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Abstract — European beech (Fagus sylvatica L.) is a popular and major tree species in Europe. The economic value of its timber is greatly
decreased by the red heart phenomenon. The cause of red heart formation is well understood. However, scientific investigations about the
technological and mechanical behaviour of red heartwood are scarce. Our study aims to provide a sound scientific basis for the characterization
of technological properties, adhesion- as well as colour-behaviour of red-hearted beech. The mechanical and technological properties of red-
hearted beech give no evidence of different behaviour in comparison with the normal beech wood. The adhesion behaviour shows equal results.
In terms of colour stability, the difference between freshly processed normal and red beech wood diminishes after certain time of exposure.

red heart / adhesion behaviour / colour stability / mechanical technological property / Fagus sylvatica

Résumé — Le bois de hétre (Fagus sylvatica L.) — Propriétés technologiques, comportement au collage et stabilité de la teinte du bois de
ceeur rouge. Le hétre (Fagus sylvatica L.) est une espece d’arbre populaire important en Europe. La présence du coeur rouge provoque une
réduction notable de la valeur économique des grumes qui en sont atteintes. Les causes de I’apparition du coeur rouge sont bien connues mais
les études scientifiques sur le comportement technologique et mécanique du hétre a cceur rouge sont cependant rares. La présente étude a pour
but d’établir des bases solides pour la caractérisation des propriétés technologiques du hétre a cceur rouge que sont le comportement au collage
et la stabilité de teinte. Il n’existe aucun indice selon lequel les propriétés technologiques et mécaniques du hétre a coeur rouge different de celle
du hétre normal. Pour ce qui est du comportement au collage, les résultats sont identiques alors que pour la stabilité de la teinte la différence a
I’état frais de sciage entre le hétre normal et le hétre a cceur rouge diminue apres un certain temps d’exposition.

ceeur rouge / comportement au collage / stabilité de teinte / propriété technologique et mécanique / Fagus sylvatica

1. INTRODUCTION

Beech (Fagus sylvatica L.) is next to oak the most important
hardwood tree in Central and Eastern Europe with an area of
about 12 millions hectare [31]. Beech forests account for
approximately 19% of the forest area of Switzerland [17],15%
of Germany [13] and 9.4% of the total area in France [14]. The
economic importance of beech increased in the last years by the
continuous demand for bright and evenly coloured grades and
the export of beech logs and sawn timber to Asia.

The disadvantage of beech lays in its relatively low propor-
tion of stem wood, which is only approximately 50% compared
to 90% in the case of spruce. Moreover about 75% of the bole
is of rather low quality (grade C timber), mainly because of the
high proportion of red heart amongst older trees [22]. The red
heartwood formation in the living tree as well as discolouration
during storage or kiln-drying cause an important loss of finan-
cial value of beech [12]. The colour of wood is an important
factor for end user to consider and the price of wood is often
dependent on its colour parameter [23]. Causes and conse-
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quences of discolouration are reviewed by Koch et al. [26, 27].
In the living tree the colour change is initiated predominantly
through wounds, dying branches and roots. When oxygen pen-
etrates the tissues, accessory compounds and tyloses are syn-
thesised through physiological and biochemical reactions.

This study aims to investigate whether such a financial
devaluation is justified in terms of the decline of technological
properties of red-hearted beech wood. Although the formation
of red heartin the living tree is well described [ 16, 28], scientific
literature about the relevant mechanical and technological
properties of red-hearted beech is scarce [30, 36]. A classification
for the adhesion behaviour of red-hearted beech cannot be found
in the literature. Concerning the variations of beech wood col-
our parameters investigations were carried out by Shengquan
etal. [34] to study the influence of site and tree effect on colour.

Considering the affluent supply of red-hearted beech wood
alsoin the future it seems to be of interest to look for alternatives
and higher revenue in its utilization. The use of red-hearted
beech in products of large volume such as gluelam and in the

http://dx.doi.org/10.1051/forest:2005105
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Table 1. Surface treatments studied.

Specimen Basic composition of the Finish
Substrate Sample series group - - — Nomination
Binder (resin) Solvent Colour stabilizers
Ctrl 1.0 Untreated surface -
1.1 Oil -
1.2 Wax -
First Wood veneer Established 1.3 PUR/Acrylate-Copolymer Water -
series finishes 1.4 PUR/Acrylate/PE Solvent -
1.5 Nitrocellulose/Alkyd resin Solvent -
1.6 Acrylate Water -
Ctrl 2.0 Untreated surface
2.1 PUR/Acrylate/PE Solvent HALS + UVA A+B
. 22 PUR/Acrylate/PE Solvent HALS + UVA A+C
Second Solid wood ~ Newly developed .
series finishes 23 Acrylate Water Nano pigment D
24 Synthetic resin Solvent None E
2.5 Acrylate Water HALS + UVA F+G

furniture and flooring industries would be desirable. The goal
of this study is therefore to provide scientific data on physical
and mechanical properties of red heartwood as a basis for
broader utilisation possibilities and added value in revenue.

2. MATERIALS AND METHODS

Allinvestigations were carried out with samples of normal and red-
hearted beech wood. Five beech logs (Fagus sylvatica L.) were selec-
ted for the determination of the physical, mechanical and technological
properties, colour stability and investigations of the gluing characte-
ristics. After sawing and kiln-drying, the wood was stored in standard
climate (20 °C/65% r.H.). Each log provided red-hearted and normal
samples. Here the results of all samples are grouped together. The data
representing are more detailed log by log investigation are shown
elsewhere [32]. For the examination of the stability of colour, addi-
tional samples of rotary-cut veneer were used, that were steamed for
60 h, dried and conditioned before investigation.

2.1. Physical, mechanical and technological properties

As abasis for further investigations the following mechanical pro-
perties of the sample material were measured: bending modulus of
elasticity and bending strength (DIN 52186 [7]), density (DIN 52182
[8]) and moisture content (DIN 52183 [9]).

In order to evaluate the effect of the distribution of the earlywood
and latewood within the samples for the elastomechanical investiga-
tions, the number of the annual growth rings was determined on the
cross section of the bending test samples (20 mm).

The shrinking and swelling behaviour was examined according to
DIN 52184 [10]. In each case the density, the swelling ratios in radial
and tangential direction as well as the swelling anisotropy were deter-
mined. The differential swelling is the proportional swelling size in
percent change of wood moisture. The swelling anisotropy is the rela-
tionship of the tangential to the radial differential swelling of the wood.

The wood equilibrium moisture content was determined after condi-
tioning at 35%, 65% and 85% relative humidity at a temperature of 20 °C.

Brinell-hardness was measured according to the method described
by Stiibi and Niemz [35] by the penetration of a steel ball into the wood
surface. The investigation was carried out according to DIN EN 1534
[11] with a test load of 1000 N. The ball was loaded and reloaded for

20 sec and the time of retention of the maximal load was 30 sec. The
samples were cut in dimensions of 40 x 40 mm? at a maximally attainable
length but not less than 500 mm. For each individual tree 2 sample
bars with red heart and 2 sample bars of normal wood were investi-
gated. For each sample 30 measurements were made in radial and tan-
gential direction with 2 cm distance from each other. The number of
measurements per tree and direction of cutting was 60.

2.2. Colour behaviour

Investigations on the behaviour of differently coated beech surfa-
ces following xenon-arc irradiation were performed in two test series.

The first sample series included well-established surface treat-
ments used in the furniture industry (see Tab. I, samples 1.1-1.6). Five
different finishing systems were used. Their behaviour was investiga-
ted in parallel on normal and red-hearted beech respectively. In the first
series the coatings were applied on veneer. The veneer was steamed,
dried and sanded with abrasive paper of grit size 120. The sheets were
cut into samples of 40 x 100 mm? and conditioned in standard climate
(20 °C/65% r.H.) until coating and treatment.

The second sample series involved newly developed surface treat-
ment products containing components of the following special UV-
absorbing or radical trapping additives:

* Product A with sterically hindered amines (HALS);

* Product B with UV absorber (hydroxyphenyl-benzotrialzole);

* Product C with UV absorber (triazine derivate in methoxypropy-
lacetate);

e Product D with micronized transparent rutile grades of TiO, coa-
ted with Al,O3;

* Product E, one component lacquer of a synthetic resin;

¢ Product F with UV absorber (benzotrialzole);

* Product G with sterically hindered amines (HALS).

Five different coating systems were used and compared (see Tab. I,
samples 2.1-2.5).

The second set of coatings was applied on solid wood. The boards were
dried and sanded just like in the first group, cut into pieces of 40 x 100
mm? with a thickness of 5 mm. The surface treatments used for the
investigation of the behaviour of coated surfaces are listed in Table I.

The systems were mixed and manually applied by brush according

to the manufacturer’s specifications. The thickness of the coatings was
investigated following DIN ISO 2808 [6].
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Table II. Used treatments according to EN 302-1 [1]

Al-Treatment, dry testing A4-Treatment, wet testing

Test immediately after obligatory 6 h soaking in boiling water
7 days in standard climate (20/65) 2 h soaking in water at (20 = 5)°C
Samples tested in the wet state

Accelerated aging of the sample surfaces was performed with
xenon-arc radiation in an Atlas Ci35A Xenon weatherometer accor-
ding to DIN 53387 [3]. The spectral fraction of the xenon source is
adapted to the sunlight’s spectrum. Filters for indoor-light (borsilicate/
sodalime filter system) are used to simulate light filtration through
glass panes. The samples were exposed continuously for 480 h in
cycles of 48 h at a temperature of 40 °C and a relative humidity of 40%.
After every cycle the samples were photographed, visually examined
and their colour change was measured with a Microflash 200d spec-
trophotometer.

The investigation of the colour effect is standardized [5]. The
measurement of colour was performed according to DIN 6174 [4]. The
CIELAB colour space is composed of a lightness value L*, a green-
ness-redness value a* on the abscissa and blueness-yellowness value
b* on the ordinate. The L*-, a*- and b*-values of an investigated sam-
ple together with a corresponding reference value determine the objec-
tive lightness difference value AL*, the difference in red and yellow
chromatic coordinates Aa* and Ab*, and consequently the colour dif-
ference AE*. Another form of colour differentiation is the chroma C*.

AL = L:&-, - Lteferem'c’
Az =[arf +(aa} + ()]
C* _ (a*z +b*2)

In the CIE-measuring system the lightness difference value AL*
between an unexposed reference sample L*,,frenc. and the xenon
exposed L*,,,1s defined as the psychometric lightness difference. The
total difference AE* of two colours is the geometric distance of their
position the CIELAB colour space.

2.3. Adhesion properties

Longitudinal shear strength of adhesive bonds of red-hearted beech
wood in comparison with normal beech wood was determined in
accordance with EN 302-1 [1]. Two types of adhesives were used: A
1-part polyurethane adhesive (1 P PUR) and a Melamine-Urea-For-

maldehyde (MUF) polycondensation resin. Both adhesives are certi-
fied for application in load bearing timber structures.

The instructions for applications recommended by the adhesive
manufacturers were respected. Only test pieces with close contact
joints of 0.1 mm glueline thickness were produced and tested. Two
systems of treatment (A1, A4) were applied prior to tensile shear tes-
ting in order to investigate the quality of adhesion (Tab. II).

A batch of 10 specimens was tested for each combination of the
treatment and type of adhesive. For every tested specimen a visual inspec-
tion was carried out to estimate and record the percentage of wood failure
to the nearest 10%. To characterize the quality of gluing, the gluelines
and the adjacent wood structure were analysed by light microscope.

3. RESULTS

3.1. Physical, mechanical and technological properties

The results of the physical, mechanical and technological
investigations are presented in Table III.

The comparison of the differences within the individual trees
investigated was partly more significant, but generally con-
firms the results across all investigated samples. The density
range of the examined beech wood of all sample logs is between
650-760 kg/m3. The density of the red-hearted assortment is
in average higher (+2.74%). According to the slightly higher
density of the red-hearted samples also the moisture content of
the samples behaves similarly (+3.26%). Apart from the dif-
ferences in density and wood moisture content the average year
ring width of the red-hearted samples is slightly higher.

In comparison of the modulus of elasticity and the bending
strength of normal beech and beech with red heart, the latter
samples achieved somewhat significantly higher values (+6.1%
for the modulus of elasticity and +7.09% for the bending strength).

The swelling behaviour of the beech with red heart is slightly
increased. The hygroscopic behaviour of the red-hearted beech
wood is however more homogeneous. This shows up in the
lower swelling anisotropy (-9.05%). While the differential
swelling ratios are almost the same for normal and red-hearted
wood in tangential direction, the differences in radial direction
(+14.29%) as well as the swelling anisotropy (-9.05%) prove
to be highly significant (p = 0.001).

Table III. Physical, mechanical and technological properties of normal beech wood and beech wood with red heart (n = 50, for Brinell-

hardness n = 240).

Material property Normal Standard Red-hearted Standard Average P*, level of
beech deviation beech deviation diff. (%) significance %
Density (kg/m3) 695 +42 714 +41 +2.74 <0.05
Moisture content (%) 9.2 +0.5 9.5 +0.4 +3.26 <0.01
Annual growth rings (Number) 10.1 +2.2 7.4 +1.2 < 0.001
Bending modulus (N/mm?2) 13006 +2109 13799 + 1518 +6.1 <0.05
Bending strength (N/mm?2) 127 +21 136 +17 +7.09 < 0.05
Tangential diff. swelling (%) 0.44 +0.04 0.45 +0.04 +2.27 >0.05
Radial diff. swelling (%) 0.21 +0.02 0.24 +0.03 +14.29 <0.001
Swelling Anisotropy (%) 2.10 +0.19 1.91 +0.27 -9.05 < 0.001
Brinell-hardness tan. (N/mm?2) 26.87 + 1.80 28.96 +2.52 +7.78 < 0.001
Brinell-hardness rad. (N/mm?2) 24.46 +2.17 25.59 +3.06 +4.62 < 0.05

* t-test after Student, two populations.
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Figure 1. Colour difference of normal and red-hearted wood of the
first sample series (well-established coatings) in the uncoated state and
the coated state before and after 480 h of exposure.

The comparison of the Brinell-hardness of the normal and
the red-hearted beech wood showed clear differences between
the two groups. On the tangential section the red-hearted wood
showed significantly higher values than normal wood
(+7.78%). On the radial section differences were smaller. The
hardness in the samples with red heart tends to be higher
(+4.62%).

3.2. Colour behaviour

The investigation of the colour behaviour in this study pur-
sued to determine the quantitative colour differences of normal
and red-hearted wood and the behaviour of the colour differ-
ence during xenon-arc exposure as well as the examination of
the influence of different coatings on the investigated colour
changes of the material during xenon-arc exposure. For this
purpose the samples were separated in 6 groups of well-estab-
lished coatings (series 1) and 5 groups of newly developed coat-
ings (series 2).

Figures 1 and 2 summarize the results of the comparison of
normal and red-hearted wood. These figures show the colour
difference AE* between the normal and red-hearted samples of
each group in the original uncoated state, in the coated state
before exposure and in the coated state after exposure. In both
series the uncoated red-hearted material differed significantly
from the uncoated normal material in chroma C* (p < 0.05) as
well as lightness L* (p < 0.001). This resulted in a clear differ-
ence in colour characteristics (AE* value) between the red-
hearted and the normal material in each series in the uncoated
state. This difference was relatively homogeneous across the
different groups within each series.

The following surface coating clearly intensified the colour
difference AE* between the red-hearted and the normal mate-
rial. In both series certain treatments caused a stronger inten-
sification of the colour difference than others. Overall the
sample groups became less homogeneous in colour appearance
in the coated state before xenon-arc exposure (Figs. 1 and 2).

1097 uncoated 710
{7 coated before exposure
8 [ coated after exposure 8
6 i -6
o
4 44
2 —42
0 ' ' ' ' ' 0
2.0 21 2.2 2.3 2.4 2.5

newly developed coatings

Figure 2. Colour difference of normal and red-hearted wood of the
second sample series (newly developed coatings) in the uncoated state
and the coated state before and after 480 h of exposure.

After 480 h of exposure the colour difference between nor-
mal and red-hearted wood is clearly reduced even below the
values of the original material in the uncoated state. The orig-
inal colour difference between normal wood and red-hearted
wood decreases significantly under irradiation. The initial
accentuation of the colour difference by the surface treatment
gives way to a gradual diminishing of the differences during
exposure (Figs. 1 and 2).

In the subjective visual assessment of the samples during
exposure the most significant change in colour seemed to take
place within the first 48 h of exposure. Four hundred and eighty
hours of xenon-arc exposure obviously resulted in diminution
of the differences in colour appearance of red-hearted and nor-
mal samples, and the colour of the two materials gradually
became ever more similar. While normal beech darkened dur-
ing exposure, the red-hearted wood exhibited lightening of its
characteristic natural appearance, so after completion of expo-
sure the optical differences between the two materials were
hardly discernible.

Figures 3 and 4 summarize the development of colour
change during xenon-arc exposure and thus the performance of
the different coatings, applied on normal as well as on red-
hearted material, quantitatively in terms of the CIELAB numer-
ical values. In Figures 3 and 4 the colour difference AE* relates
to the change in colour appearance of each coated sample dur-
ing 480 h of xenon-arc exposure (group 1.0 and 2.0 are the
untreated reference samples).

The differences in the nature and preparation of the sub-
strates (veneer or solid wood) do not allow comparison of effec-
tiveness of particular surface treatments to be made between the
two general series. Relevant comparisons can be done only for
treatments within a particular series. Figures 5 and 6 show that
the application of the surface coatings clearly reduced the inten-
sity and character of colour changes after xenon-arc exposure.
AE* values of coated surfaces were 40%—60% lower than the
values of the control samples (1.0 and 2.0). In the first series
there is no single treatment or a sample that could be regarded
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Figure 3. Development of colour characteristics AE* of the first sam-
ple group coated with well-established coatings during 480 h of expo-
sure. Above: the behaviour of normal wood. Below: the behaviour of
red-hearted wood.

stable. Moreover, the red-hearted material of the first series
exhibited after irradiation a higher dissipation of colour differ-
ences AE* values than any material of normal wood (Fig. 5).
A comparison of Figures 5 and 6 also indicates that stabilized
finishes (second series) yielded more uniform colour of red-
hearted wood, and generally more homogeneous distribution
of AE* values. In this series coating systems 2.3 and 2.5 can
be regarded as slightly better than the other coatings in prevent-
ing colour changes during irradiation.

The visual as well as the quantitative assessment between
the samples of normal and red-hearted wood confirms the
observed diminishing of colour differences during exposure. A
more detailed description of the quantitative as well as photo-
graphic results can be found in [32].

3.3. Adhesion behaviour

Table IV resumes the results of the adhesion tests.

Comparing of the strengths of the different adhesive systems
the samples glued with 1 P PUR showed better strength after
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Figure 4. Development of colour characteristics AE* of the second
sample group coated with newly developed coatings during 480 h of
exposure. Above: the behaviour of normal wood. Below: the behav-
iour of red-hearted wood.

Al treatment, whereas MUF bonded samples exhibited higher
values in wet condition after the A4 treatment.

In comparison of the longitudinal shear strengths of glued
normal and red-hearted beech wood after A1 treatment the red-
hearted beech glued with MUF showed significant higher
strengths than normal beech. The values of the samples glued
with 1 P PUR are comparable. After A4 treatment the red-
hearted samples glued with 1 P PUR showed significantly
higher strengths than the samples of normal wood. The
strengths of the red-hearted samples bonded with MUF are
equal.

In all cases the high proportion of wood failure indicates that
there is no difference in the bonding behaviour of the two
assortments under normal moisture conditions. For the MUF
bonded specimens the measured shear strength values corre-
spond to the shear strength of solid wood.

Analysis of the fracture pattern of the samples after A1 treat-
ment revealed a wood failure portion of 80% in the fracture sur-
face of the red-hearted samples and a wood failure portion of
90% of the fracture surface of the normal samples glued with
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Figure 5. Colour change after 480 h of exposure of the first sample
group coated with well-established coatings.

1 PPUR (Tab. IV). All samples glued with MUF showed a fibre
portion of 100% after A1 treatment. Light-microscope analysis
showed high penetration of the PUR into the wood structure,
however also a considerable bubble accumulation within the
glueline (Fig. 7). The bubbles derive from CO, formation dur-
ing curing of PUR. Light-microscope analysis of the samples
of normal wood glued with MUF showed also high penetration,
and in both assortments the adhesive is evenly distributed in the
glueline.

After A4 treatment the fracture surface of the samples glued
with MUF showed a still high fibre portion of 80% for normal
beech and 60% for beech with red heart. Samples glued with
1 PPUR however showed no wood failure at all. These findings
indicate that MUF as adhesive behaves better on beech wood
under high moisture impact than the 1 P PUR adhesive used in
this test. However, both adhesive systems do not exceed the
limit values of 6 MPa setin EN 301 [2] for structural adhesives.
Based on the results achieved in these tests, no differences in
the bonding behaviour of red-hearted and normal beech were
found.

E. Pohler et al.
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Figure 6. Colour change after 480 h of exposure of the second sample
group coated with newly developed coatings.

4. DISCUSSION
4.1. Physical, mechanical and technological properties

The results of our study show that no difference in main
mechanical and technological properties between beech with
red heart and normal beech could be observed. Slight differ-
ences in physical and mechanical properties can be explained
by the significant difference in the density of the material used
in test (Tab. III) even coming from the same trunk. Since no
direct and consistent relationship between ring width, density
and related mechanical properties could be established in this work
and other references [24,25], we may conclude that the red-hearted
beech could be well used for furniture production as normal
wood provided that the colour is not regarded as its disadvantage.

The significantly higher values of the bending strength and
the modulus of elasticity of the red-hearted sample group can
be explained by the different densities of the sample-sets. The
red-hearted samples were taken with the greatest possible dis-
tance to the pith, in order to limit the influence of juvenile wood,
which has usually a somewhat greater lumina and less density.

Table IV. Longitudinal shear strength and wood failure of beech wood samples glued with 1 P PUR or Melamin-Urea-Formaldehyde (MUF)

after Al- and A4- treatment according to EN 302-1 [1].

Normal beech wood

Red-hearted beech wood

Long. shear strength ~ Standard deviation Wood failure Long. shear strength ~ Standard deviation =~ Wood failure
(N/mm?) (N/mm?) (%) (N/mm?) (N/mm?) (%)
Al PUR 12.80 +1.03 90 12.27 +1.09 80
A4 PUR 3.35 +0.97 0 4.00 +0.93 0
Al MUF 10.60 +1.63 100 12.36 +1.50 100
A4 MUF 542 +0.77 80 5.52 +0.95 60
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Figure 7. Above: Transverse section of beech wood, glued with 1 P PUR, A1 conditioning and testing (A and B) [1]; good penetration of the
adhesive into the wood structure. Below: Transverse section of beech wood, glued with MUF, A1 conditioning and testing (C and D) [1]; good
penetration of the adhesive into the wood structure of the normal beech (light micrograph).

Instead of the juvenile wood rather the higher density of the red-
hearted samples affected the results in our study. Molnar et al.
[30] however described in their investigations that the occur-
rence of juvenile wood within the pith of red-hearted beech
trunks impaired the technological characteristics of the sample
assortments due to internal stress. Investigations of Wobst [36]
in terms of bending strength showed that the samples with red
heart had a lower strength than the normal wood samples. The
differences proved to be insubstantial. Similar results are
shown by the investigations of Klebes et al. [24] who assessed
that the bending strength and the modulus of elasticity of the
two groups showed no systematic differences.

Apart from the density the swelling and shrinking behaviour
of the wood is decisive for many uses. The more pronounced
the humidity-dependent change in the anisotropy of the single
shrinkage dimensions is the larger problems arise in the case
of the processing.

The swelling behaviour in radial direction of the beech with
red heart is significantly increased (+14.29%), in tangential
direction the two groups are comparable (+2.27%). A signifi-
cant difference was found for the lower swelling anisotropy
(-9.05%) of the red-hearted beech wood. Wobst [37] did not
find a difference between the tangential and radial swelling
behaviour of beech with red heart and normal beech wood. Also
anisotropy values did not differ. Molnar et al. [30] showed in
his investigations that red heart shrinks least than normal wood
(tangential: =9.70%; radial: —3.15%).

Little research was carried out so far regarding investiga-
tions of the Brinell-hardness of red-hearted wood. Molnar et al.
[30] compared the hardness of red-hearted and normal beech
wood and showed that the hardness in radial and in tangential
direction was up to 10% higher for the red-hearted wood. These
differences could generally be confirmed in our investigations,
however not in the same order of magnitude. Here the average



136 E. Pohler et al.

differences in tangential direction amount to +6.3% and in
radial direction to +4.4%.

In general the investigation gave no evidence to deny the uti-
lization of red-hearted beech in mass production for its physical
and mechanical properties. Wobst [37] came to the same
results. He stated in his study that the differences of technolog-
ical properties between the logs are larger than the differences
between red heart and sapwood of a single log so that the occur-
rence of red heart is of little importance for processing and uti-
lization.

4.2. Colour behaviour

The first indication of photodegradation of wood is change
in colour. Most lignocellulosic materials change toward a yel-
low or brown due to chemical breakdown of lignin and extrac-
tives. Some extractives have antioxidant properties which can
limit the colour change of wood upon light [15]. The loss of
methoxyl groups (delignification) during irradiation develops
linearly with increasing yellowness. This links yellowing
directly with photooxidation of lignin [29]. New surface coat-
ings contain lignin stabilizing components in primer treatments
to prevent delignification. No significant effect could be found
for the coating systems containing such components (2-1, 2-2).
Yellowing is observed at wood surfaces treated with more or
less clear coatings, because light, especially ultraviolet light
with wavelengths between 290 and 400 nm, reaches and
degrades the wood surface when passing through the coating
[18]. In addition to inhibiting the discolouration of the coating
itis also necessary to reduce the intensity of UV-light reaching
the wood underneath the coating. Therefore new coatings often
contain UV-absorbers and radical scavengers [21]. Their aim
is on the one hand to transfer UV-irradiation into heat instead
of photochemical processes of lignin degradation by UV-
screeners and on the other hand to trap newly formed free rad-
icals before they oxidise lignin which would cause the discol-
ouration. Those newly formed coatings also showed the best
results in our investigation (2-3, 2-5). However they could nei-
ther significantly prevent the general yellowing of the surfaces
nor influence the general convergence in colour of the red-
hearted beech and normal beech. The investigated samples with
and without red heart changed from an initially very different
colour to a very similar yellowish appearance after xenon-arc
irradiation despite the different surface treatments applied. The
red heart chromophores are likely to be formed during oxida-
tion and polymerization of phenolics [12]. These compounds
are unstable to light and seem to determine the observed dis-
colouration process of the red-hearted sample during exposure
decisively. The reason for the convergence of the colour effect
of red-hearted and normal beech probably is a combination of
the described mechanisms of delignification in general and an
increased break down of chromophores especially in the red-
hearted samples.

The investigation clearly showed that the difference in col-
our of normal beech and red-hearted beech diminishes after
solar exposure. The original discolouration of the red heart as
areason for loss of quality and value of the wood is unjustified
with respect to the long term utilization of the wood. However,
surface coating and processing industries should develop tech-

nologies that allow an accelerated colour change in the produc-
tion phase of e.g. furniture.

4.3. Adhesion behaviour

The investigations carried out allow assessing the gluing
properties of normal beech wood compared with red-hearted
beech wood. The bonding quality is generally affected by
numerous factors such as strength and elasticity of the adhesive,
but also by the condition and properties of the wooden adher-
ents. In our work the performance of two adhesive types was
investigated.

All untreated (Al-conditioned) samples reached average
shear strength values well above the minimum values required
in EN 301 [2]. After being exposed to climate treatment A4,
the strength values decreased as expected, but did not meet the
requirements of EN 302 for any of the adhesives (6 N/mm?2).
This indicates that the performance of both adhesive types
under high moisture impact is insufficient. Both adhesives used
have in common that they form transparent gluelines, so no
phenolic or resorcin compounds has been used for their formu-
lation. Both components are of brown colour and are known to
contribute to the most high moisture stability of the traditional
Phenol-Formaldehyde- (PF) or Resorcin-Formaldehyde- (RF)
adhesives. Obviously the substitutes used in transparent for-
mulations are not as effective, and the required limit values are
difficult to achieve for this new generation of wood adhesives.
However, it is interesting to note that the MUF strength values
are insufficient although the wood failure exceeds the 50%
level on both groups. The study confirms the weak interface
performance of 1 P PUR under wettest conditions, reported in
[33], although the penetration and physical interlocking of the
resin into the wood is perfectly achieved (see Fig. 7). Our study
underlines the fact that the test conditions in EN 302-1 [1] put
the adhesives to their limits when high moisture stress is
applied. On the other hand confirms the assessment of the long
term performance of a 1 P PUR adhesive under practical con-
ditions their safe applicability in load bearing timber structures.

At the beginning of the investigations we hypothesised
whether accessory compounds of the red-hearted beech wood
could affect the gluing. These compounds are synthesised
through penetration of oxygen into the tissue inducing physi-
ological and biochemical reactions [19]. These high-molecular
compounds are not incorporated into the cell wall, but rather
deposited in the cell lumina of the parenchyma cells. They are
not very reactive hence do not contribute to decay resistance.

The results indicate that the quality of gluing is not depend-
ent in the first instance on the wood condition (red-hearted
wood/normal wood), but on the adhesive system and the grade
of heating and wetting of the glued samples. Our findings sup-
port the research of Hapla and Fleischhut [20] who reported that
the tensile strengths of the PVAC gluelines of red-hearted and
normal steamed beech samples were closely similar.

Thus, the use of red-hearted beech wood for glued laminated
structural members offers an opportunity for a value added
application of this abundant hardwood resource. For an
increased use in decorative furniture, the red-hearted beech
should be steamed or moistured (briefly and only superficially),
then exposed to UV-light in a tunnel in order to egalize and
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bleach the colour. Further research is necessary to determine
the relevant parameters for such a technological upgrading.
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