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Hygroscopicity of Longitudinally Compressed Wood
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Abstract — Knowledge of hygroscopicity is extremely important both in the use of native wood and
modified wood. In this study, the modification method was steaming at 100 °C, then longitudinal
compression at a rate of 20%. The moisture content (MC) of treated and untreated green beech wood
(Fagus sylvatica L.) was reduced in a climate chamber with gradual reduction of air humidity at
20 °C. The difference of calculated fibre saturation points between control samples and samples
compressed for a long time was 6% (MC%). In the course of desorption, this difference decreased, and
finally disappeared at 10% moisture content (40% relative humidity). In the second step of the
research work, the speed of vapour adsorption was checked. The absolute dry samples were placed in
air with 95% relative humidity. The highest deviation in the moisture content was 1% (MC%) between
the control and the compressed samples. The compressed wood dries faster than the control samples
under the same conditions. Furthermore, during adsorption, the moisture content of the compressed
samples at room conditions is lower.

equilibrium moisture content / fibre saturation point / sorption / wood bending / steaming /
longitudinal compression

Kivonat — A rostiranya tomorités hatasa a faanyag higroszkopossagara. A higroszkopossag
ismerete rendkiviil fontos a kezeletlen és a modifikalt faanyagok alkalmazasa esetén egyarant.
A modifikécios eljaras gdzolés volt 100 °C-on, majd hosszirdnyl tomorités 20% aranyban. Elénedves
kezelt- és kezeletlen biikk faanyagok (Fagus sylvatica L.) nedvességtartalmat (MC) redukaltuk
klimaszekrényben a paratartalom fokozatos csdkkentésével 20 °C-on. Az eltérés a kontroll, valamint a
hosszu ideig tomoritett mintak szamitott rosttelitettségi pontjai kozott 6% (MC%) volt. A deszorpcid
soran ez az eltérés csokkent, majd 10% nedvességtartalomnal eltlint (40% relativ paratartalom).
Masodik 1épésben a parafelvétel sebességét vizsgaltuk, az abszolit szaraz mintakat 95% relativ
paratartalmu légtérbe helyezve. A nedvességfelvétel soran a kontroll és a tOmoritett mintak
nedvességtartalma kozott maximum 1% (MC%) eltérés mutatkozott. Az elézéek alapjan
megallapithato, hogy a tomoritett faanyag gyorsabban szarad azonos koriilmények kozott, tovabba a
tomoritett mintaknak a felhasznalasi koriilmények kozotti egyensulyi nedvességtartalma alacsonyabb,
mint a kontroll mintaké.

egyensulyi nedvességtartalom / rosttelitettségi pont / szorpcio6 / fahajlitas / g6zolés / hossziranyu
tomorités
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1 INTRODUCTION

1.1 Longitudinal compression

The combined thermo-hydro-mechanical compression along the wood grain (also known as
longitudinal compression or accordionisation) (Bader — Németh 2017) results in bendable
wood. With longitudinal compression, the required bending force and the modulus of
elasticity decrease dramatically and provide great flexibility to the wood.

The procedure (like the Thonet-method) requires high quality hardwood material. Before
compression, the wood has to be plasticized by steaming. The softening temperature of beech
wood is 80 °C (Lenth-Kamke 2001), so the 100 °C saturated steaming of the samples is an
appropriate pre-treatment. After compression, the sample can be held compressed for a while,
allowing the wood to undergo viscoelastic relaxation. This means the sample is compressed to
20% of its original length, and this compression ratio is kept for a predetermined time.
Following the method, the specimen is wet at the beginning, and as long as the moisture
content is high, it can be bent more easily. Different sources give different minimal moisture
contents as a limit of bendability, ranging from 15% (Vorreiter 1949, Ivanovics 2005) to 25%
(Buchter et al. 1993, Szab6 2002, Kamke 2014).

Relaxation further enhances the bending properties of wood. After 1 minute of relaxation,
these changes slow but do not cease. Relaxation times can be up to a daylong and this produces
very different properties. This means an increment of more than 200% deflection compared to
the compressed samples, and this is still without breaking (Bader — Németh 2018). After
longitudinal compression and relaxation, the shortening of the samples increases (Figure 1).
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Figure 1. Shortening of samples from different treatments
(Abbreviations: BC: control sample; BOm: longitudinally compressed sample;
B1m: longitudinally compressed sample with 1 minute relaxation;

BLm: longitudinally compressed sample relaxed for a long time)

Wood has a memory-effect. After compression, shortening by a few percentages appears
(Figure 1), and with the increasing relaxation time, shortening also increases (Bader —
Németh 2018). Accordionisation indicates changes in the cell walls and in the cell structure
(Bader — Németh 2017), i.e. there is a possibility that hygroscopicity also changes.
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1.2 Moisture content

Wood is a hygroscopic material since it can both release water into the air and take it up
depending on the circumstances (mostly air temperature and humidity) (Frandsen et al. 2007).
The decrease of bonded moisture content is called desorption because water molecules
disconnect from the wood tissue; water uptake is referred to as resorption or adsorption.
When the moisture content (MC) of wood has reached a constant value at a given ambient
relative humidity (RH) of the air, it called hygroscopic equilibrium condition or equilibrium
moisture content (EMC). Each wood species has only one moisture content at every
temperature and relative humidity combination, but they differ in their de- or adsorption. The
curves, depicting the relationship between EMC and RH at a given temperature, are the
sorption isotherms (Figure 2).
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Figure 2. Sorption isotherms of robinia wood (based on Németh 2002)

The EMC is generally highest during the initial desorption of green wood (Skaar 1988).
Higher initial moisture content results in a higher desorption curve (Németh 2002). The
hygroscopicity at humidity above 50% decreases irreversibly after the initial drying of green
wood (Skaar 1988). When green wood is dried, moisturized, and dried again, the initial
desorption, first adsorption, and second desorption curves do not match. The difference of MC
between desorption and adsorption curves is called sorption hysteresis (Németh 2002). Many
reasons for sorption hysteresis can be found in the literature. For example:

e in the dry state, cavities are absent from the wood cell wall. New and strong bonds
form in the intermicellar and interfibrillar voids and pores, between the free OH
groups of facing walls. When water enters this system, it forces apart the microfibrils
and causes the material to swell but cannot tear all new bonds. Thereby, wood uptakes
less water from the air.

e piths are gaps in the cell walls and form canals between the cells. During drying, many
piths are closed, thereby slowing and narrowing later moisture uptake.

e the state change of hemicelluloses, where expansion and contraction after volumetric
relaxation processes occur are governed by the moisture content-dependent mobility of
the hemicelluloses in the wood cell wall (Engelund et al. 2012).

e Sorption isotherms have a typical inverse S-shaped form (Niemz 1993, Khazaei 2008,
Niemz-Sonderegger 2017, Shi-Avramidis 2017) as can be seen in Figure 2. This
means, the curves have a higher slope, and water movement in wood is faster both at
low and high RH conditions.

Softening is a weakening of the bonds of hemicelluloses and lignin, so the binding force
between cells and between microfibrils decreases. Increasing moisture content decreases the
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softening temperature of amorphous polymers like lignin and hemicelluloses (Lenth — Kamke
2001). For example, the softening of hemicelluloses occurs at room temperature around
70-75% RH (Olsson and Salmén 2003, Engelund et al. 2012). The activity of chemical bonds
in lignin has an extremely wide range, which leads to the degradation of lignin in a wide
temperature range up to 900 °C. The decomposition range of hemicelluloses also has an upper
temperature limit of 900 °C, but the process is carried out more easily (Yang et al. 2007).
Wood drying to 0% MC is carried out above 100 °C. Treatments in a temperature range above
100 °C result in chemical transformation of the wood components (Horvath 2008, Bak 2012,
Fehér et al. 2014). Wood decomposition starts at about 70 °C in wet conditions (Yang et al.
2007, Poletto et al. 2010). Hemicelluloses are the most hygroscopic of the principal cell wall
components (Stamm 1964, Lenth — Kamke 2001); hence, their degradation highly affects the
sorption properties of wood.

The water content of wood can be divided into two main, physically different parts. Free
water is found in the cell lumens, while bound water is in the cell walls. Stamm (1950) refers
to free water in wood as capillary water. Berthold et al. (1996) and Thygesen (2010) further
divided bound water into non-freezing bound water and freezing bound water. Non-freezing
bound water is specifically bound to hydroxyl groups of the three main wood polymers,
mainly hemicelluloses. Freezing bound water is indirectly bound to the hydrophilic sites of
the wood polymers, so it is more loosely bound in larger water clusters. Based on Niemz
(1993) and Niem — Sonderegger (2017), there are three distinct stages of sorption. This is a
more detailed description. The first stage of sorption is chemisorption, between 0% and 6%
MC. Water molecules are linked by H - bridge bonds to adjacent cellulose chains, leading to
the formation of a mono-molecular layer. The second stage is adsorption, which occurs
between 6% and 15% MC. Water molecules are connected by Van der Waals bonds or by
electrostatic forces, forming a poly-molecular water layer that is not consistent throughout the
whole surface. The fibre-saturation point (FSP) is the last sorption period when all
intermicellar and interfibrillar cavities (the cell walls) expand and are fully saturated with
water, but the cell lumens contain no free water. The range from 15% MC to the FSP is called
capillary condensation. Water vapour is found in the capillaries with a radius of >5-102°...10° m,
condenses on the surface of the cell wall, and is bound in intermicellar and interfibrillar
cavities. As a result of increased moisture adsorption, the fibrils move as far apart as is
possible given their relatively strong bonds.

FSP can be reached at 99.5% relative humidity (Engelund et al. 2012), taking into
account the anatomy of wood, supposing that the pit holes (capillaries) are a maximum of
0.2 um (Stamm 1971). For all wood species, FSP is accepted as 30% on average (Siau 1984,
Niemz 1993), but for individual wood species, we have to consider large variations, e.g.
robinia, 19.5%; oak, 24.5%; beech, 35.6% (Molnar et al. 2000). In coloured heartwood
species, the heartwood usually has lower FSP than the sapwood (Skaar 1988).

Knowledge of wood moisture content and the change of MC are important because these
provide answers to many questions about the behaviour of wood during later use. With the
change of MC, there is considerable variation in strength and elasticity characteristics,
density, shrinkage and swelling as well as anisotropic properties, surface adsorption, optical
properties, resistance to insects and fungi, etc., between the absolute dry state and the fibre-
saturation point. Dimensional stability is the most important factor. The properties vary for
different tree species and with different treatments. Therefore, it is necessary to observe the
moisture properties of the wood species and the differently modified wood. Moreover, we
should know the moisture content uptake of longitudinally compressed wood in various
humidity conditions. We did not find any scientific literature on this subject. The aim of this
study is to introduce the changes in the water uptake of the wood, due to longitudinal
compression and relaxation.
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2 MATERIAL AND METHODS

2.1 Sample preparation

In the experiments we used 2 beech wood samples per modification type (Fagus sylvatica L.),
from the forests of the Sopron region in Hungary. As a high-density deciduous wood specie, it
IS possible to compress it in the longitudinal direction (Bader — Németh 2017). Beech is a
diffuse porous wood that can react faster to humidity changes than ring-porous oak wood
clogged with tyloses (Niemz — Sonderegger 2017). Each sample came from the same trunk,
the heartwood section, and was made to 20x20x200 mm? dimensions (radial x tangential x
longitudinal directions).

The first step was plasticization by steaming, except of the control samples (BC).
Steamed, non-compressed controls (BSC) were also made to detect the modifying effect of the
steaming process. The other samples were exposed to a longitudinally compression treatment
after steaming, inducing a 20% shortening from their original length. In the first method, the
samples were released immediately after compression (BOm). In the other method, a
compression force (variable in time) for 20% permanent shortening was maintained to enable
relaxation for 18 hours (BLm). For the BLm treatment, the samples cooled down in a semi-
closed chamber, so they did not lose their moisture content.

After the compression-relaxation process, every sample was cut into small sections (ca.
20x20x10 mm® RxTxL). In this manner, 30 samples were measured per modification method,
and these samples could easily respond to changes of RH (Figure 3).
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Figure 3. Samples of the hygroscopic measurements

2.2 Measurements

The weight measurement method makes it possible to determine the adsorption moisture
limit, which is very important from a practical point of view. The moisture content (MC, [%])
relative to net dry weight can be calculated using the following, standardized equation (ISO
13061-1 2014):

my, —Mmy

MC = 100

mg
where mp [g] is the mass of the wet wood and mo [g] is the mass of the absolute dry wood.
The samples were not measured individually, but rather together per modification type.
Thus, we obtained the average values for mass changes and no statistical analysis could be
made. However, when measured for weight, the samples were outside the climate chamber for
the shortest possible time, so room humidity could only minimally change the instantaneous
moisture content of the samples; this improved the accuracy of the measurements. The other
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advantage of this method is that a more accurate result can be obtained by measuring, with the
same precision the total weight of many small samples.

From the first desorption curve, it is possible to estimate the real FSP, which is the upper
limit of the change of mechanical properties by MC. Isotherms are generally taken in a
relative humidity range of 0-99%. The increase in the mass of the samples gives the moisture
adsorption. The equilibrium moisture value assumed by the extrapolation of the equation to
100% does not give the real FSP because the saturation of larger cell wall capillaries occurs at
relative humidity close to 100%. Thus, a steep rise of the curve was observed, which is
generally underestimated by extrapolation (Németh 2002).

MSZ EN ISO 12571:2013 standard was used as the basis for determining the course of
the experiments. To adjust the moisture content by changing the humidity, we used a Binder
KBF-115 climate chamber (Binder GmbH., Germany). The temperature was set to a constant
20 °C during the examinations. At this temperature, the range of RH is 95% — 16% in this
climate chamber. In the first measurement series, the wet samples were climatised in 95%
humidity until the first equilibrium moisture content was reached. We measured weight with a
Precisa XT 1220M-FR scale (Precisa Instruments AG., Switzerland), which measures grams
to 3 decimal places. The humidity levels were 80%, 65%, 25%, and 16%. We always waited
for the balance of humidity and EMC. It was not necessary to examine humidity levels and
EMC between 65% and 25% because the rate of RH and MC is approximately constant, as
can be seen in Figure 2. Finally, the samples were dried in a Memmert type 100-800 oven
(Memmert GmbH., Germany) at 103 °C. In this manner, we obtained the absolute dry mass of
the samples.

In the second measurement series the absolute dry samples were again put into the
climate chamber and the humidity was set to 95% to measure the speed of the moisture gain.
Sample weight was measured every 30 minutes in the first 3 hours. In the subsequent 3 hours,
the weight was measured hourly. After that, weight measurements were less frequent as the
moisture adsorption slowed down.

3 RESULTS AND DISCUSSION

3.1 Desorption

After the compression-relaxation process at the beginning of the hygroscopicity
measurements, the samples had their original green moisture content (MC) far above the
fibre-saturation point (FSP). Steaming decreased the MC of the samples (Figure 4), which
explains the big differences between the non-steamed control (BC) and all other samples
(BSC, BOm, BLm) at the beginning.

The samples reached their first equilibrium moisture content (EMC) at about 40%, at
20 °C and 95% relative humidity (RH). Treated samples always reached EMC a bit earlier
than the control samples.

Fibre-saturation points at 100% RH are calculated data with 5™ order polynomials, from
the previous stages of the curves in Figure 5. Steaming decreased the equilibrium moisture
content, but there is no difference between BSC and BOm samples, so compression does not
change the FSP and EMC of the beech samples. However, relaxation for a long time (BLm
samples) further decreased EMC.
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Moisture content affected by different humidities (average)
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Figure 4. Moisture content of beech wood in different humidities during first desorption
(Abbreviations: RH: relative humidity; BC: control sample; BSC: steamed control sample; BOm:
longitudinally compressed sample; BLm: longitudinally compressed sample relaxed for a long time)

Sorption isotherms of the first desorption

55
* BC
4 BSC
44
¢+ BOm
o = BLm
S
ey
§ 33 +
g
° Difference between
E 27 L BC and treated
2 samples disappeared
= at 10% MC
11 - Difference between
BSC and BLm
samples disappeared
at 19% MC
0 | | | I
0 20 40 60 80 100

Relative humidity [%]

Figure 5. Sorption isotherms of beech wood at the first desorption
(Abbreviations: BC: control sample; BSC: steamed control sample;
BOm: longitudinally compressed sample; BLm: longitudinally compressed and long-time relaxed sample)
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There was a reduction of 3.7% (MC%) of FSP between BC and BSC, and a 2.3% (MC%)
reduction between BSC and BLm samples, so altogether there was a 6.0% (MC%) difference
of FSP between BC and BLm samples. The initial large differences gradually decreased, and
the difference between BSC and BLm disappeared at 19% EMC, while the difference between
BC and BSC disappeared at 10% EMC. From 10% EMC until the absolute dry state, all
equilibrium moisture contents and the decreasing speed of MC were the same.

3.2 Adsorption

In the second phase of the examinations with the same samples, we examined moisture uptake
speed. The adsorption was continuous, which proved similar to the above-cited literature, and
there were no anomalies. There was no difference of moisture adsorption between the MC of
compressed (BOm and BLm) samples. The MC of control and steamed control samples started
to diverge at about 7% MC. The maximum difference was 0.7% (MC%) at 12% moisture
content. This means steaming increased humidity uptake speed (Figure 6a). Using the square
root of time in the relationship of time and MC, the linear relationship indicates diffusion as
the water uptake. In the first 7 hours, the graph of BC samples is almost linear, while the
treated samples differ more from the straight form.

From the beginning to the end of moisture uptake, compressed samples had a lower MC
than the control samples. The maximum difference between BSC and compressed samples of
1% (MC%) was at 12% MC. Above 12% MC all differences started to decrease, and finally
disappeared at about 19% MC (Figure 6b).
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.
N

Moisture content [%]

(=R = =]

0 6 12 18 24 0 3 6 9 12 15
Square root of time [\’min] Square root of time [Vh]

Figure 6. Moisture adsorption of beech wood at 20 °C and 95% RH,
the first hours (a) and the whole process (b)
(Abbreviations: BC: control sample; BSC: steamed control sample; BOm: longitudinally
compressed sample; BLm: longitudinally compressed sample relaxed for a long time)

At 95% RH, the maximum EMC was 20% for all samples after about 200 hours, so FSP
can be estimated to be about 30% because the moisture uptake of wood increases
considerably above 95% RH (Németh 2002). This corresponds with the FSP of beech wood in
the literature, considering that the samples were once oven dried at 103 °C because the latter
operation decreases the EMC of wood. The temperatures used in steaming and drying showed
permanent decreases in hygroscopicity associated mostly with the thermal decomposition of
the highly hydrophobic hemicelluloses.

Acta Silv. Lign. Hung. 13 (2), 2017



Hygroscopicity of longitudinally compressed wood 143

4  CONCLUSIONS

Examinations showed the effect of longitudinal wood compression on hygroscopicity. The
compression-relaxation process influenced moisture-related behaviour, but there were only
small differences.

Due to compression and relaxation, the fibre-saturation point is about 6% (MC%) lower
at desorption compared to the native wood. However, after adsorption the fibre-saturation
point is the same for treated and control beech wood.

Steaming reduced the equilibrium moisture content at the beginning of the desorption by
3.7% (MC%). The difference later decreased, while at equilibrium moisture content below
10%, all moisture contents were the same. Compression causes up to 1% (MC%) deviation of
adsorption between control and compressed samples. Compressing lowers, while steaming
increases the speed of the humidity uptake. Under the same circumstance, the moisture
content of the longitudinally compressed wood is never higher than the moisture content of
the longitudinally compressed wood. This could be due to the partial degradation of
hemicelluloses.

Compressed material adapts to new climatic conditions faster at first desorption, so the
drying process of treated wood can be performed in less time. The moisture adsorption of
compressed wood is slower. This can be considered a positive property because wood in use
shrinks and swells less in varied air conditions, making it more stable and more resilient to
cracking. This assumption will be the subject of a later study.
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