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PLASTICITY INCREASE OF BEECH VENEER BY
STEAMING AND GASEOUS AMMONIA TREATMENT

Viclav Sprdlik'*, Martin Brabec?, Stefan Mihailovi¢', Peter Rademacher’

ABSTRACT

Ammonia treatment was used in order to change the colour of wood and also to plasticize the
wood before bending or compressing. The mechanism and the process of gaseous ammonia treatment
impact on wood are not very well known. The goal of this study was to quantify the effect of gaseous
ammonia on mechanical properties, i.e., modulus of elasticity (MOE), modulus of rupture (MOR) and
deflection at maximal loading force (y, ). When wood was treated by water and ammonia vapour
together, significant changes in plasticity of wood were observed. The samples which were firstly
exposed to water vapour and then to ammonia vapour exhibit the lowest values of MOE and MOR
and an enhanced flexibility of the material. The results show that ammonia treatment increases wood
plasticity. This process can be used for manufacturing of bent furniture.

Keywords: Fagus sylvatica, mechanical properties, modulus of elasticity, modulus of rupture,
plasticization.

INTRODUCTION

Wood is a natural composite composed of cellulose (35-55%), hemicelluloses (20-35%), lignin
(20-35%), and other compounds (3—10%). Hemicelluloses and lignin as polymer matrices encapsulate
cellulose fibres which have a similar function as steel beams reinforcing the concrete matrix. Cellulose
represents the crystalline part of wood and mainly gives strength to the wood structure. Lignin and
hemicelluloses are amorphous parts that are responsible for wood stiffness. When wood is plasticized
by water vapour, ammonia vapour or by boiling in water, the structure of cellulose and lignin changes
and the wood becomes more ductile. Ammonia vapour modification under high pressure and high
temperature is used during the Lignamon process (Stoj¢ev 1979).

Modification by ammonia has been known since the beginning of the 20" century. The most
frequently used techniques are boiling in aqueous ammonia solution or pure ammonia (waterless) and
also treatment by gaseous ammonia. A British patent on plasticization effect of ammonia was issued in
1922 (Sparkes 1922).
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Techniques of modification by ammonia are well known; interest in this treatment has recently
reappeared (Weigl e al. 2009a, 2009b, 2012; Weigl and Muller 2009; Cermak and Dejmal 2013).
The main purpose of this modification is to produce modified wood which imitates the appearance of
exclusive dark coloured wood species. This material is often used for furniture and flooring systems.
The most often modified wood is European beech (Fagus sylvatica) (Weigl et al. 2012). The ammonia
treatment can be combined with mechanical modification as in the manufacturing process of densified
wood, commercial named “Lignamon”. Lignamon is a manufacturing process which is often used for
less strong and durable wood species. After modification, the treated wood can substitute exotic and/
or rare wood species. The production process combines vacuum-pressure impregnation of wood with
treatment by ammonia vapour in temperatures of 150—180°C, plasticisation and densification mainly
perpendicular to grain in a press. The process continues with drying and acclimatization (Stojcev 1973).

Ammonia treatment causes changes in the wood chemical as well as anatomical structure. The
literature suggests changes in lumen, cell wall deformations, swelling in the middle lamella, primary
cell walls and secondary cell walls. Most of the papers focused on mechanical properties, where
treatment in aqueous ammonia solution or in pure ammonia was used (Bariska 1969, 1975, Berzin’s
1972, Berzin’s et al. 1970, Stamm 1955). When using gaseous ammonia for the treatment, reduction
of wood stiffness and strength is expected. This field is yet to be fully examined. Weigl et al. (2012)
observed a significant reduction of modulus of elasticity (MOE), but the reduction of stiffness and
modulus of rupture (MOR) is within 6—-15%, which is negligible in common solid wood use. Similar
results were shown by Weigl and Miiller (2009).

The goal of this paper is to investigate the influence of water vapour, ammonia vapour
and the combination of both on bending properties of beech veneers. We want to find out if
and how much does the ammonia treatment increases the plasticity of wood. This study is
the first step to discover whether ammonia treatment is suitable to increase maximum bending angles
in furniture manufacturing and also construction and carpentry.

MATERIALS AND METHODS

For this experiment, European beech (Fagus sylvatica L.) veneer samples of dimensions
150x40x2,8mm? (LxRxT) were used. In total, 15 veneers per each type of treatment and the reference
series were investigated. The average density of veneers per series is shown in Table 1. Samples were
stored under the following conditions: temperature (T) = 23°C, relative humidity (RH) = 60% until
equilibrium moisture content was reached.

Process times for each type of treatment were adopted from the previous study (Table 1). It was
found that the maximum decrease in MOR and stiffness was observed for treatment time (t) = 12min.
The reference series of samples were not modified by any treatment. Samples were steamed in a steam
oven using saturated water steam with T = 100°C at atmospheric pressure. Ammonia treatment took
place in sealed glass containers, which were placed in a water bath with T = 100°C. Every sample was
placed on a stainless steel sieve in the glass container. For every sample, 25ml of ammonia solution with
concentration (¢) = 25% was poured in. Heating of the glass container caused ammonia evaporation
and increase in the pressure inside the glass container, which accelerated the saturation of the veneers
by ammonia.



Table 1. Treatment conditions and average density per each veneer series.

. Avg. density  Standard Time Temperature
Type of treatment Series (ke.m?) deviation (min) C)
Water vapour 15 647 233 12 100
Ammonia vapour 15 633 20,1 12 100
Ammonia + water vapour 15 628 25,9 12+12 100
Reference samples 15 640 17,3 - -

The measurement of MOR, MOE and the maximum deflection (y, ) at the moment when the
maximum loading force was applied was performed using the universal testing machine ZWICK Z 050/
TH 3A (Zwick Roell) by the 3-point loading method. The measurement was performed immediately
after treatment in plasticized state of the samples. The experiment procedure was set and controlled by
TestXpert v. 11.02. The span of supports was 100 mm, the radius of supports and the forcing head was
15 mm. The value of MOR was calculated from the maximum loading force as given in the following
equation:

MOR :Lxle (1)
2bx h

where /¥ is the maximum loading force, / is the span of supports, b is the width of sample cross-
section, and / 1s the dimension in the direction of loading.

The calculation of MOE was based on forces measured at 10% and 40% of the maximum loading
force and the corresponding deflections of the bent veneer measured by the extensometer. The value of
MOE was calculated from the following equation:

Z3X(F:to% _Eo%)
4b x b* (u40% _uw%)

MOE = 2

where I, and F, , are forces at 40% and 10% level of the maximum force | ,and u,, andu,,
o o max 40% 10%

are the deflections at forces ¥, and F , .

RESULTS AND DISCUSSION

Figure 1 and Table 2 shows the differences in MOR for treated and untreated samples. In comparison
with the reference samples, the MOR decreased using water vapour and combination of ammonia
vapour and water vapour. In case of treatment by ammonia only the effect is opposite — values of MOR
increased. The highest decrease in MOR (- 38,7%) was observed in the case of the combined impact of
water and ammonia vapour. According to Weigl and Miiller (2009), the average decrease for European
beech was 15%. It can be noticed that the increase of values was found using only the gaseous ammonia
treatment. Higher efficiency of the plasticization mechanism can be achieved when hydroxyl groups in
the wood structure are adsorbed to water molecules from water vapour. Thus ammonia molecules could
be connected directly to lignin, cellulose and hemicelluloses and disintegrate H-bonds and Van der
Waals forces between these structures; therefore, cohesion between cellulose, lignin and hemicellulose
decreases.
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Figure 1. The ANOVA of MOR for treated and reference samples.

Table 2. HSD Tukey test for MOR.

1 2 3 4
Treatment (1&5,}41) (85{,8}78) a 1{4,}24) (64{,6}43)
Reference 0,004104| 0341068 | 0,000162

Water 0,004104 0,000162 | 0,000437
Ammonia 0341068 | 0,000162 0,000162
Water + ammonnia 0,000162 | 0,000437| 0,000162

The differences between MOR, MOE and the maximum deflection (y, ) for the three types of
treatment and reference samples were evaluated using 1F-ANOVA in combination with HSD Tukey
tests. Figure 2 and Table 3 shows the highest decrease in MOE (43,6% — approx. 5GPa) for the samples
exposed to the combination of water and ammonia vapour. The thermoplastic behaviour of lignin plays
the main role in this process. The water causes swelling of the substrates and increasing the volume of
the call wall matrix which in combination with heat results in an increase in void volume around the
relaxing segments of the cell wall matrix molecules. This leads to increased molecular mobility of the
matrix molecules and macroscopic property of plasticity. Ammonia molecules link to the structure of
cellulose, hemicelluloses and lignin in the cell wall and disrupt (hydrogen) H-bonds and Van der Waals
forces, bonding the structure of wood. Ammonia treatment may also cause changes in crystallinity,
with a partial disintegration of hemicelluloses (Stojcev 1979, Trebula and Klement 2002, Bariska
1969, Besold and Fengel 1983a, Yatsu et al. 1986). Surprisingly, when treated with ammonia vapour
only, the decrease in MOE is almost imperceptible (5,4% — approx. 0,6GPa); although the literature
reports a significant decrease in MOE, referenced by Bariska (1969), Stojéev (1979), Trebula and
Klement (2002). The cause of low efficiency of ammonia treatment could be a shorter time of treatment
and also an imperfect seal of the glass containers during the experiment. However, consequent study
(Sprdlik et al. 2015) proved significant changes in plasticity of the veneer using pressure impregnation
of ammonia. One of the goals of this study was to find method of modification without high pressures
and thus increasing the safety and decreasing cost of whole modification. There was also effort to equal
times of modification with water vapour and ammonia gas.
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Figure 2. The ANOVA of MOE for treated and reference samples.

Table 3. HSD Tukey test for MOE.

1 2 3 4
Treatment (11{,3}54) (7,;{19}12) (10{,7};10) (6,20}70)
Reference 0,004741 | 0,934522 | 0,000607

Water 0,004741 0,003582 | 0,631277
Ammonia 0,934522 | 0,003582 0,000383
Water + ammonnia | 0,000607 | 0,631277 | 0,000383

The results displayed in Figure 3 and Table 4 are closely bonded with MOR and MOE, which
determine the stiffness and the values of the maximum deflection (y, ) of wood in the plasticized
state. This Figure shows manufacturing possibilities of using combination of water and ammonia
vapour for bended furniture.
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Figure 3. The ANOVA of maximum deflection (y,,_ . ) changes for treated and untreated samples.
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Table 4. HSD Tukey test for maximum deflection (y, ).

1 2 3 4
Treatment (9,26%)0) (9}18}20) (9,35}70) (10{,2}93)
reference 0,999611 | 0,976130| 0,775267

water 0,999611 0981838 | 0,588255
ammonia 0,976130| 0,981838 0,381684

The mean load-displacement curves are depicted in Figure 4. Two highest curves correspond to
ammonia treated samples and reference samples. These curves exhibit a significant part of elastic
deformation. The failure of the sample occurs immediately after the transition to the viscoelastic and
plastic deformation. Water vapour treatment and combination of water and ammonia vapours result in a
higher proportion of plastic deformation until sample failure. Failure of the material occurs gradually. It
leads to the less fragile behaviour of samples treated by water vapour and by the combination of water
and ammonia vapour compared to samples treated by gaseous ammonia only and untreated samples
which are far more fragile (Weigl at al. 2012, Trebula and Klement 2002).
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Figure 4. Load-displacement curves of mean values for treated and untreated samples.

CONCLUSIONS

This study focused on the differences between MOR, MOE and the maximum deflection of veneer
at the maximum loading force, when wood modifications by water vapour, ammonia vapour and their
combination were applied.



The samples which were firstly exposed to water vapour and then to ammonia vapour exhibit the
highest plasticity. The difference between failures of samples treated by ammonia only and by the
combination of water and ammonia vapour was significant. In the former case, the failure appears just
after the transition to the viscoelastic and plastic deformation. In the latter case, the failure of sample
develops more gradually. When treating the sample only by ammonia vapour there is no significant
effect in plasticization.

OUTLOOK

On the basis of this experiment it was decided to design furniture prototypes. The experiment shows
a possible application of ammonia + water vapour treatment in bent furniture design. First examples
of chairs, based on ammonia treated veneers, will be produced to prove the practical advantage of this
technical process. Veneers are modified by water and ammonia vapour, glued together and pressed in
the mould to obtain plywood seats. This modification allows bending of wood with sharper angles than
with ordinary beech veneer.

The plan is to use the advantage of Lignamon properties concerning swelling and shrinkage for
bathroom furniture design. According to Pafil ef al. 2013, the values of swelling and shrinkage of solid
Lignamon samples are 50% less compared to natural beech. The surface of bathroom furniture will
be covered by ammonified veneer, which will protect the core of the furniture and will also be more
resistant to humidity in the bathroom thanks to the improved swelling and shrinkage behaviour of
Lignamon.
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