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DYNAMIC MECHANICAL ANALYSIS OF FPU BONDED BEECH WOOD

AT VARIOUS TEMPERATURES
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ABSTRACT: This study investigates the dynamic mechanical properties of flexible polyurethane (FPU) adhesives

bonded to European beech wood (Fagus sylvatica L.) using Dynamic Mechanical Analysis (DMA) over a range of

temperatures and frequencies. Samples included clear beech wood and three-layered composite (beech:FPU:beech). DMA
tests were performed using a three-point bending setup at 1 Hz and 10 Hz in the temperature range from -120°C to 140°C.
The results demonstrated high thermal stability and strong bonding performance of FPU adhesives on beech wood.
Frequency-dependent responses varied among FPU types but resembled the behavior of solid wood at lower temperatures.

This confirms the suitability of DMA for evaluating adhesive-wood composite behavior under dynamic conditions. The

combination of FPU adhesives and beech wood showed potential for thermally stable and energy-dissipating bonded

assemblies.
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1 - INTRODUCTION

Due to the natural tendency of wood to shrink and swell,
it is important that the joints in glued timber structures
remain intact when exposed to different climatic
conditions. The viscoelastic nature of wood adhesives can
generate hysteretic energy under cyclic loading. Moisture-
curing one-component polyurethane adhesives, which are
known for their lower stiffness and hardness, can absorb
more energy during deformation. This property leads to
greater plastic deformation, which often results in
improved dynamic properties (e.g. fatigue performance).
Consequently, energy dissipation prevents cracking and
reduces joint failure [1]. To characterize selected
performance parameters of wood, adhesives and wood-
adhesive composites, DMA provides a suitable method to
measure the dynamic properties of these materials under
the influence of forced, sinusoidally variable dynamic
loads. DMA analyzes the viscoelastic properties of
polymeric materials. It can describe various phase
transitions at the molecular level during temperature
exposure. For this reason, this method is not only used to

study the curing of adhesives [2], [3] but also to analyze
composite materials [4]. Studies have been reported in the
literature in which this method was used to follow material
changes in water-saturated wood at different temperatures
[5] or the effects of wood impregnation on mechanical
properties [6], [7]. Due to its high sensitivity to structural
phenomena, DMA the
quantification of relaxation times and activation energies.
This provides insights into the molecular mobility within
the adhesive matrix and the wood-adhesive interphases.

relaxation also  enables

Finally, this enables a more accurate prediction of long-
term mechanical stability under different environmental
conditions, which is crucial in the context of assessing the
durability of bonded wood structures.

2 - BACKGROUND

In current timber construction practice, softwood species
dominate, especially in glued laminated timber. However,
hardwoods such as ash, oak and beech, traditionally used
for non-structural applications, are increasingly being
recognized for building structures. It is well known that
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these hardwood species are more difficult to bond than the
traditionally used softwoods due to their higher density,
porosity, chemical composition, etc. In order to utilize
these wood species, it is therefore important to investigate
how durable and long-lasting composite materials can be
developed. In the search for environmentally friendly
materials, there has been increasing interest in adhesives
with low or no formaldehyde emissions. This can be
achieved by replacing some of the traditional
formaldehyde-based adhesive systems with polyurethanes
[8]. These unique materials are known for their strong
adhesion to a variety of substrates due to the presence of
polar HNCOO groups with high cohesive energy. They
exhibit elastic behavior, especially when combined with
various additives, and are known for their chemical
resistance as well as their resistance to moisture. In
addition, polyurethane adhesives can withstand prolonged
vibration and significant impact loads before failing [9].
Another important feature of polyurethanes is the ability to
extensively customize their properties by modifying the
molecular chain structure of both the soft segments
(consisting of long polyols) and the hard segments (formed
by short diols and isocyanates) that make up the PUR
backbone [10]. This adaptation is primarily important for
the process of gluing, followed by the properties of the
glued wood products, where the adhesive must closely
match the properties of the wood component, especially for
the application of the product. PUR adhesives represent a

Table 1: Flexible FPU adhesive description [11].

microphase separation between soft and hard segments due
to their phase-separated morphology; this morphology has
a decisive influence on the mechanical, thermal and
viscoelastic properties of the finished adhesive, including
its ability to dissipate energy under dynamic loading. The
FPU adhesives used in this study are not typical adhesives
for wood bonding, as they were primarily developed for
reinforcing concrete and masonry to improve the seismic
performance of buildings. As many glued wood products
are also suitable for outdoor or construction use, the large
daily temperature fluctuations typical of Central Europe
should be considered. For this reason, the main objective of
this study is to analyse the thermal stability of selected
novel FPU adhesives investigated in [11] in combination
with wood to ensure that their properties can withstand the
different conditions in these applications.

3 —RESEARCH OVERVIEW

In this study, three two-component flexible polyurethane
adhesives (FPU) were used to produce composite samples
with beech wood. The description and density of the PS,
PST and PTS adhesives used are listed in Table 1, while
the exact material properties of these 3 FPUs can be found
in [12]. In contrast to rigid PUR adhesives (modulus of
elasticity > 1000 MPa), the tested FPUs exhibit lower
stiffness (4—1000 MPa), lower tensile strength (1-22 MPa)
and higher elongation at break (10-200%).

Density
Adhesive Description
g/em?
S 14 Solvent-free, two-component, polyurethane-based adhesive. Flexible adhesive designed for making
' flexible joints and for coatings. A:B (100:11)
PST 1o Two-component adhesive material based on polyurethanes. Flexible adhesive designed for making
: flexible for making protective coatings. A:B (100:15)
PTS 0.9 Two-component adhesive material based on polyurethanes. Permanently elastic adhesive intended
’ for making flexible joints and for making protective coatings. A:B (100:15)
BS:
PST;
PTS

50 '
Beech (Fagus Sylvatica L.)

Gas flow: 50 mL/min
Temperature range:
- 120°C to +140°C
Heating rate: 3 °C /min
Frequency: 1 Hz and 10 Hz

Figure 1: Sample geometry and DMA 3-point bending test specifications.
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4 - EXPERIMENTAL SETUP

Two series of samples were used for the tests (Fig. 1).
Samples of clear beech wood and of beech:FPU:beech
composites (FPU composites). Three samples per series
were produced. The size of each sample was adapted to the
requirements of the DMA 242 E Artemis instrument
(NETZSCH). The measurements were performed under
controlled conditions, including the fixture for 3-point
bending, under a nitrogen atmosphere with a gas flow of
50 mL/min and a test frequency of 1 and 10 Hz. The test
temperature was maintained from -120 to 140° C with a
heating rate of 3 °C /min, while the results are presented
for temperatures between -100 and 100° C. The average
dimensions of the sample were 50 x 2.9 x 4.5 mm (L x W
x H), assuming a nominal adhesive thickness of approx.
0.3-0.5 mm.

To produce the samples, six beech boards, each 2 mm
thick and measuring 130 x 300 mm, were produced using
a thickness planer. The average moisture content of the
wood at the time of gluing was 10.8 %, measured with a
Tanel WIP24 moisture meter (Fig. 2a). Two boards were
then glued together using PS, PST and PTS adhesives. The
adhesive components were mixed in the appropriate
weight ratios (Table 1) and applied to the surface of the
beech lamellas with a spatula (Fig. 2b). According to the
technical data sheets of the FPU adhesives used, no
minimum compressive force is required for the bonding
process. In order to achieve the desired adhesive layer
thickness, carpenter’s clamps were therefore used during
the bonding process. All test specimens were conditioned
for 7 days in a controlled environment at a stable
temperature and relative humidity (20 °C, 65 % + 5 %).
Seven days after bonding, the FPU composites were cut
into samples.

i

Figure 2:(a) Determination of the moisture content of beech boards prior
to bonding using a Tanel WIP-24 moisture meter; (b) preparation of two-
component polyurethane adhesive by weighing the components prior to
mixing and application onto the beech boards using a spatula.

5 - RESULTS

The viscoelastic properties of beech wood bonded with
different flexible adhesives were analyzed using dynamic
mechanical analysis (DMA), focusing on the storage
modulus (E') as a function of temperature at different
loading frequencies. Fig. 3 shows the storage modulus as
a function of temperature for different composites with
three different adhesive systems tested at 1 Hz and 10 Hz.
The unbonded beech wood sample exhibited the highest
initial E' values throughout the test, indicating the inherent
stiffness of the wood. However, as the temperature
increased, a slight decrease in E' was observed, which can
be attributed to the thermal softening behavior of the wood
structure. The samples bonded with FPU adhesives
showed a significantly different behavior than the solid
beech wood. The E' values of the PS- and PTS-bonded
composites were initially similar to those of the solid
wood, with all three exhibiting higher initial stiffness than
the PST-bonded composite. During the test, the PST
composite showed a moderate decrease in E', indicating a
balanced compromise between stiffness retention and
flexibility with increasing temperature. In contrast, the PS
and especially the PTS composites showed a more
pronounced decrease in E', with the PTS system showing
the strongest decrease, indicating greater thermal
softening. The frequency-dependent behavior was more
pronounced for the bonded composite materials than for
the solid wood. For all materials, the E' values at 10 Hz
were consistently higher than those at 1 Hz, which is
typical for viscoelastic materials — at higher frequencies,
molecular mobility is more restricted, resulting in higher
stiffness.
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Figure 3: Comparison of storage modulus as a function of temperature
for different composites with different adhesive systems tested at 1 Hz
(solid) and 10 Hz (dashed).
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However, as the temperature increased, the difference in
E' between the two frequencies decreased, particularly
beyond the glass transition region. This temperature and
frequency sensitivity is primarily due to the flexible (soft)
segments in the polyurethane adhesives being able to
move more freely at higher temperatures, resulting in a
decrease in stiffness. The greater decrease in E' observed
in the PS and PTS composites probably indicates a higher
proportion of these soft segments or a more compliant
adhesive structure, so that they can absorb more energy at
higher temperatures but are less stiff. This finding is
crucial for the selection of suitable adhesives based on the
desired balance between flexibility and stiffness in wood
bonding.

In Fig. 4, the viscoelastic behavior is further investigated
by decomposing the response into individual components:
(a) storage modulus, (b) loss modulus (E") and (c) tan 9.
The trends observed in Fig. 4a) are consistent with those
in Fig. 3 and confirm that PTS and PS composites exhibit
the largest decrease in stiffness, while PST retains a higher
stiffness. Fig. 4b) shows the E", which represents the
energy dissipated by the sample due to softening of the
adhesives. The largest area and E" value were observed for
the PS composite. The tan & values in Fig. 4 ¢) support this
observation, as the peak values correspond to the
temperature range at which the adhesives transition to their
rubbery state, which is critical for damping performance.
The shape and magnitude of the tan 6 peak for PST
composites show that the transition occurs more slowly
and over a wider temperature range. This usually means
that the adhesive has a more mixed internal structure and
contains many soft, flexible parts. On the other hand, the
PS and PTS samples show a more distinct peak, indicating
that their structure is more ordered. These results are
consistent with those reported in a study on flexible
polyurethane adhesives in wood joints [13], [14]. The
results show that the flexibility of adhesives
combination with solid wood can be well studied,

in

observing the effects of temperature.
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The study has also shown that flexible adhesives provide
increased deformation capacity while maintaining
sufficient bond strength, making them suitable for
applications where damping and flexibility are required.
Furthermore, the pronounced viscoelastic signatures —
such as the shift in the maxima of loss modulus and tan &
to lower temperatures in PTS systems— - indicate reduced
glass transition temperatures of the adhesive phase, which
is particularly relevant for energy dissipating applications
under subambient thermal conditions

Overall, the results confirm that the choice of adhesive
significantly influences the viscoelastic performance of
bonded beech wood. The PST composite appears to
provide an appropriate balance between stiffness and
flexibility, while the PTS composite has the highest
damping capacity, making it a potential candidate for
applications requiring improved energy dissipation.
Further investigation into long-term durability and cyclic
loading behavior would be beneficial to fully assess the
practical implications of these results.

The mechanical behavior of bonded beech wood at
different temperatures has been studied in detail, and the
results are consistent with our observations. A study [15]
found that elevated temperatures negatively affect the
tensile shear strength of various adhesives used for wood
bonding. Thermoset adhesives such as MUF and PRF
show higher strength at elevated temperatures than
elastomeric  adhesives such as  one-component
polyurethane and emulsion polymer isocyanate, while
thermoplastic adhesives such as polyvinyl acetate show
the lowest performance under thermal stress. Similar
results for PUR adhesives were confirmed in [16], where
it was found that these adhesives are least affected by
elevated temperatures. As the adhesives used in this study
show potential for structural applications, further tests
need to be carried out, in particular shear tests to evaluate
the adhesive properties and their resistance to temperature
and water interaction, as suggested in the EN 302 standard.
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Figure 4: Viscoelastic behavior of beech wood bonded with different flexible adhesives: (a) storage modulus (E'), (b) loss modulus (E"), and (c)
storage modulus (solid lines) and tan ¢ (dashed lines), all as a function of temperature.
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6 — CONCLUSION

The study confirms that flexible polyurethane adhesives
significantly influence the viscoelastic behavior of
bonded beech wood. More flexible systems (e.g. PTS)
offer better damping but lower stiffness retention. PS
adhesives offer a good balance of stiffness and damping.
PST shows potential for applications in cold regions that
require longer energy absorption. DMA proved effective
method for evaluating adhesive properties
wood/adhesive interactions. The shift in the peaks of tan
6 and loss modulus to lower temperatures in PTS and PST
reflects earlier softening, which is relevant for vibration
damping applications. The heterogeneous nature of PST
could offer advantages in wider service temperature
ranges.

and

Future studies should investigate long-term and cyclic
performance, different wood species and the effects of
adhesive formulation on bond durability under different
environmental conditions such as moisture, temperature
cycling and mechanical fatigue, particularly in structural
adhesive applications where long-bearing capacity and
environmental resistance are critical.
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