrhart 2019, Martinez del Castillo
et al. 2022), beech could become a prospective hardwood
species for structural/timber members, such as glue-lami-
nated timber (GLT), due to its high mechanical performance,
good bonding characteristics, and wide availability (Glavni¢
Uzelac et al. 2020). Adhesive joints are commonly loaded in
all three modes (mode | - tension, mode Il - shear, and
mode Il - torsion), and their combination is of concern.
Mode | is regarded to be of primary importance due to its
lowest fracture energy to onset cracks (River 2003). Since
the fracture toughness of wood tends to be smaller in
mode | than for mode Il or lll, the crack onset in mode |
requires less energy for its initiation (Yoshihara and Kawa-
mura 2006). To characterize fracture in mode |, one can use
several tests and specimen geometries such as double canti-
lever beams (DCB), compact tensile tests (CT), single edge-
notched three-point bending tests (SEN-TPB), or single
edge-notched-tension and asymmetric four-point bending
(Yoshihara 2010). The linear elastic fracture mechanics
(LEFM) approach of strain energy release rate (G) and
stress-intensity factor (K) are known as global energy
balance and local stress distribution around the crack tip,
respectively, with G standing for available energy for crack

growth and K as fracture toughness (Smith et al. 2003). The
author favors G, as it is directly measured from the energy
input needed for developing a new surface, while K is more
of an integration constant with high accuracy on crack tip
geometry and indirect physical meaning.

Some studies conducted on beech wood followed CT test
for analyzing adhesive bondlines (Watson et al. 2013),
impacts of thermal treatment (Majano-Majano et al. 2012),
fracture properties in relation to fractal dimensions (Hu
et al. 2021), and methods comparison for calculation of K
value (Merhar and Bucar, 2013). According to Yoshihara and
Usuki (2011) K;c often measured by CT test delivers material’s
localized parameters as a material property and provides less
information than G. With a smaller effect of crack length on
outputs, the DCB test was favored and recognized as the
most appropriate testing approach (Yoshihara and Kawamura
2007). DCB tests were used to investigate G, for two structural
adhesives with the impact of different climate conditions
(Ammann and Niemz 2015b), to develop a cohesive law for
beech wood in TL plane (Gomez-Royuela et al. 2022), and
to study the impact of wood thermal modification on fracture
phenomena in mode Il (Sebera et al. 2019). Bondline fracture
of various structural adhesives in mode Il was also studied by
Sebera et al. (2020) who confirmed the application of DCB
three-point bending test for characterizing adhesive bon-
dlines on bonded beech. While Clerc et al. (2019) studied
crack propagation in mode Il under a cyclic loading regime
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coupled with acoustic emission. On the other hand, according
to the published studies adopting the SEN-TPB test, authors
favor this method over DCB because (i) the crack plane direc-
tion due to orthotropic wood structure, where among six
principal systems, RL and TL are adequate for DCB only (de
Moura et al. 2010), (ii) complexity of adopting beam theory
for calculating fracture toughness (Yoshihara 2010), and (iii)
influence of size and dimensions for reduced material varia-
bility (de Moura et al. 2010, Dourado et al. 2015). Dourado
et al. (2008) described that the fracture process zone (FPZ)
in the SEN-TPB test is determined by specimen geometry
and material characteristics, which led to more developed
data reduction schemes to overcome the issues with
various test setups. A data reduction scheme using compli-
ance-based beam theory, equivalent crack length approach,
and triangular-shaped stress relief region (SRR) allowed the
formation of crack-resistance curve without using crack tip
displacement monitoring, only by means of load-displace-
ment diagrams and not being material sensitive (De Moura
et al. 2010). Since the triangular shape of SRR was not fully
applicable for specimens with any beam dimension and
with difficulties using alternative procedures such as the
bisection method, Dourado et al. (2011) proposed modifi-
cation of the method towards the use of rectangular SRR,
which enabled a direct calculation of equivalent crack
length (a.q) and G,

The effect of elevated temperature on adhesive-bondline
performance has been investigated in several studies that
show a general pattern — an increase in temperature typically
results in decreased mechanical performance. Richter et al.
(2006) reported the importance of the chemical composition
of PUR adhesives and bondline thickness on the mechanical
performance of adhesives under elevated temperatures. The
impact of the chemical composition of PUR adhesives on
the shear strength obtained by a lap-shear tensile test was
also confirmed by Clauf} et al. (2011) who examined various
adhesives against resistance to temperatures from 20 to
220°C. For most adhesives, the study showed decent
thermal stability up to 150°C, while higher temperatures
resulted in greater decreases and changes in failure behavior.
Study by Sedlia¢ik and Smidriakova (2012) found decreasing
shear strength for bonded beech and spruce wood on several
adhesives with increasing temperature up to 110°C as well as
for spruce finger joints under bending test. Finger joints
glued with four 1C-PUR adhesives and melamine-urea formal-
dehyde (MUF) tested at elevated temperatures were also
studied by Klippel et al. (2011), who reported PUR systems
were more affected by increasing temperature than MUF. A
comprehensive study on the fracture toughness of wood
and wood-based composites exposed to elevated tempera-
tures was done by Sinha et al. (2012). With elevated tempera-
ture, fracture properties (steady-state strain energy release
rate — Gss) were also reduced, and for the laminated compo-
sites with higher resin content, an even more severe decrease
was observed.

Previous findings clearly demonstrate the importance of
studying and reporting the effect of elevated temperature
when performing adhesive bond testing and fracture proper-
ties should be included in these studies. Accordingly, the

objectives of this study were: (i) to employ SEN-TPB to charac-
terize beech-adhesive bondline made with three different
adhesives, (i) to obtain strain energy release rate and fracture
energy of adhesive bondline with selected adhesives, (iii) to
evaluate the influence of bondline plane orientation (RT
and TR) on fracture properties, and (iv) to evaluate the
adhesive-bondline fracture performance under three
different temperature regimes; 20°C, 70°C, and 140°C.

Materials and methods

For the process of bonding, two structural adhesives and one
other adhesive were selected for the study: (i) a one-com-
ponent poly- urethane (1C-PUR, structural) adhesive
(PURBOND HB S309 type 1), an adhesive for a non-brittle
bond with chemical reaction during hardening and with fire
resistance properties: (i) a two-component liquid mela-
mine-urea-formaldehyde (MUF, structural) adhesive (Prefere
4535 with 5046 hardener, a type 1) for load- bearing appli-
cations and (iii) a two-component D4 emulsion-polymer iso-
cyanate (EPI, non-structural) adhesive (Rakollit 280 and
RAKOLLIT-Harter WS 1 hardener), which is an aqueous syn-
thetic-based resin using an isocyanate compound for cross-
linking. The adhesive spread rate, pressing time, and
pressure used for bonding were adopted from the manufac-
turers’ guidelines and are presented in Table 1.

Specimen preparation and conditions

Knot and crack-free boards with growth ring orientation in
tangential and radial directions were cut from European
beech and conditioned in a climate chamber using standard
conditions (20°C/65% relative humidity (RH)) to reach 12%
equilibrium moisture content. Three pairs of lamellae were
selected for each group of adhesives and each wood grain
orientation to manufacture glued samples for each variable.
Lamellae were planed and cut to final dimensions (length X
width x thickness/400 x 40 x 10 mm) prior bonding. Density
was determined for all lamellae, and grouped in pairs with
similar densities. A thin layer of adhesive tape of 20 mm
width was applied on the longer flat-side of one lamella to
introduce an area without the bondline and ensure the
initial crack tip. The flat-side bonded surface of the lamellae
is differentiated in two wood plane orientations by having
RT and TR orientations where the first index is normal plane
to crack, and the second index is the direction of crack propa-
gation. Beams were then inserted into the press following the
selected pressing regime for each adhesive (Table 1). All the
samples were pressed at approx. 20°C. After bonding,

Table 1. Adhesive selection and processing conditions.

Spread Pressing Pressure Mixing Viscosity
Adhesive  rate (g/m?) time (h) (MPa) ratio (mPas)
PUR 180 2 1 / 24,000 at
(20°C)
EPI 150 2 1 100:14 10,000 at
(20°C)
MUF 375 5 1 100:60 3000-3500
(25°C)
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Figure 1. Manufacture of beams (dimensions in mm) and schematic presentation of wooden block cut outs with geometry proportions (h = height) for SEN-TPB

test specimens.

samples were conditioned at 20°C/65% RH. Wooden blocks
with dimensions of 20 x 20 mm (height x width) were cut
from the beams with a targeted 10 mm bondline area and
10 mm of an unglued area over the block height. These
blocks were further extended with lateral beech arms with
dimensions of 60 x 20 x 20 mm (length x width X thickness)
using PUR adhesive to manufacture the final specimen geo-
metry. The proposed geometry followed the NT BUILD 422
standard (NT Build, 1993). In Figure 1, a schematic view of
specimen with RT crack orientation is presented.

For each adhesive system and both wood plane orien-
tations, 10 specimens were manufactured from each beam
for a total of 30 specimens. Groups with specimens and orien-
tations are presented in Table 2.

In addition to fracture specimens, standard lap-shear
specimens were manufactured according to the EN 302-1
standard (CEN 2013) geometry to evaluate the adhesive
strength and confirm the relevance of selected bonding par-
ameters. Clean, knot-free beech lamellae were conditioned at
20°C/65% RH prior to planning and bonding. For each
adhesive system, three pairs of lamellae were prepared with
mixed grain orientation with a total of 18 specimens. Speci-
mens were further conditioned until testing. The fracture
specimens were randomly distributed into three groups for
conditioning regimes with an even number of specimens
per treatment. Specimens in the control (reference) group
were conditioned at 20°C/65% RH until the testing. To
assess the impact of elevated temperature on fracture prop-
erties, thermal treatments at 70°C and 140°C were held in
the oven for the remaining two groups. One adhesive

Table 2. Crack plane orientations, adhesive system, average lamellae densities
with standard deviation (SD), and number of specimens (n.).

Crack Average lamellae density SD n. of
plane Adhesive (kg/m?) 0 specimens
RT PUR 701 143 30
EPI 716 25.1 30
MUF 680 37.9 30
TR PUR 761 453 30
EPI 731 18.6 30
MUF 691 6.5 30

group at a time (20 specimens) was inserted into the pre-
heated oven. To estimate the time to reach the target temp-
erature, a wired thermocouple temperature was inserted into
a single extra specimen to monitor its temperature. After the
target temperature was reached (+3°C), the specimens stayed
in the chamber for one more hour. On average, the heating
phase took 30 and 60 min prior to soaking at 70°C and 140°
C, respectively. Additionally, the specimen was treated to
obtain the MC of the group after the heating phase.

Lap shear, compression tests, and SEM

Lap-shear tests were performed on a Zwick Roell Z50 universal
testing machine, using a 50 kN load cell and hydraulic grips. A
testing speed of 5 mm/min was used. After specimen failure,
its bonded area was measured with a caliper, and a visual esti-
mation between wood and adhesive failure was carried out. To
obtain the influence of temperature treatment on the modulus
of elasticity in the longitudinal direction (E,), compression tests
parallel to the fiber (CT,) were carried out using a Zwick Roell
Z50 at a feeding rate of 2 mm/min. Information from CT;, was
used as a material property of glued arms needed in the com-
putation of equivalent crack length (a.q) and flexural modulus
(E7¢) using the beam compliance approach for mode I. For the
CT, tests, two groups of nine specimens with dimensions 60 x
20 x 20 mm (height x width x thickness) were prepared. The
first group of specimens provided E, for the control group
and group at 70°C since it is assumed that a temperature of
70°C does not have an impact on E; as this temperature
does not decompose the main structural polymerous constitu-
ents of the wood. Compression strain was determined as a
relative change in distance between two points on the body
surface recorded with an Aramis (Carl Zeiss GOM Metrology
GmbH, Braunschweig, Germany) digital image correlation
(DIC) system with 2 Hz data acquisition rate and camera resol-
ution of 5 MPx. Volume and mass were determined prior to
testing. After testing, the remaining specimens were dried at
103°C to determine the wood moisture content (MC) at
testing. After the fracture testing, six specimens were cut
into small fragments to obtain fractured images using a JEOL
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JSM-IT500 scanning electron microscope (Oxford Instruments,
Tokyo, Japan) operating at a low vacuum (70-80 Pa), at a
working distance of 10 mm at an accelerated voltage of 15 kV.

Fracture measurements and analyses

Fracture testing was done using a Zwick Roell Z100 universal
testing machine equipped with a 1 kN load cell to obtain the
force-displacement response of specimens in three-point
bending. The span between supports was 120 mm, and the
loading speed was 3 mm/min. Tests were interrupted after
reaching about zero force level. Treated specimens were
tested one by one immediately after leaving the oven. After
failure, the fractured area was visually estimated and the
initial crack length (ag) was measured with the caliper. SEN-
TPB test was used to assess the fracture properties and
develop crack-resistance curves. The selection of this geome-
try was guided with the aim of reducing wood anatomy
impacts to obtain clearer grain orientation in the fracture
area. LEFM, based on a data reduction scheme with the rec-
tangular SRR proposed by Dourado et al. (2011), was used
in this study. Calculation consisted of three steps. First, the
flexural modulus (E7f) was calculated:

£ (Lg -3, -4

G L3 >1
=~ 1
+b(H—kao)3> (2 EibH3 W

where L is the half span, L, is the arm length from bondline to
support, L, is the arm length shortened by SRR (L, =L — ka), b
is the width of the specimen, H is the specimen height, E, is
the normal elastic modulus of arms parallel to fiber, a, is
the initial crack length, G, is the initial compliance, and k is
the non-dimensional parameter equal to 0.9. For smaller
cross-sections, where higher compressive stresses occur due
to bending, the k factor needs to be higher and closer to 1,
which would define square SRR. Once the Eqf is obtained
and used instead of Fr, equivalent crack length (a.q) can be
computed:

1
), e 5 -\t e-gf
deq=713H : )
k 2 ELbH?  ExbH? Ertb

where C is the current compliance. Utilizing Irwin-Kies sol-
ution, direct computation of strain energy release rate (G))
was obtained by:

bH3?

3P (13— L3k

= 3)
b Ere(H — kaeq)4

1
where P is the force. Subsequently, from the G, the critical
value of G, was obtained at maximal force P, Total fracture
energy (Gy) was calculated as the area under the curve P vs.
deflection. All fracture calculations were made using Matlab

R2021b (Mathworks Inc). Average Force-displacement
curves were made as an arithmetic mean of the group till
the end of the shortest group data set and using the linear
interpolation function interp1 available in Matlab package.

Statistical analysis

Fracture energy (Gy) and critical fracture energy (G.) were ana-
lyzed to determine if and how wood grain orientation at
bonded surfaces, adhesive or treatment temperature
affected them. Linear models (LM) were fitted to log-trans-
formed G. and G; as dependent variables (Suppl. Table 1,
Suppl. Table 2). In each model, the independent variables
were adhesives, orientation, and treatment. Individual factor
effects and all two-way interactions were included in both
models. Once transformed, the data met the assumptions
of ordinary least squares regression. Due to the transformed
dependent variables, analytical results are presented as
medians on the untransformed scale with 95% confidence
intervals (Cl), and comparisons (contrasts) between levels of
the variables are ratios between the medians of those levels
when other variables are held constant. For example, compar-
ing G, between control specimens bonded in the TR plane,
using two adhesive systems - e.g. EPl and MUF - would be
reported as the ratio between the median G. of the sample
group with EPI and the sample group with MUF with a 95%
Cl of the ratio. P-values are omitted, but Cl of comparisons
that do not include one (1) are considered statistically signifi-
cant. Cl were adjusted using Tukey’s method for comparing a
family of three estimates. Only results of interest are pre-
sented in the paper; full results are available in supplemental
tables. Tukey’s HSD test was used to test for differences in the
results of the lap-shear and compression tests. Effect sizes
from these tests are reported as differences between esti-
mated mean values with 95% Cls. Data analysis was con-
ducted in R (version 4.2) using RStudio (version 2022.02.03).
Comparisons between factors were calculated as marginal
means using the emmeans package (Lenth 2022). The data
and analytical code that support the findings of this study
are available on Zenodo at https://doi.org/10.5281/zenodo.
7143370.

Results and discussion
Lap-shear and compression tests

Results of the lap-shear test are presented in Table 3. The
highest lap-shear strength was obtained for MUF adhesive
with the lowest number of adhesive failures. In contrast,
PUR adhesive group showed a 12.4% lower strength and
also had the highest number of adhesive failures. Tukey’s
HSD test showed a significant difference in strength only

Table 3. Results of lap-shear tests for different adhesives, with number of tested specimens (n), average lamellae densities with standard deviation (SD), average
strength, overall percentage of adhesive area failure, and number (n.) of failed specimens in adhesive bondline.

Adhesive n. Density (kg/m3) SD (/) Strength (MPa) SD (/) Adhesive failure area (%) Adhesive failure (n.)
PUR 18 700 41.01 14.8 1.9 50-100 18
EPI 18 730 322 16.2 3.1 10-50 7
MUF 17 732 473 16.9 1.9 40 1
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between MUF and PUR adhesive groups (MUF-PUR: 2.02 MPa,
95% ClI: 0.09-3.96 MPa, p =0.038). Nevertheless, bonding
strengths of all adhesives surpassed a threshold strength of
10 MPa according to EN 302-1, A1 class for standardized
climate conditions.

ClauB et al. (2011) reported slightly lower values for glued
beech; 12.7 and 12.3 MPa for EPI and MUF, respectively, and
between 12.1 MPa to 13.4 MPa for different PUR adhesive
systems. Bachtiar et al. (2017) reported values of 13.4 and
129 MPa for PUR and MUF, respectively. The reported
studies followed the wood grain angle between 30° and 90°
but in the present study, the entire orientation range with
radial and tangential (0°-90°) was tested. According to Hass
et al. (2009), grain orientation in terms of bondline shear
strength showed to be an important factor. Finally, all
above-mentioned studies observed a lower percentage of
wood failure for PUR adhesives compared to other adhesives.
Nevertheless, in this study, lap-shear experiments were con-
ducted only to confirm the quality of the selected bonding
process.

Control specimens for compression tests were tested with
an average MC of 10%, while treated specimens at 140°C
reached MC below 1%. For the control group, the average
density was 706 kg/m>, and the average F, was 14.6 GPa
(SD = 3.7); for the specimens treated at the elevated tempera-
ture (140°C), the average density and E, were found 655 kg/
m? and 13.6 GPa (SD =2.8), respectively. Tukey’s HSD test
suggested no significant difference between the two
groups (p = 0.53); therefore, testing of specimens with elev-
ated temperature treated at 70°C was skipped. Results for
the control group are comparable with the existing reported
literature below and it was expected that stiffness would
increase for thermally treated specimens due to MC reduction
(Kollmann and Coté 1968, Ozyhar et al. 2013, Straze et al.
2016). Hering et al. (2012) reported 13.9 GPa for E, in CT,
measured by crosshead for beech wood with a density of
691 kg/m> and 12% MC. Measurements of local deformation
on the surface of the specimens using DIC provide more
precise and reliable strain data than a global measuring
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system based on reading displacement from the test
machine. Gomez-Royuela et al. (2021) employed DIC for
strain measurement in CT,, test and obtained E, of 13.8 GPa
for beech with a density of 677 kg/m® and 12% MC.
Further, Ozyhar et al. (2013) obtained £, of 11 and 12.9 GPa
for beech wood of 0% and 11% MC, respectively. However,
none of the mentioned studies were conducted on the
heated specimens. Visco-elasticity becomes more pro-
nounced with a combination of heat and moisture which
plasticize and soften the wood (Sandberg et al. 2021).
Values of E, obtained in the study were used for further cal-
culations of fracture characteristics.

Fracture test and analyses

The fracture tests consisted of a series of SEN-TPB tests that
resulted in force-displacement (F/8) data sets for each
adhesive and temperature (Figure 2). As is demonstrated in
Figure 2, the maximal force (Fn.,) reached differs from
adhesive to adhesive; however, all adhesives reveal the
same pattern with respect to the effect of the temperature.
As the temperature increases, Fnax decreases significantly.
The smallest decrease of F.,. due to raised temperature is
for the PUR adhesive. For the control and 70°C treatment
groups, the highest rate of wood fracture was found for
MUF in TR orientation, where most of the specimens fractured
in the wood-adhesive interface (from 70 to 100% of fractured
area). Fiber bridging in wood-adhesive interface failures
resulted in a slower and longer decline in force after Fax
was reached. Typically, the crack was initiated at the tip of
the adhesive line and then propagated along the interface
parallel to the bondline. In RT orientation, the majority of
cracks propagated in the adhesive with specimens ranging
between 30 and 50% wood fracture area. Similar observations
were obtained for EPI in TR orientation but with a lower per-
centage of fractured area in wood (ranging from 40 to 90%).
For the few cases within this group, crack propagated away
from the bondline direction, i.e. in the direction of the
wooden rays which ended up in slightly higher F. .

EPI MUF PUR
Control Control Control
’J;
/’ = b \ s
70°C 70°C
140°C 140°C 140°C
1501
100+
501 =
0+ . T =
4 0 2 4 0 2 4

Displacement (mm)
— RT -- TR

Figure 2. Force-displacement diagrams for each group of adhesives with different treatments. Average curves are presented with bold and dashed lines for RT

and TR planes.
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compared to those fractured in the bondline. Such cases are
likely due to the variability of wood properties, which results
in highly complex crack paths in the wood and around the
bondline. On the other hand, EPI in RT orientation and PUR
in both orientations resulted in pure adhesive (bondline) frac-
ture with little or no fiber bridging in the wood-adhesive
interface. For the 140°C group, MUF and EPI with TR orien-
tation also exhibited an overall wood fracture area ranging
from 50 to 100% failure. In RT orientation, all the adhesive
groups fractured purely within the adhesive; only a few
MUF specimens fractured in the wood-adhesive interface.

In Figure 2, bold lines represent the average curves of F/6
diagrams. In most cases, except for the MUF group at 140°C,
the RT orientation resulted in higher initial stiffness. Conver-
sely, it could be observed that after F,., was reached, the
curves in groups with the RT bonding dropped more abruptly
and in a more brittle manner. These findings can be attribu-
ted to the (i) impact of bonding direction and its influence
on the adhesive penetration; (ii) adhesive system; (iii) differ-
ence in expected surface topography for the TR and RT
planes, and (iv) MC of tested specimens. Not just orientation
but also temperature treatment impacts the general curve
shape. Regardless of the plane orientation for the control
groups, a rather sharp decline in force was notable after
reaching Fpa. While on the other hand, temperature-
treated groups reduced the brittle-like failures with a more
steady force reduction. Such behavior can be argued with
reduced fracture properties of wood material in the case of
wood-adhesive fracturing, impact of moisture, and impact
of temperature on the material properties, i.e. softening. MC
for tested specimens was on average 7% and below 1% for
70°C and 140°C temperature treatment, respectively.

Reiterer (2001) observed the largest decrease in specific G,
when testing beech in the RL fracture plane from 60°C to 80°
C. Changes in fracture parameters due to elevated tempera-
ture on solid wood were also reported for birch and spruce
by Tukiainen and Hughes (2016) and Dourado and Moura
(2019). On the other hand, Ammann and Niemz (2015b)
reported higher G, for PRF bondlines on beech wood when
specimens showed 12% and 15% MC rather than 21%, but

EPI MUF

no such influence was found for PUR bondline. It was also
noted that composites with higher resin loading showed a
larger decrease in Gss as temperature may deteriorate
resins’ capacity (Sinha et al. 2012).

Using Equations (1-3) resulted in relationships between
strain energy release rate (G)) and equivalent crack length
(deqv), as shown in Figure 3. For better clarity, Figure 3
shows only data slightly after reaching the critical value of
G at Fax (Go), so the effect of fiber bridging is visible only
on F/6 diagrams.

In general, Figure 3 shows that all of the groups have a
certain plateau for stable crack growth after reaching G,
even though the data reveal high variability and noise at
low values of G due to computational reasons at low forces
and displacements. The variability of G progression might
be lowered using even smaller loading speed than in our
case (3 mm/min). It should be noted that G. decreases as
the temperature of treatment rises.

SEM studies of fractured surfaces for selected control speci-
mens with the inserted images of the fractured specimens are
presented in Figure 4. As it can be seen from these images,
MUF and EPI with TR orientation are showing typical wood
failure (Figure 4(c,e)) while PUR resulted in adhesive failure
(Figure 4(a)). In the RT orientation, wood failure occurred
only in the case of MUF adhesives, while adhesive failure
occurred in the case of EPl and PUR adhesives (white arrows
in Figure 4). There are several factors affecting bond properties
like, i.e.gluing process, adhesive system, and wood (Gavrilovi¢-
Grmusa et al. 2012, Sterley 2012). It is well known that
adhesives with high viscosity have low penetration ability
into the wood; a thick interface results in a large portion of
wood failure compared to a thin interface (Gavrilovic-
Grmusa et al. 2012). Low viscosity and a high amount of
adhesive can explain the higher proportion of wood failure
in MUF compared to the other two adhesives. It was reported
that the penetration depth for European beech in the tangen-
tial direction is greater than in the radial direction (Sernek et al.
1999) while others indicate no major differences in pen-
etration depth between radial and tangential directions (Gav-
rilovi¢-Grmusa et al. 2012). Similar mechanisms of fractured
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Figure 3. Strain-energy release rate vs. equivalent crack length at examined temperature for all adhesives.
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Figure 4. SEM images of the fractured surfaces for selected control specimens for TR and RT plane orientation for (a,b) PUR, (c,d) EPI, and (e,f) MUF. Wooden inlays
are fractured bondline images for each representative specimen after the fracture test (the marked dotted area is the observed, glued area). White arrows indicate

the adhesive residues.

adhesive joint failures for PUR and MUF were reported also by
Watson et al. (2013) and for PUR by Ammann et al. (2015a,
2015b). In addition, cured PUR adhesive on the surface was
identical to that reported by Richter et al. (2006), who also
reported an excess of bubbles for the CO, release during the

curing which is closely related to a high failure rate in case of
a thick bondline.

Experimentally observed results for G, Gf with average,
standard deviation, and median values are presented in
Table 4.
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Table 4. Number of analyzed specimens, observed average values with
standard deviation (SD), and median results (med) of G. and G; for adhesive
groups, TR and RT orientation and temperature level of the temperature
treatment.

TR RT
PUR EPI MUF PUR EPI MUF
Control
Count 10 10 10 10 10 10
G¢ (N/mm) 0.25 0.80 0.50 0.19 0.45 0.47
SD 0.1 0.20 0.16 0.04 0.17 0.16
G. - med (N/mm) 0.24 0.71 0.45 0.19 0.45 0.43
G (N/mm) 290.9 10794  620.0 2469  485.2 617.2
SD 1221 197.2 195.9 34.6 200.8 145.6
Gs — med (N/mm)  266.6 1090.5 652.3 2454 4383 578.7
70°C
Count 9 10 10 10 10 10
G¢ (N/mm) 0.21 0.34 0.44 0.16 0.13 0.31
SD 0.08 0.12 0.12 0.08 0.05 0.22
G. - med (N/mm) 0.19 0.36 0.43 0.15 0.12 0.24
Gt (N/mm) 2183 407.2 509.9 171.2 834 4017
SD 61.3 107.1 151.8 58.6 27.0 2196
Gs — med (N/mm)  211.0 3954 4483 174.1 73.1 3353
140°C
Count 8 10 10 8 7 10
G¢ (N/mm) 0.18 0.27 0.19 0.18 0.08 0.18
SD 0.07 0.08 0.10 0.09 0.04 0.12
G. - med (N/mm) 0.19 0.27 0.20 0.09 0.08 0.18
G (N/mm) 224.7 367.3 290.9 192.8 90.3 204.9
SD 65.6 99.7 80.5 64.6 428 109.4
Gs — med (N/mm)  194.6 357.7 309.4 183.6 88.9 199.7

For the control group (20°C/ 65% RH), the lowest G. and G¢
values were found for RT bondline, and the temperature
increase intensified this trend. In the control group, PUR
adhesive showed the lowest average for G. and G: in TR
(0.25 and 290.9 N/mm) and RT plane (0.19 and 246.9 N/
mm), respectively.

For MUF and EPI, this relation is less clear. The highest G. and
G were found for EPI control in TR plane (0.80 and 1079.4 N/
mm), but closer more similar results between MUF and EPI
were observed in RT plane. Treatment at 70°C had a lower
impact on fracture properties for the MUF adhesive with 0.44
and 509.9 N/mm in TR plane and 0.31 N/mm and 401.7 in RT
plane for G. and Gg, respectively. Finally, EPl was found to main-
tain the highest G. and G; values at a temperature treatment of
140°C in TR plane. Similarly, this was observed for MUF in RT
plane. Estimating the average area under the curve in Figure
2, fracture propagation in the PUR group was more rapid and
of higher intensity compared to the other two adhesives, result-
ing in lower G¢ values for the latter. The effect of thermal treat-
ment was observed to have an impact on G. and G values,
resulting in lower values with increasing temperature treat-
ment. G, and G; for EPI obtained the highest measures at
140°C treatment in a TR plane. For MUF, the crack orientation
did not seem to have a strong impact even at elevated temp-
eratures. Further, PUR remain with poor performance in both
TR and RT bondline orientation, regardless of the temperature
treatment. Treatment at 140°C was severe for few specimens;
therefore, experiments were not able to analyze.

Analytical results

The LM of G. and G; revealed the complex relationship
between bondline grain orientation, treatment temperature,

and adhesive system. Performance is presented as the
median estimated value for G, or G; with a 95% confidence
interval for that estimate. When comparisons are made
between groups, the estimated difference is the ratio
between the medians of the compared groups, with a 95%
confidence interval of the ratio. The estimated performance
of each group (in terms of G, and Gy, with greater values indi-
cating better performance) varied based on the specific com-
binations of the investigated factors. That is, no treatment,
adhesive, or orientation performed best in all cases. It was
clear that increasing treatment temperature had a negative
impact on G. and G; but that effect was not consistent
between adhesives. Likewise, the effect of grain orientation
on G, and G; was more pronounced with EPI, but in the TR
plane median, G; was between 2 and 3 times greater than
the RT plane. For MUF and PUR, the effect was smaller, and
only at 70°C and 140°C treatment; the control group of
MUF and PUR performed approximately the same in TR and
RT planes. Figure 5 shows predicted medians values for G,
(Figure 5(a)) and G (Figure 5(b)) with 95% Cl. Treatment com-
binations are presented in ascending order from the smallest
to largest median (see Suppl. Table 3). The most apparent
observations from Figure 5 are that for both G. and G;, TR
plane under control conditions using EPI performed better
than all other combinations and the least performant combi-
nations all had RT plane. Multiple R? for the LMs were 0.62
and 0.79 for G. and Gy, respectively.

Treatment temperature had a significant but inconsistent
effect on performance in most cases, as shown in the follow-
ing analysis for each temperature group.

Control group

Under control conditions, bondline grain orientation had no
discernible impact on the control group for either PUR or
MUF adhesives. In contrast, the median G. of specimens
with EPI was 2.09 times greater in the TR plane than in the
RT plane (95% Cl: 1.52-2.89; See Suppl. Table 4). In the TR
plane, control specimens with EPI adhesive also had the
highest estimated G, 0.84 N/mm (95% Cl: 0.64-1.09; Figure
5(a)). This pattern was similar for G, with EPI in the TR
plane outperforming EPI in the RT plane by a factor of 2.82
(95% Cl: 2.24-3.54) while having the greatest predicted
median Gf (1165 N/mm, 95% ClI: 963.2-1409; Figure 5(b),
Suppl. Table 3). Analyses revealed that for G. under control
conditions, only EPI and MUF in RT plane orientation per-
formed similarly while others varied significantly (See Suppl.
Table 4). The median G, of EPI was 1.78 times greater (95%
Cl: 1.18-2.71) than MUF in the RT plane orientation, with
the highest estimated G in this treatment (0.84 N/mm with
95% Cl: 0.64-1.09; Suppl. Table 3). On the other hand, in RT
plane, MUF produced the highest estimated G, (0.46 N/mm
with 95% Cl: 0.35-0.60; Suppl. Table 3). For G, all adhesives
resulted in significantly different values with a similar trend.

Treatment at 70°C

When specimens were treated at 70°C, EPI no longer per-
formed substantially better than other adhesives but was
most significantly affected by bondline grain orientation
(Suppl. Table 4). Under this treatment condition, the
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Figure 5. Estimated median (points) G, (a) and G (b) of each group in ascending order with estimated 95% Cl (error bars).

highest G. and G; were found for MUF in both bondline
orientations. At a 70°C treatment temperature, orientation
impacted the performance of G, for all adhesive systems.
The effect was most pronounced for EPI, where G, in the
TR plane orientation was 2.91 times (95% Cl: 2.11-4.01)
greater than in the RT plane orientation. Although the
effect of orientation was lower for MUF, when oriented in
the TR plane, MUF had the greatest estimated median G,
(0.37 N/mm, and 95% Cl: 0.28-0.48; Suppl. Table 3) within
the group treated at 70°C. The effect on G; for EPI was
found to be even larger than its G. counterpart, being
4.25 times (Cl: 3.38-5.35) greater in TR than RT plane,
with estimated median values of 366 N/mm (95% Cl:
302-442) and 86 N/mm (95% ClI: 71-104), respectively
(Figure 5(b); Suppl. Table 3). When treated at 70°C, group
with EPI adhesive performed better than those with PUR
in TR plane for both G. and G;. However, while there was

plane for G, there was a small reduction in performance
for G (0.72 times reduction, 95% Cl: 0.53-0.97). In RT
plane, EPI performed worse than MUF and PUR in G; and
worse than MUF in G, with no evidence of a difference
in G. between EPI and PUR. MUF performed approximately
two times better than PUR in both TR and RT plane orien-
tation for both G, and G: (Suppl. Table 4).

Treatment at 140°C

Treatment at 140°C was found to have the most severe
impact overall. No significant differences in G. were found
among adhesives in this treatment. Median G, and G were
found to be significantly different for all adhesive system at
140°C between TR and RT plane (See Suppl. Table 4). EPI
experienced the largest change between bondline grain
orientations for G, with TR plane predicted to be 2.85 times
greater (95% Cl: 2.03-4.00) than RT plane. The effect was

no discernible difference between EPI and MUF in TR even more pronounced for G;, with TR plane predicted to
He— . :
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Figure 6. Ratios between the median Gt (points) of each group with estimated 95% Cl (error bars), with solid or dashed lines representing the radial or tangential
plane, respectively. Error bars that include ratio =1 are not considered significantly different.
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be 4.13 (95% ClI: 3.24-5.26) times greater than in the RT plane.
EPlin TR plane at 140°C treatment temperature was predicted
to have the highest G; (347.4 N/mm, 95% Cl: 286.5-421.2;
Suppl. Table 3) while the same combination with RT plane
in the 140°C temperature group was the predicted to be
the lowest (84.1 N/mm, 95% Cl: 67.6-104.6). Surprisingly,
these values are nearly identical to the predicted values for
the same factor combinations at a treatment temperature
of 70°C (Suppl. Table 3), indicating that while heat treatment
does have an impact on EPI performance, it does not seem to
change based on the treatment temperatures tested in this
study. The dominant effect for EPI is clearly bondline grain
orientation.

Comparison between treatments

Figure 6 shows an overview of the comparison for G; between
adhesives, for each temperature and orientation. More inter-
esting is that EPI and PUR resulted in no significant differ-
ences in G. between the two treatments for both
orientations, while MUF experienced a more severe impact
at this treatment level with 2.06 (95% Cl: 1.35-3.13) and
2.01 (95% Cl: 1.32-3.07) greater reductions from 70°C treat-
ment in TR and RT plane orientation, respectively. G; values
were least impacted by PUR adhesive. Comparing G
between the control and 140°C treatment groups, the most
severe decreases were observed for EPI in RT plane with
477 (95% Cl: 3.06-7.45) and 3.50 (95% Cl: 2.29 —5.36)
greater reductions with RT and TR plane orientations,
respectively.

Conclusion

In this paper, the adhesive-bondline fracture behavior of
three structural adhesives on European beech wood was ana-
lyzed at three different temperature treatments and with two
wood grain orientations with respect to the crack plane (TR
and RT). Fracture energy and critical strain energy release
rate were obtained from the SEN-TPB test in mode
I. Regarding the fracture performance of the adhesive bon-
dlines PUR, in general, performed the worst among all
adhesives in terms of G, and Gy, although it was the least
impacted by elevated temperature treatment. Conversely,
EPI reached the highest observed G. and Gy values when
tested at standard conditions but experienced the most
severe decrease in fracture properties when tested after treat-
ment at an elevated temperature. EPI in all treatment groups
showed the most significant change in properties related to
crack plane orientation, which was less pronounced for the
other two adhesives (MUF and PUR). In general, the study
showed that SEN-TPB test employing data reduction
scheme may be advantageous for fracture analysis of
adhesive bonds and that the impact of temperature on
adhesive-bondline performance is significant when EPI,
MUF, and PUR are used. As the examined treatment tempera-
tures were lower than the decomposition temperature of
wood’s main components, it is clear that adhesive-bondline
characteristics (grain orientation, adhesive) should be
selected carefully in applications where the elevated temp-
erature might occur.
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