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ABSTRACT

This study investigates the influence of different machining processes on the tensile shear strength of
glued lumber, focusing on optimizing the tool geometry of face milling. The data obtained were
analyzed using statistical methods. The roughness of the surface produced by the machining process
and the damage to the microstructure under the cutting edge are identified as important factors
influencing the quality of the bond. The results show that the optimized process (low roughness and

microstructure damage) leads to more effective gluing.

1. Introduction

For structural timber engineering in Germany, only adhesives
with a building authority approval from the Deutsches Institut
fur Bautechnik (DIBt) are permitted for load-bearing purposes.
The decisive criterion is the quality of the adhesive used, that
is, the adhesive should satisfy the standard tests for moisture
resistance. Therefore, for example, the tensile shear strength
is tested according to the EN 302-1 standard, and the bearing
sequence (A1, A4, and A5) and delamination resistance are
tested according to EN302. Among these tests, the delamina-
tion test is the most difficult to satisfy. During the delamination
test, a significantly complex process is used to apply the stress
(soaking in the autoclave, drying at an elevated temperature of
65°C and 12.5% 2% relative humidity, and air circulation
during the high-temperature process). Owing to the high
moisture content, stress profiles across the cross-section,
which must be transferred from the glued joints, promote the
opening of the joints, leading to delamination. The differences
between the two test methods lie in the more pronounced
moisture profile, thus leading to higher stresses in the adhesive
joint during the delamination test.

Generally, for hardwood and special softwoods such as
larch, additional priming of the surface is necessary when
bonding with 1C-PUR to satisfy the standard requirements.
Spruce, on the other hand, can be bonded without any
problems.

Currently, forest conversion is being focused on producing
more hardwood; therefore, more hardwood is being made
available. However, owing to the increasingly dry climate
more resistant softwood species such as Douglas fir are
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grown. Therefore, in the long term, newer and more drought-
resistant wood species, in addition to spruce, may be increas-
ingly used (Luciana et al. 2021). Thus far, softwood (mostly
spruce) has dominated the timber construction industry
because of its good density-to-strength ratio and lower cost.
For example, in Switzerland, the price per m* of glulam made
of hardwood is 3-4 times higher than that of softwood. There-
fore, it is more of a niche product for special applications and is
often used because of its appearance. In delamination testing
and tensile shear testing, the influence of the type of surface
treatment has been extensively studied.

The quality of bonding of wood used in structural timber
engineering is determined by various factors. The important
parameters are as follows (Hansel et al. 2022, Niemz and
Dunky 2023a and 2023b):

- the properties of the wood used, such as wood species, annual
ring orientation, wood moisture content, and wood moisture
content difference between the lamellae to be bonded;

- the type of adhesive, including its adhesion properties, cohe-
sion properties, moisture dependence such as adhesion and
cohesion, and strength and elasticity of the glued joints;

- the type of treatment of the wood surface prior to bonding,
such as circumferential milling, face milling, sanding,
finishing; for instance, circumferential milling causes
damage in the area near the surface (Westkdmper and
Riegel 1993a and 1993b, Riegel 1997, Rehm, 2002);

- the mechanism of bonding, such as the pressure and pressure
distribution over the length of the bonded element, and
temperature and humidity during bonding.
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The previous studies conducted in this area are described in
this section.

Knorz (2012) tested the bonding of beech and ash deter-
mined the differences between two different MUF resins and
1C-PUR. It was found that 1C-PUR achieved the standard spe-
cifications with primers. The better of the two MUF systems
was slightly above the permissible standard specification of a
maximum of 5%. Sanding produced worse results than
planing in the delamination test for ash (Knorz 2012).

Klausler et al. (2014) obtained slightly better values for face
milling than for planing with sharp cutting edges when com-
paring planing (sharp and blunt cutting edges), face milling,
and grinding (grit 80 and 120) on tensile shear specimens
using 1C-PUR (HBS 309, Henkel); grinding produced similar
results to planing with sharp cutting edges. Blunt cutting
edges led to a significant decrease in shear strength after
bearing sequence A4.

Ammann (2015) and Ammann et al. (2016) could not meet
the standard requirements for delamination (maximum 5%)
in an industrial bonding of ash glulam; face milling and
planing was as a processing method for 1C PUR and 2 MUF
resins. In the case of MUF, face-planed surfaces were also
used. In terms of tensile shear strength, face milling positively
influenced a 1C PUR at Ammann, but not on the second
system (there were two different manufacturers). Thus, the
difference between the adhesive systems of a chemical group
is recognizable in this case.

Grull et al. (2016) investigated the surfaces of face-milled and
planed spruce wood. The tensile shear strength was also tested.
Face planing produced a smooth-re (macrostructure) surface
than conventional planing. The differences in tensile shear
strength (A1) were insignificant. However, the lower tensile
shear strength of spruce compared to hardwood is a critical
factor in this case, thus affecting the transfer of stresses in the
glued joint. In addition, a positive influence of face milling on
the bonding quality was reported in a previous study (Ritar
20023, Ritar 2002b, Ritar 2002c).

Moanda et al. (2022) investigated the influence of planing
with a microstructured surface on the bond quality of glulam
made of beech. A slight improvement was observed in both
the tensile shear strength in Storage Sequence A4 and the dela-
mination test compared to conventional planing. The best
results were observed in the case with the finer microstructure.
However, a planned reduction of the adhesive content was not
possible.

Usually, the combination of face milling and 1C-PUR is suc-
cessfully applied in practice for softwood (spruce, also Douglas
fir), sometimes in combination with primers such as larch. A
slightly rougher surface often leads to better results than a
very smooth surface.

Influences on the wetting behavior and roughness are often
difficult to quantify in the case if wood because of the naturally
strong porosity and the extensive variability of wood in terms
of differences between early and late wood and influence of
growth conditions.

Overall, the inferences drawn from the results regarding the
influence of chipping on bonding are not always clear. This may
be because most existing studies focused on bonding and not
on chipping. Technical changes in the type of grinding

(calibration grinding, grinding for surface finishing, service life
of the cutting edges, and their blunting) were of secondary
importance.

The positive effect of priming with DMF was clearly evident
in the study by Kldusler (2014) and Kl&usler et al. (2014) and
Ammann (2015) and Ammann et al. (2016). PRF (Aerodux
A185) met the requirements in both the delamination and
tensile shear tests. This is widely used as a reference.

Currently, when bonding with 1C-PUR in Loctite adhesives
from Henkel, the surface is pre-treated with a surfactant-
based primer for hardwood and selected softwoods (e.g.
larch). DMF' served only as a model substance in the first
phase. Even with the HMR primer, the requirements for
tensile shear strength according to Storage Sequence A4
were met (Kldusler 2014). Klausler (2014) also tested other
primer systems such as water, DMF, HMR? and pMDI2
Although the HMR primer and DMF produce comparatively
good results, both methods are not practically applicable
owing to their price and occupational health and safety for
DMF, in addition to extremely long exhaust air time and formal-
dehyde release for HVR. The effect of HMR primers is described
in detail in a previous study (Boeger et al. 2022). However, rel-
evant work is ongoing for surfactant-based primers.

After priming with surfactant-based primers, the require-
ments of the delamination test are met for hardwoods and
selected hard-to-bond softwoods such as larch for 1K-PUR.
Without primers, the requirements are generally not met for
1C-PUR for hardwood. In general, priming requires exact com-
pliance with the technical specifications in terms of application
quantity, concentration, waiting time, and suitable 1C-PUR
systems. Primers are now available for several different PUR
systems.

Spruce does not require priming, and larch does not meet
the specifications without priming. In the case of Douglas fir,
priming is not necessary in some cases, depending on the
adhesive and processing method, but optimized processing
such as face milling can have a positive effect. The necessity
of priming tends to apply more or less to all TC-PUR systems
and hardwood or larch, also in addition to selected overseas
softwoods.

However, the overall condition is partly inconsistent. The
differences in the stress on the test specimens during the
tensile shear strength and delamination tests as well as those
in terms of the wood species should be considered. If spruce
is used, the shear strength of the wood is significantly lower
than that for red beech or ash. If only A1 (i.e. dry tested) is
used, the moisture stress is neglected. Therefore, the A1 specifi-
cations are easily met by most adhesives. The delamination test
leads to a significantly higher stress compared to the tensile
shear strength owing to the larger dimensions and the stress
on the bonded joint caused by the effects of water and
drying. However, the general trend is that if the standard spe-
cification is not achieved for the lap shear strength and the A4
bearing sequence, the delamination test is usually not cleared.
The delamination test is significantly harder to clear than the
lap shear test because of the larger dimensions and higher
stresses in the glue joints.

The practical conditions of use, especially in a dry indoor
climate, often deviate significantly from those used during



testing the moisture resistance of the bonded joints according to
EN 302-1 and EN 302-2. Often, even in dry indoor climates,
especially in winter in heated rooms with extremely low relative
humidity, problems occur due to residual stresses, cracks, and
delamination caused by the low relative humidity (Niemz 2022).

If possible, processing should be done immediately before
bonding to prevent moisture changes on the surface and
aging. This prevents drying of the wood in the surface area
(especially during winter when the relative humidity in the
halls is significantly low). If the wood moisture content is too
low, or if the relative humidity is low in winter in heated,
non-air-conditioned production halls, the water available for
curing in the area of the adhesive joint in the case of 1C-PUR
is insufficient. However, oxidation processes caused by ingredi-
ents and the influence of the ingredients themselves can also
impair curing. The problem of bonding larch wood with 1C-
PUR is well known (Kuenniger et al. 2006). Studies on the
influence of extractives on the curing of 2C-PUR adhesives
were carried out by Bockel et al. (2019), and Bockel (2020),
among others.

In summary, the processing procedure considerably influ-
ences the bonding quality, thus indicating scope for optimiz-
ation. Furthermore, the damage caused by the machining
process has thus far been investigated only rudimentarily for
selected machining processes and has usually been of second-
ary importance in bonding tests.

Therefore, the present study examines whether further
optimization of the tool can be achieved with face milling by
using rounded cutting edges to realize improved bonding
quality. As the process can be further developed by optimizing
the geometry of the cutting edges during face milling, this
study attempts to address the same.

2. Influence of machining processes on surface
properties

The various machining processes used in the process influence
the micro- and macrostructures of the surface and affect the
edge areas below the surfaces produced. The associated influ-
ences on wetting, adhesion, and formation of an adhesive joint
filling the wood structure three-dimensionally, as well as swel-
ling associated with water exposure determine the strength of
the bond. A review of the various theories of adhesion is given
in Zeppenfeld and Grunwald (2005), Paris et al. (2014), Habe-
nicht (2017), Jakes et al. (2019) Suchsland (1958), and in
Chapt. 14.2 included in Niemz et al. (2023). In industrial appli-
cations, rougher surfaces lead to better results in terms of
tensile shear strength and delamination when bonding with
1C PUR adhesives, thus supporting the approach that mechan-
ical adhesion significantly contributes to the bonding of wood.
Therefore, various processing methods were initially investi-
gated to study their effect on the bonding of beech using
only a single component PUR adhesive as an example. Beech
was used to achieve a high load on the glued joint (see also
EN 302-1). Ideally, the primers can be replaced by suitable
machining processes or can be optimized. However, this
cannot be practically realized for hardwood.

First, the fundamental effects of machining on the quality of
surfaces were studied previously by Stewart (1980, 1984) and
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Stewart et al. (1982). It was found that the destruction caused
during milling and grinding under the machined surface
depends on the technological parameters such as feed rate,
engagement size, and wood moisture content. In face milling,
the destruction in near-surface areas is relatively low (Stewart
1984). For sanding, the technique clearly influences the
surface quality (sanding thickness). Further, Westkamper and
Riegel (1993a), Westkdmper and Riegel (1993b), Riegel (1997),
Rehm (2002), Gottloeber (2014), and Troeger and Schneider
(2015)provide a good overview on the influence of different
machining processes as planing, grinding, and face milling.

Depending on the machining process of the technical par-
ameters such as feed rate and cutting speed, certain micro-
structural damage occurs in all processes. For example,
structural damage occurs during calibration grinding due to
high stock removal thicknesses. In face milling, the effect of
destruction and/or plastic deformation is less pronounced
(Stewart 1984). Numerous technological parameters such as
feed rate, rotational speed, and blunting of cutting edges
affect the microstructure. The specific variety of wood also
strongly influences the wood moisture content, fiber angle,
and fracture mechanical properties. This also applies to
sanding. The wetting angle, adhesion of lacquers, or bonding
properties are considerably affected.

Overall, the influence of machining on bonding quality is yet
to be investigated in detail. There are starting points for a larger
project with a combination of modern investigation methods,
also in the microscale. However, previous studies are mainly
limited to the roughness, waviness, and the wetting behavior,
which are usually less applicable for wood. Further, as
modern methods such as AFM*, synchrotron, and X-ray micro-
tomography have a high resolution, the interactions are often
not adequately detected. Moreover, fracture mechanics
approaches are also conceivable (Ammann 2015, Ammann
and Niemz 2015). Measurements with DIC® under high resol-
ution in combination with fracture mechanics are also possible.
However, a damaged surface of particle materials (impact chips
instead of cutting chips) leads to a significant increase in creep
deformation; however, it also results in a decrease in strength
(Niemz and Sonderegger 2021).

2.1. Overview of face milling processes

Generally, circumferential face milling is used for processing
wooden surfaces. A special subdivision of the milling processes
is made in DIN 8589 Part 3. According to the type of tool
engagement, a distinction is made between circumferential,
face, and face-circumferential milling (Figure 1).

The basic principles are described in Troger (1990), Heisel
and Troger (1991), Heisel and Troeger (1993), Troger and
Schneider (2015), among others.

2.1.1. Fundamentals of face milling

As the cutting edge progressively cuts through the material, an
ever-widening wear bevel is created, increasing the forces
introduced into the workpiece, thus negatively affecting the
structure. For example, when machining wood with continuous
cutting-edge wear, a layer of compressed cells is developed
(Figure 2); this is referred to as the deformation zone. This
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Figure 1. Face milling method according to DIN 8589 Part 3. left: circumferential face milling (planing), right: face milling, v.: cutting speed, v¢: feed rate (following DIN

8589-3).

layer of compressed cells affect the bonding quality. The com-
pressed zone makes it more difficult for the adhesive to penetrate;
in the case of water-soluble adhesives, the compressed zone may
swell back (the swell increases with increasing density).

A significant influence on the machining quality depends on
whether the chip is cut in climb milling or up-cut milling. Thus,
a comma-shaped chip is formed that is cut either from its tip
(up-cut) or from its strongest side (climb milling).

Chip formation begins in the up-cut only when the chip
thickness h is greater than the wear factor hi1; then, the
surface and machining quality are already realized. Therefore,
the surface in up-cut milling is produced under unfavorable
technological conditions. However, in climb milling, the chip
is cut on its thick side, the chip thickness gradually decreases,
and the cutting edge abruptly emerges from the material
while it is still cutting; therefore, surface compaction is not as
intensive as in up-cutting.

Another disadvantage of circumferential face milling in up-
cut mode is the strong dependence of the surface quality on
the angle between the cutting and grain directions (Figure 3).

Figure 2. Compacted zone of the wood structure after milling with the blunted
cutter 1, cutting with the fiber (compaction depth 250 um); Scale 1,200. Source:
PhD thesis K. Rehm, TU Dresden.

This varies with the structure of the wood (e.g. in the knot
area, influence of the annual ring position, and the fiber-load
angle).

2.1.2. Influence of micro-geometry of the cutting wedge
Owing to the wear chamfer formed during machining, an
increased wedge angle occurs in the micro area, stabilizing
the fracture-prone cutting wedge so that no further chipping
occurs.

2.2. Face milling

Figure 1b illustrates the principle of face milling. Especially for
larger machining widths, the process ensures vibration-free
workpiece guidance. The tool is tilted by a few hundredths of
a millimeter so that the back-rotating cutting edge does not
come into contact with the workpiece. Significantly smooth
surfaces can be achieved with a face milling cutter.

The reason for the significantly improved machining quality
is the reduced chip thickness in the quality-forming area due to
the setting angle. The potential of face milling is shown in
Figure 4.

2.2.1. Macrogeometry of the generated wood surface

As the natural roughness of the structure is caused by the
planar incision of the wood cell structure, it always appears
anatomically; however, the kinematic roughness results from
the cycloidal relative movement path between tool and work-
piece. Machining marks, that is, knife marks (Figure 5), are pro-
duced, with a periodic wave shape (Heisel et al. 1991a, 1991b) if
the cutting edges on the tool are set precisely, the setting vari-
ables are constant, and disturbance variables such as vibrations
are neglected.

These characteristics of macrogeometry are crucial in evalu-
ating a wood surface. Neusser (Neusser and Krames 1971)
defines a valley quotient (T), as the ratio of the height of the
waves (t) and the width of the valley (L):

T= (1)

t
L
(Ettelt 1987) describes the wave height (t) caused by the so-
called “knife blows” as follows:

t=-*%; ()
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Figure 3. Influence of the angle between cut and grain direction on the quality of the surface.

Figure 4. Comparison of surface finish (top: sawn, bottom: face milling). Source:
BA Sachsen.

this is why (T) is valid for the valley quotient:

f;

= EI (3)

where fz=tooth feed= ﬁ; n=speed, and z=number of
cutting edges (4).

Figure 5 shows the valley quotient as a function of tool
diameter and tooth feed.

The lower the valley quotient (T), the less visible the machin-
ing marks (for example, the blue area in Figure 5). The smaller
the tooth feed and the larger the pitch circle diameter, the
more difficult the observation of these machining marks. For
example, in taper face milling (radius of curvature of the rake
arc is approximately 500 mm), no knife marks are visible. In
face milling, the face blades can be crowned with a large
radius of curvature (Westkdmper and Riegel 1993a and
1993b, Westkamper and Schadoffsky 1995a and 1995b), indi-
cating that the machining marks, which are certainly still
present, are no longer visually recognizable. As the wave
height of the knife impacts in practice is of the order of approxi-
mately 2-6 um, the high precision with which the tool should
be manufactured and maintained is evident.

Figure 5. Valley quotient according to Neusser cited in (Troeger and Schneider 2015); Dependence on (fz) and (d). Source: IfW.
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2.2.2. Design of the transition from the peripheral to the
face cutting edge

If the circumferential and face cutting edges are perpendicu-
lar to each other, a deformation zone is developed below the
face cutting edge, forming spatially around the cutting edge
corner. This can only be eliminated by multiple cutting edges
with gradually decreasing setting angles, i.e. decreasing
deformation depth. The best results are achieved with a
final crowned cutting edge section, where the curvature
means that the cutting edge corner at the end of the
blade can no longer form on the surface. In the area of the
horizontal tangent of the crowned cutting edge section,
the setting angle is k=0° ie. no further cutting occurs,
and the cutting edge only smoothes the surface. This
effect, shown here in the example of circular sawing with
crowned secondary cutting edges, can also be used in face
milling (Figure 6).

With knives with crowned secondary cutting edges, it is
practically possible to create deformation-free cells in the
surface of solid wood. As the setting angle decreases, the defor-
mation depth (thickness of the compressed cell layer) also
decreases.

2.3. Machining the specimen surface via finishing

The principle of finishing corresponds to the operation of a
hand plane, i.e. machining with linear feed motion. The
cutting speed and feed rate are maintained constant.

To improve the surface, the blade can be set at an angle,
thus reducing the effective wedge angle (wedge angle in the
cutting direction) and making the blade sharper. Finishing
with a sharp cutting edge results in significantly smooth sur-
faces, free of machining marks and low cell deformation.
However, the depth of deformation increases with increasing
wear of the knife.

Figure 7 shows the tool of the finishing machine and a chip
produced by fining.

2.4. Sanding

A previous study (Riegel 1997) investigated the influence of
various machining processes on the surface quality. In this pre-
vious study, microstructure damage was found during cali-
bration sanding with high mesh sizes. This study referred to
the findings reported by Stewart (Stewart 1980). Depending
on the feed rate, microstructural damage can occur both in
milling and calibration sanding. Cutting speed also affects the
microstructure; this was demonstrated for milling in studies
by Fischer (1996) and Fischer et al. (1980). Here, Fischer et al.
(1980) applied photogrammetry to quantify the destruction
under the cutting edge. A similar approach would be conceiva-
ble today using digital image correlation and a high-speed
camera.

3. Test material and methodology
3.1. Test overview: Influencing variables on the die side

Table 1 shows the test overview. The bonding quality of 1C-PUR
was tested with five different processing variants.

Beech (Fagus Sylvatica L) with a density of 670 + 75 kg/m?
and a moisture content of 12% was used for the tests. It was
bonded with a specific pressure of 1 MPa over a pressing
time of 3 h.

3.2. Surface processing

For all specimens, according to the EN302-1 standard, the
required thickness of 5mm was produced immediately
before bonding by removing the oversize of 1 mm using the
following processing methods.

Technological influencing variables:

a) Circumferential milling with sharp cutting edge (variant 1)
and dull cutting edge (variant 2).

Cutting material: Tersa HSS cutting edge.

» 0. e
AN NI
\é‘:.??“ by

-

Figure 6. Deformation zone when sawing softwood with convex secondary cutting teeth. Source: unpublished lecture notes “Fundamentals of woodworking” IfW

Stuttgart.
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Figure 7. Finishing tool and (exemplary) chip of a finished beech wood surface. Source: BA Sachsen.

Table 1. Test overview.

Variant Machining

1 Planing sharp cutting edges

2 Planing dull cutting edges

3 Face milling normal cutting edge (straight)
4 Face milling rounded cutting edges

5 Sanding, grit 80

6 Fining

Angle during cutting: wedge angle =50°, rake angle =15°,
clearance angle = 25°.

The cutting edges were blunted by repeatedly planing the
0.8-mm-thick MF face layer of a 19-mm-thick MF-coated parti-
cleboard. A total of 10-15 m of MF face layer was planed. A
strong rounding of the knife edge, which is larger than that
with usual working sharpness, is evident. These special
planing knives do not have a wear mark as the standard for
better clarity of exceeding the working sharpness. In practice,
the knives are changed according to specially defined and sub-
jective intervals.

The processing of the specimens immediately before
bonding to the thickness of d =5 mm was carried out with a
T45 thickness planer from the manufacturer “MARTIN” under
the following conditions:

e speed (n) = approximately 5000 rpm

e cutting speed:=18 m/s

o feed speed (vf) = approximately 6 m/min

e number of teeth (z2) =1

o size of engagement (e) or machining allowance =1 mm
o flying circle diameter (D) =125 mm

(b) Face milling with straight cutting edge (variant 3) and
crowned cutting edge (variant 4)

To eliminate radial and axial runout, the surface was
machined with a single-edged test tool (Figure 8) availed
from the Institute for Machine Tools (IfW) at the University of
Stuttgart.

The machining was carried out with a CNC machining center
of the type LeanFactory BAZ from the company HOMAG Group
AG in the machining laboratory of the BA Saxony under the fol-
lowing conditions:

e speed (n) =approximately 3200 rpm

o feed rate (vf)=6 m/min

e number of teeth (z) =1

* mesh size (e) or machining allowance =1 mm
o flight circle diameter (D) =240 mm

(c) Sanding (variant 5)

Sanding was performed with an industrial wide belt sanding
machine of the type HOMAG Biitfering SWT 325QC. The
machine has two different sanding units for separate proces-
sing along and across the grain direction.

e Grain size P80 with rigid engagement (calibration roller or
steel roller)

e Sanding direction: longitudinal to the grain

* Material removal: 1 mm

o Feed rate of conveyor belt: 6 m/min

(d) Fining (variant 6)

Fining was carried out with a Murunaka type finishing
machine. To improve the surface quality, the knife was
arranged at an angle, thus reducing the effective wedge
angle (wedge angle in the cutting direction) and making the
knife sharper.

e 25° inclination of the knife, removal (engagement) of
approximately 0.1 mm to a thickness of 5 mm (initial thick-
ness was 6 mm) due to the design.

e Machining: feed direction and cutting direction relative to
each other (counter-rotating)

o Cutting speed: 6 m/min

o Feed rate: 6 m/min

o Depth of cut: approximately 0.2 mm
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Figure 8. Test setup for face milling: Left straight cutting edge, right crowned cutting edge.

3.3. Characterization of the surface

The roughness and waviness of all the test specimens were
measured in the dry condition as well as after moistening, i.e.
after spraying 13 g/m’> of water and re-drying. The measure-
ments were made within the board center using the Conturo-
Matic CV250 tactile measuring device from T&S Gesellschaft
fir Langenpriftechnik (s.a.DIN 4776 n.d). The following test
conditions were applied:

e v (mess)=1.75 mm/s

e Specimen dimensions: approximately 650 X 140 x 5 mm

e Length of measuring section: lengthwise 200 mm

e Length of measuring section: crosswise 50 mm (3x length-
wise and 1x crosswise to the fiber)

e R-values: M=1:1200 and cut-off = 2.5 mm

e W-values: M=1:1200 and cut-off =2.5 mm

3.4. Bonding

The lamellas were processed approximately 20 min before
bonding. Before processing, the wood was stored in a normal
climate of 20°C/65% relative humidity. Before gluing, the
lamella thickness was 5 mm.

Adhesive and bonding conditions:

e 1C-PUR, Loctite HBS 309 (without primer).

« Application quantity: one-sided 180 g/m? manually with
notched trowel

¢ Specific pressing pressure: 1 MPa

¢ Pressing time: 3 h

3.5. Specimen preparation/testing

Tensile shear specimens were prepared according to the EN
302-1 standard (2021) and tested according to the storage

sequence A1 (normal climate), A4 (6 h boiling, 2 h immersion
in cold water (20°C +/— 2 K), testing in damp conditions) and
A5 (same as A4, followed by re-drying in normal climate to
initial mass). A total of 20 test specimens were produced for
each variant.

3.6. Optical measurements on the bonded joints

In addition, selected images were captured using a scanning
electron microscope (AMBER, TESCAN, Brno, Czech Repubilic),
and the element distribution was examined using energy dis-
persive X-ray spectroscopy (EDX, Bruker Nano GmbH, Berlin,
Germany) in the glue line area.

4. Test results

The results show that the roughness produced during the
machining process depend on the machining method used
(see Figure 9). The lowest roughness was achieved by planing
with a sharp knife followed by fining. The highest roughness
occurred in face milling, and this increased because of the
rounded cutting edges.

The investigations show that the rougher surfaces that
occur during face milling lead to higher bond strengths.
The adjustment of the cutting geometry of the face milling
cutter leads to a further improvement of the bonding
quality. The tensile shear strength (bearing sequences: A1,
A4, and A5) and the wood breakage percentage are shown
in Figure 10 and Table 2 (wood breakage percentage). The
rougher surface leads to better penetration of the adhesive,
thus resulting in improved adhesion. This issue is also
referred to by Frihart and Konnerth in Niemz et al. (2023).
The trend is consistent with the empirical experience of
adhesive producers that rougher surfaces lead to better
adhesion. The research confirms that no general correlation
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Figure 10. Tensile shear strength after storage sequence A1, A4, and A5 as a function of the type of surface treatment.

exists between shear strength and wood failure rate (see e.g.
Arnold et al. 2019).

In the image captured using scanning electron microscopy
(Figure 11, left), a filling of the wood pores by the PUR adhesive
is clearly visible. In addition, the right side of Figure 11 shows
the distribution of the elements, O, C, and Si, in combination
with EDX (scanning electron microscopy and energy dispersive
X-ray spectroscopy), Hubalkova 2023. The adhesive distribution
is clearly visible because approximately 5% of silicon dioxide is

added as an additive, thus adjusting the rheological properties
of the adhesive. The three-dimensional formation of the
adhesive joint can be observed. The three-dimensional pen-
etration of the adhesive into the pore structure of the wood
(e.g. in the case of fibres lying slightly inclined to the wood
surface, in the case of softwood penetration via the luminas
of the fibers, see Suchsland (1958), or the vessels in the case
of hardwood (see work by) (Hass 2012, Hass et al. 2013, Paris
et al. 2014, Jakes et al. 2019)) leads to increased anchorage of
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Table 2. Percentage of wood broken.

Percentage of wood failure
(%) according to storage

sequence
Machining process Al A4 A5
Fining 75 61 73
Planing sharp cutting edges 77 70 52
Planing dull cutting edges 69 41 55
Sanding 74 60 73
Face milling crowned cutting edges 87 50 85
Face milling normal cutting edge (straight) 85 67 74

the adhesive with the wood when pores are openly accessible.
Therefore, studies have been conducted on the modeling of
adhesive joints by, Hammerquist and Nairn (2018), Hass
(2012), Hass et al. (2013), and Jakes et al. (2019). Furthermore,
modeling was also performed by e.g. Hommerquist and Nairn
(2018), Mendoza et al. (2012), and Schwarzkopf et al. (2016).

Some agreement on this finding was formulated in Frihart
et al. (2023), as follows:

Mechanical interlocking theory is certainly a common explanation,
especially given the cellular nature of wood, but it is unclear how
much strength this provides, especially when the applied force is
perpendicular to the bond-line. A split open earlywood cell can
allow adhesives to enter the lumen, given its diameter of 30-40
um for softwood tracheids and 10-20 um for hardwood fibers,
but this is not necessarily true for the larger filler particles. On the
other hand, latewood cells cleaved in the middle lamella are less
likely to have much mechanical interlocking ... .

The compaction of the wood under the cutting edge, which
occurs during milling, presumably influences the penetration
behavior and effectiveness of the bonding towards lower
values of the tensile shear strength. Particularly, in the case of
Storage Sequence A4 according to the EN 302-1 standard
(2021), the penetration of water and the resulting increased
swelling of the compacted wood decrease the strength. This
effect can also be observed in the delamination test (EN 302-2).

In summary, wood is a complicated interplay of anatomical,
physical and chemical effects. Increasing the roughness
increases the surface area of the bonding surfaces. In addition,

an additional mechanical interlocking of the adhesive in the
part to be joined along the glue line is enabled. Further, the
adhesive should penetrate the cavities of the wood structure
and enter the imperfections caused by machining. Therefore,
too high or too low viscosities of the adhesive (wetting and
penetration behavior) reduce the size of the contact areas
between the adhesive and the surfaces to be bonded. The
basic relationships of the end-ringing of adhesives into the
wood structure are described (Mendoza et al. 2012) using the
properties of the adhesive (viscosity and surface tension),
wood structure, and processing parameters. For PUR adhesives,
curing limits adhesive penetration. The penetration depths
determined for beech are approximately 300 um. The defor-
mation of the wood structure can lead to a reduction in the
penetration depth of the adhesive, thus affecting the
bonding strength. These deformations are reduced during sub-
sequent finishing and sanding. Removal of the plastically
deformed deformation zone improves the strength of the
bonded joint. This can be observed in the comparison of
finished and ground test specimens (bearing sequence A5).
Owing to the deeper penetration during grinding, complete
removal of the deformation zone occurs; however, during
finishing, approximately 50% of the deformed areas are not
removed. In face milling, as cell deformation is almost comple-
tely avoided, face milling in combination with the slightly
increased roughness leads to an optimized result. In addition,
the effect of surface fibrillation during grinding and face
milling described by Hernandez et al. (2014) supports this
effect.

Mechanically, the irregularities associated with roughness
are also suitable for inhibiting the growth of cracks, eventually
increasing the bond strength.

However, when a limit value of roughness is exceeded, these
positive effects cannot be realized as the distance between the
surfaces to be bonded increases locally.

In the concretization of the model of bonding developed by
Mara, it can be assumed that elastic and plastic deformations
and fractures occur below the cutting edge in the wood struc-
ture because of the milling process (see e.g. Fischer et al. 1980,

Figure 11. Adhesive joint Sample 2: Detail section 3 from — SE image left, BSE image right; Element distribution of O, C, and Si measured with EDX.



Rehm 2002, Gottloeber 2014). During finishing and grinding,
these zones are (at least partially) removed so that the substrate
largely regains its original strength. Cell deformation is also
avoided by the design of the cutting edges during face
milling. The combination of a roughness that improves
adhesion and minimized deformation of the wood cells
under the cutting edge provides the best possible result
under these conditions.

5. Summary and conclusions

The highest tensile shear strength as well as the highest wood
breakage percentage in bearing sequences A1 and A4 is
achieved via face milling.

The tensile shear strength depends on the machining
process, which determines the change of the wood structure
in volume, roughness, and the wettable surface.

An improvement of the tensile shear strength can be
achieved by rounded cutting edges.

The assumed cause of the reduction in shear strength due to
microstructural damage under the cutting edge has yet to be
experimentally proven.

Systematic investigations on cutting edge optimization and
bonding quality as well as on the damage to the wood struc-
ture under the cutting edge during face milling indicate poten-
tial for further improvement. Further optimization is possible if
the rake angles are increased from the current 0° to approxi-
mately 15°.

Especially for hardwoods and woods that are difficult to
bond, investigation on primers is necessary.

In future work, Digital Image Correlation and/or Micro-CT
should be used to understand the failure mechanisms.

Notes

Dimethylformamide.

Hydroxymethylated resorcinol.

Polymeric diphenylmethane diisocyanate.
Atomic/scanning force microscope.
Digital image correlation.
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