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Effects of Thermo-Vibro-Mechanic® Densification on the
Density and Swelling of Pre-Treated Uludag Fir and
Black Poplar Wood

Mehmet Budake¢1,** Siileyman Senol,? and Mustafa Korkmaz 2

The radial and tangential swelling as well as the fully dried density of low-
density wood materials densified via the Thermo-Vibro-Mechanic® method
were evaluated in response to applying wood stain and preservative. The
samples obtained from Uludag fir (Abies bornmielleriana Mattf.) and black
poplar (Populus nigra L.) in the radial and tangential direction were pre-
treated with wood stain and preservative before undergoing Thermo-
Vibro-Mechanic® densification. Thermo-Vibro-Mechanic® densification
was performed at three different temperatures (100 °C + 3 °C, 120 °C + 3
°C, and 140 °C = 3 °C), three different vibration pressures (0.60 MPa, 1.00
MPa, and 1.40 MPa), and three different vibration times (20 s, 60 s, and
100 s). Afterwards, changes in the fully dried density and swelling amounts
in the radial and tangential directions of the samples were determined. The
fully dried density increased by 15.4% to 38% and the radial and tangential
swelling amounts increased by 73.2% to 242.6%, when the densified
samples were compared to the control samples. In general, the fully dried
density and swelling values increased depending on the Thermo-Vibro-
Mechanic® densification parameters; higher values were found as the
compression ratio and total application time increased.
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INTRODUCTION

Most of the mechanical properties of wood materials are related to their density
(Blomberg and Persson 2004; Kamke 2006; Kutnar and Sernek 2007; Rautkari 2012;
Budakg: et al. 2016; Pelit et al. 2017, Senol and Budakg1 2019). Generally, high-density
wood species are preferable for many engineering structures and applications due to their
high mechanical strength. However, high-density wood resources are limited and usually
expensive (Fang et al. 2019). Densification treatments make it possible to increase the
density of low or moderate density woods, as well as obtaining a specific strength in
densified woods that is higher than most structural metals and alloys. These characteristics
make it a low-cost, high-performance, and lightweight alternative compared to other
structural materials (Song et al. 2018; Fang et al. 2019). Since the densification of wood
drastically improves its mechanical properties and hardness, multiple studies have been
carried out to determine the optimum parameters for proper densification (Blomberg and
Persson 2004; Rautkari et al. 2008, 2009; Fu et al. 2016, 2017; Li et al. 2017; Sandberg et
al. 2017; Senol et al. 2017; Senol and Budakg1 2018; Cruz et al. 2018; Senol and Budake1
2019). With the densification process, low-density woods are converted to high density
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woods, therefore making them commercially high-value products. In addition, high-density
woods can be made more durable via densification (Blomberg et al. 2005; Kutnar and
Sernek 2007; Ulker et al. 2012; Senol and Budakg¢1 2019).

The type of material, temperature, softening or plasticizing period, densification
method, and amount of pressure are the most important variables in the densification of
wood materials. Each of these parameters affects the resistance properties of the wood after
the densification process. A different application of these parameters can increase the
strength properties of densified wood materials up to 100%. (Ulker et al. 2012; Gao et al.
2019).

The densification of wood materials via compression is based on the principle of
collapsing the cell wall, thus reducing the void volume. (Kutnar et al. 2009; Budakg: et al.
2016). However, breaks and cracks can occur in the cell wall of densified wood material
under standard room conditions. The natural elastic structure of the wood plays an
important role in the densification process via compression. Lignin, which gives the wood
its rigidity, exhibits an elastic property when the wood temperature is greater than the glass-
transition temperature. Therefore, the densification process above the glass transition
temperature can be performed without major deformations in amorphous polymers or
cracks in cell walls. Compression properties mostly depend on the density, moisture
content, cell wall volume, and compressing direction of the wood. The biggest problem
with the densification process is that the compressed woods tend to return to their original
dimensions, due to the spring-back effect, when exposed to moisture or water (Seborg et
al. 1956; Kollmann et al. 1975; Kultikova 1999; Morsing 2000; Blomberg et al. 2006;
Rautkari 2012). However, this problem can be eliminated by using heat and steam during
the densification process (Kutnar and Sernek 2007; Rautkari et al. 2010; Li et al. 2017;
Senol and Budakg¢1 2019).

The densification of wood without the use of chemicals has been known for a long
time. However, due to the plasticization and insufficient dimensional stability of the final
products, it has not been widely adopted by industry. Many types of densified wood
products have been produced at various times around the world. In addition, due to the
increase in environmental awareness in the last quarter-century, there have been
restrictions on the usage of environmentally harmful preservatives. This has led to the
development of new environmentally friendly methods that preserve the wood against
biological degradation and increase its dimensional stability (Korkut and Kocaefe 2009;
Senol and Budakg1 2016). Examples of these methods are as follows: densification using
temperature and pressure in an open system, i.e., thermo-mechanical (TM); densification
using temperature, pressure, and steam in a closed system, i.e., thermo-hygro-mechanical
(THM); densification using temperature and pressure after pre-softening with steam, i.e.,
viscoelastic-thermal-compression (VTC); and densification using temperature, pressure,
and vibration, i.e., thermo-vibro-mechanic® (TVM), which is a new application method
(Senol and Budakg1 2016). The hypothesis behind the TVM densification process is that it
is advantageous to reduce the long, cylindrical void spaces, called lumens, in wood cells
by heat treatment combined with compression. Unlike other densification techniques, this
technique aims to mechanically bond the opposite inner faces of the cell wall on the axis
of the densification direction to each other by a vibration effect.

The main aim of the study was to determine the radial and tangential swelling as
well as the fully dried density of TVM densification applied pre-treated low-density wood
materials. Also, the goal was to obtain more durable wood by improving the strength
properties of low-density wood species via the TVM densification process, which is an
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environmentally friendly new modification method and an alternative to densification and
thermal modification processes. For this purpose, a new and special TVM densification
press was designed and manufactured. The samples were prepared from Uludag fir (Abies
Bornmilleriana Mattf.) and black poplar (Populus nigra L.) in the radial and tangential
direction. They were pre-treated with wood stain and wood preservative before being
densified via the TVM method. Lastly, the changes caused by TVM densification in terms
of the values of the fully dried density, according to TS standard 2472 (1976), and the
swelling in radial and tangential directions, according to TS standard 4084 (1983), were
determined. The results of the experiments were analyzed and interpreted.

EXPERIMENTAL

Materials
Preparation of the wooden materials

Uludag fir (Abies bornmielleriana Mattf.) and black poplar (Populus nigra L.),
which are widely used in the forest products industry in Turkey, were the preferred species
used for the preparation of the samples. It was taken into consideration that the wood,
procured in the form of logs from Forest Management in the Kiitahya province of Turkey,
would be robust with no growth defects or decay. Flawless (as much as possible free from
defects such as knots, rot, burl tissue, coarse grain, cracks etc.) wood pieces were cut with
dimensions of 360 (length) x 60 (width) x 21 (thickness) mm from sapwood according to
TS standard 2470 (1976). These timber samples were subjected to technical drying to
achieve an air-dried moisture of 12%. Samples at the specified air-dried moisture
percentage were cut to a draft size according to the standards of the applied tests, and then
sanded with 100-grit sandpaper via a calibrated sanding machine. Afterwards, prior to TVM
densification, the samples were impregnated with Akzo Nobel Kemipol brand-unicolor
open walnut (Catalog color-H 108 8001, AkzoNobel Kemipol AS, Kemalpasa, Turkey)
color aniline-based wood stain and Dewilux Dewitex 129-0174-52 brand colorless alkyd
resin-based wood preservative (DYO Boya, Izmir, Turkey) using a 15 s dipping method.
After the wood stain was mixed with 85% distilled water, the wood preservative was
applied at the packaging viscosity. The samples were conditioned again at a temperature
of 20 °C £ 2 °C and a relative humidity of 65% * 3% in order to achieve equilibrium
moisture content, as per TS standard 2471 (1976).

TVM densification

The TVM densification process was conducted with constant linear vibration at 100
Hz frequency and 3 mm amplitude at three different temperatures (100 £ 3 °C, 120 £ 3 °C,
and 140 + 3 °C), three different pressures (0.60 MPa, 1.00 MPa, and 1.40 MPa), and three
different vibration times (20 s, 60 s, and 100 s). For this process, the samples placed on the
TVM density press table, especially designed and manufactured within the scope of the
research, were first kept under low positive pressure conditions (0.2 MPa) so that both
surfaces were in contact with the press table. The samples remained in this position until
the internal temperature of the samples reached the target temperature values via checking
with a digital thermometer (as shown in Fig. 1).
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Fig. 1. TVM densification press and working principle (Senol 2018)

At the end of the TVM densification process, the samples were removed from the
TVM density press and cooled to a temperature of 60 °C on a different press (plating press)
at a pressure of 0.5 MPa to eliminate any spring-back effect. Then, the samples were kept
in the climate chamber at a temperature of 20 °C + 2 °C temperature and a relative humidity
of 65% + 3%, according to TS standard 2471 (1976), before undergoing testing and they
reached a constant weight (Fig. 2). Half of the samples (n=2016) were densified in the
tangential and the other half in the radial direction. The final dimensions of samples were
20 mm in width (tangential), 20 mm in height (radial), and 30 mm in length (longitudinal)
for both tests. A total of 4032 samples were prepared for 168 different groups, each
consisting of 12 samples. Each group was created using different and independent samples.

Fig 2. Fully dried samples and measuring the samples

Methods
Fully dried density

The density measurements in fully dried conditions were made in accordance with
TS standard 2472 (1976) procedures. The air-dry samples were kept in an oven at a
temperature of 103 °C + 2 °C until they reached a constant weight. Then, the masses of the
samples were determined using an analytical balance with an accuracy of + 0.01 g, and
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their dimensions were measured with a digital caliper with a precision of £ 0.01 mm.
Lastly, their volume (V) was determined according to Eq. 1,

— Mo
8 =7 (1)
where do is the fully dried density (g/cm?), Mo is the fully dried mass (g), and Vo is the fully
dried volume (cm?).

Radial and tangential swelling

The determination of the swelling rates of the samples were performed in
accordance with TS standard 4084 (1983). Initially, the samples were kept at a temperature
of 103 °C £ 2 °C until they reached a constant size and mass. Subsequently, the radial and
tangential thicknesses of the samples were determined from their midpoints with a digital
caliper with a precision of £ 0.01 mm. Thereafter, samples were placed in a glass aquarium
containing distilled water at a temperature of 20 £ 2 °C. A wire mesh was placed over the
aquarium so that the samples were completely submerged in water. The position of the
samples was changed via stirring with a rod at regular intervals (Fig. 3). When the
dimensions of the samples became stable, they were taken out of the aquarium and any
excess water was gently wiped off. Finally, the radial and tangential thickness were
measured again from the first measurement points. The measurements were made in the
direction in which the densification was made (Fig 4).

Fig. 3. Soaking samples in distilled water
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Fig. 4. Preparing and testing of samples; (M:: measuring of samples densificated in tangential
direction; M. Measuring of samples densificated in radial direction)

Budakg! et al. (2021). “Thermo-vibro-mechanic wood,” BioResources 16(1), 1581-1599. 1585



PEER-REVIEWED ARTICLE b | oresources.com

The swelling ratio in the compression direction (radial and tangential) was
calculated according to Eqg. 2,

o= L‘Z‘OLO) x 100 @)

where ax is the swelling ratio of the compression (%), Lo is the fully dried dimensions
(mm), and Lr is the swollen dimension (mm).

Statistical analysis

The SPSS 22 statistical package program (IBM Corp., Armonk, NY) was used to
evaluate the data. Multivariate analysis of variance (ANOVA) tests determined the effects
of the wood type, sectional direction, surface process, densification factors, and the
interactions of these factors with the density and swelling values at a significance level of
0.05. Comparisons were made using Duncan’s multiple range test (DMRT) and least
significant difference (LSD) critical values, and the factors causing the differences were
examined.

RESULTS AND DISCUSSION

Fully Dried Density

The arithmetic means were obtained to determine the effect of the TVM
densification process on the fully dried density values in terms of the wood type, sectional
direction, surface process, and densification factors. Multiple variance analysis (ANOVA)
was performed to determine which factor caused the difference, and the results are shown
in Table 1.

Table 1. Results of the ANOVA of the Fully Dried Density Values

Degrees of | Sum of Mean _Leygl of
Factors Freedom | Squares Square F Value Significance
(p =0.05)
Wood Type (A) 1 0.009 0.009 19.358 0.000*
Sectional Direction (B) 1 0.113 0.113 241.712 0.000*
Surface Process (C) 2 0.018 0.009 18.726 0.000*
Densification (D) 27 0.662 0.025 52.250 0.000*
Interaction (AB) 1 0.022 0.022 46.535 0.000*
Interaction (AC) 2 0.210 0.010 22.087 0.000*
Interaction (AD) 27 0.027 0.001 2.154 0.001*
Interaction (BC) 2 0.003 0.002 3.234 0.040*
Interaction (BD) 27 0.021 0.001 1.619 0.023*
Interaction (CD) 54 0.018 0.000 0.699 0.952
Interaction (ABC) 2 0.001 0.001 1.433 0.239
Interaction (ABD) 27 0.025 0.001 1.985 0.002*
Interaction (ACD) 54 0.018 0.000 0.693 0.956
Interaction (BCD) 54 0.025 0.000 0.982 0.513
Interaction (ABCD) 54 0.020 0.000 0.792 0.861
Error 1680 0.789 0.000 - -
Total 2016 378.447 - - -
Note: *Significant at 95% confidence level
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According to the ANOVA results, the CD, ABC, ACD, BCD, and ABCD
interactions were insignificant and had no effect on fully dried density value. On the other
hand, the other factors and interactions were significant with respect to the fully dried
density values (p-value was less than or equal to 0.05). Table 2 shows Duncan’s multiple
range test (DMRT) performed for the wood type, sectional direction, surface process, and
densification factors using the LSD critical value.

Table 2. DMRT Comparison Results for the Wood Type, Sectional Direction,
Surface Process, and Densification Factors (g/cm?)

Wood Type X HG
Uludag fir 0.434 A*
Black poplar 0.430 B
LSD + 0.001
Sectional Direction X HG
Radial 0.425 B
Tangential 0.440 A*
LSD + 0.001
Surface Process X HG
Natural 0.431 B
Aniline 0.430 C
Wood preservative 0.436 A*
LSD + 0.001
Densification X HG
Control 0.386 @)
100 °C-0.6 MPa-20 s 0.396 N
100 °C-0.6 MPa-60 s 0.414 M
100 °C-0.6 MPa-100 s 0.429 GHIJ
100 °C-1.0 MPa-20 s 0.416 LM
100 °C-1.0 MPa-60 s 0.426 1IJK
100 °C-1.0 MPa-100 s 0.435 EFGH
100 °C-1.4 MPa-20 s 0.429 GHIJ
100 °C-1.4 MPa-60 s 0.439 EF
100 °C-1.4 MPa-100 s 0.450 CD
120 °C-0.6 MPa-20 s 0.415 LM
120 °C-0.6 MPa-60 s 0.427 HIJ
120 °C-0.6 MPa-100 s 0.434 FGHI
120 °C-1.0 MPa-20 s 0.422 JKL
120 °C-1.0 MPa-60 s 0.436 EFG
120 °C-1.0 MPa-100 s 0.447 D
120 °C-1.4 MPa-20 s 0.436 EFG
120 °C-1.4 MPa-60 s 0.450 CD
120 °C-1.4 MPa-100 s 0.464 AB
140 °C-0.6 MPa-20 s 0.419 KLM
140 °C-0.6 MPa-60 s 0.427 1J
140 °C-0.6 MPa-100 s 0.429 GHIJ
140 °C-1.0 MPa-20 s 0.424 JK
140 °C-1.0 MPa-60 s 0.436 EFG
140 °C-1.0 MPa-100 s 0.448 D
140 °C-1.4 MPa-20 s 0.442 DE
140 °C-1.4 MPa-60 s 0.457 BC
140 °C-1.4 MPa-100 s 0.470 A*
LSD + 0.003
Note: X = Arithmetic mean; HG = homogeneity group; and * = the highest fully dried density
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According to Table 2, the fully dried density value was highest in fir samples (0.434
g/cm?®) and lowest in the poplar samples (0.43 g/cm?®) at the wood type level. It was highest
in the tangential direction (0.44 g/cm®) and lowest in the radial direction (0.425 g/cm?®) at
the sectional direction level. It was highest in the wood preservative applied samples (0.436
g/cm?®) and lowest in the aniline dye applied samples (0.43 g/cm?®) at the surface process
level. With respect to densification level, it was highest in the samples where TVM
densification was applied at 140 °C, 1.4 MPa, and 100 s (0.47 g/cm?®), while lowest in
samples without densification (control) (0.386 g/cm?).

Regarding the wood type factor, higher fully dried density values were obtained in
the fir samples compared to the poplar samples. After undergoing the TVM densification
process, the density increased up to 18.5% in fir samples and 25.5% in poplar samples
compared to the control samples. The higher density increase in poplar samples may have
resulted from the low density, diffuse-porous, and coarse-textured structure of this
material. Thus, it was more appropriate for densification with compression. Previous
studies on the compressibility of wood indicated that compressibility is dependent on the
anatomical properties of the wood material, e.g., density, late wood ratio, cell wall volume,
and the compression direction (Kutnar and Sernek 2007). In addition, it was stated that the
density increase obtained via compression was dependent on the spring-back effect,
densification method, and the amount of compression, as well as the properties of wood.
(Rautkari 2012; Pelit et al. 2015). In different studies, it has been reported that as the
compression amount of wood increases, the density increase becomes more evident
(Blomberg 2006; Rautkari et al. 2010; Laine 2014). In this respect, the present study is
compatible with previous studies.

With respect to the sectional direction factor, higher fully dried density values were
obtained in the tangential direction compared to the radial direction. After undergoing the
TVM densification process, the density increased up to 23% in the radial direction and
20% in the tangential direction when compared to the control samples. In previous studies,
it has been indicated that different results are obtained from the radial and tangential
compression of wood due to its anisotropic structure. In addition, it is reported that radial
direction samples can be less densified due to the higher rate of late wood, which can be
less compressed due to its low porous structure (Blomberg et al. 2005; Marttila et al. 2016).

The highest fully dried density in regard to the surface process factor was obtained
in the samples treated with wood preservative. After undergoing the TVM densification
process, the fully dried density increased up to 24.3% in samples treated with wood
preservative, 22.45% in untreated (but densified) samples, and 21.4% in samples treated
with aniline dye compared to the undensified and untreated control samples. Previous
studies stated that oil-based impregnates fill the radial rays and tracheid lumens, and the
amount of oil early wood can absorb is greater than late wood due to its highly porous
structure. However, it was stated that with an increase in weight, higher oil intake was
observed in late wood (Olsson et al. 2001; Tomak 2011). It was also reported that there is
a positive correlation between density and the amount of oil absorbed by the wood, which
is more evident in early wood than in late wood (Ulvcrona et al. 2006; Tomak 2011).

At the densification factor level, an increase ranging from 15.4% to 38% was found
in the fully dried density values compared to the control samples. The highest fully dried
density values were obtained from samples under the following conditions: high
temperatures (140 °C), high pressure (1.4 MPa), and longer compression times (100 s). In
previous studies, it was emphasized that as the compression ratio increases, the density
increases; this increase depends on the characteristics of the wood, the amount of
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compression, and the densification method (Blomberg et al. 2005; Gong and Lamason
2007; Unsal and Candan 2008; Rautkari 2012; Rautkari et al. 2013; Pelit et al. 2015;
Budakgi et al. 2016). Therefore, the present study is compatible with previous studies.

The DMRT comparison and interaction of the results performed at the level of
wood type, sectional direction, surface process, and densification factors are shown in Figs.
5 and 6, in order to illustrate the results of single comparisons together.
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Fig 5. The DMRT comparison results of the fully dried density values for Uludag fir at the wood
type, sectional direction, surface process, and densification interaction levels (g/cm?®)
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Fig. 6. The DMRT comparison results of the fully dried density values for black poplar at the
wood type, sectional direction, surface process, and densification interaction levels (g/cm?3)

According to Figs. 5 and 6, the highest fully dried density value (0.489 g/cm®) was
found in the tangential direction poplar samples that were treated with wood preservative
and underwent TVM densification at 1.4 MPa, 140 °C, and a duration of 100 s. The lowest
value (0.352 g/cm®) was found in the untreated and undensified tangential direction black
poplar samples.

Radial and Tangential Swelling

The arithmetic means obtained to determine the effect of the TVM densification
process on the swelling ratio in the radial and tangential direction were different according
to wood type, sectional direction, surface process, and densification factors. An ANOVA
test was performed to determine which factor caused the difference, and the results are
shown in Table 3.
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Table 3. ANOVA Results of Swelling in the Radial and Tangential Direction

Factors Degrees of | Sum of Mean E Value Level of Significance
Freedom Squares Square (p =£0.05)

Wood Type (A) 1 241.175 241.175 448.320 0.000*
Sectional Direction (B) 1 8653.379 | 8653.379 | 16085.767 0.000*
Surface Process (C) 2 166.123 83.061 154.403 0.000*
Densification (D) 27 3747.295 | 138.789 257.994 0.000*
Interaction (AB) 1 168.776 168.776 313.738 0.000*
Interaction (AC) 2 18.792 9.396 17.466 0.000*
Interaction (AD) 27 322.201 11.933 22.183 0.000*
Interaction (BC) 2 47.531 23.765 44.177 0.000*
Interaction (BD) 27 736.749 27.287 50.724 0.000*
Interaction (CD) 54 646.149 11.966 22.243 0.000*
Interaction (ABC) 2 35.671 17.835 33.154 0.000*
Interaction (ABD) 27 215.587 7.985 14.843 0.000*
Interaction (ACD) 54 324.994 6.018 11.188 0.000*
Interaction (BCD) 54 370.046 6.853 12.738 0.000*
Interaction (ABCD) 54 419.065 7.760 14.426 0.000*
Error 1680 903.760 0.538
Total 2016 131463.31
Note: *Significant at 95% confidence level

According to the results of the ANOVA, the wood type, sectional direction, surface
process, and densification factors and their mutual interactions were significant (p-value
was less than or equal to 0.05) with respect to the swelling ratio in the radial and tangential
direction. Table 4 shows the DMRT comparison performed at the levels of wood type,
sectional direction, surface process, and densification factors using the LSD critical value.

According to Table 4, the swelling ratio was the highest in the fir wood samples
(7.88%) and the lowest in the poplar wood samples (7.189%) at the wood type level; it was
highest in the tangential direction (9.6%) and lowest in the radial direction (5.463%) at the
sectional direction level; it was highest in the untreated (control) samples (7.914%) and
lowest in the wood preservative applied samples (7.219%) at the surface process level; and
it was highest in the wood preservative-treated samples that underwent TVM densification
at 1.4 MPa, 140 °C, and for 100 s (10.14% and 10.104%), while lowest in samples without
densification (control) (4.81%) at the densification level.
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Table 4. DMRT Comparison Results for the Wood Type, Sectional Direction,
Surface Process, and Densification Factors (%)

Wood Type X HG
Uludag Fir. 7.880 A*
Black poplar 7.189 B
LSD + 0.023
Sectional Direction X HG
Radial 5.463 B
Tangential 9.606 A*
LSD + 0.023
Surface Process X HG
Natural 7.914 A*
Aniline 7.471 B
Wood preservative 7.219 C
LSD + 0.028
Densification X HG
Control 4.810 S
100 °C-0.6 MPa-20s 5.123 R
100 °C-0.6 MPa-60s 5.633 P
100 °C-0.6 MPa-100s 6.644 N
100 °C-1.0 MPa-20s 6.382 @)
100 °C-1.0 MPa-60s 7.076 KLM
100 °C-1.0 MPa-100s 7.475 HI
100 °C-1.4 MPa-20s 7.356 HIJ
100 °C-1.4 MPa-60s 7.573 GH
100 °C-1.4 MPa-100s 9.049 CD
120 °C-0.6 MPa-20s 5.864 P
120 °C-0.6 MPa-60s 6.834 MN
120 °C-0.6 MPa-100s 7.109 JKL
120 °C-1.0 MPa-20s 7.029 LM
120 °C-1.0 MPa-60s 7.303 HIJK
120 °C 1.0 MPa-100s 8.352 F
120 °C-1.4 MPa-20s 8.664 E
120 °C-1.4 MPa-60s 9.277 BC
120 °C-1.4 MPa-100s 10.104 A*
140 °C-0.6 MPa-20s 6.319 (6]
140 °C-0.6 MPa-60s 7.381 HI
140 °C-0.6 MPa-100s 7.449 HI
140 °C-1.0 MPa-20s 7.215 IJKL
140 °C-1.0 MPa-60s 7.779 G
140 °C-1.0 MPa-100s 8.971 D
140 °C-1.4 MPa-20s 8.707 E
140 °C-1.4 MPa-60s 9.346 B
140 °C-1.4 MPa-100s 10.140 A*
LSD + 0.086
Note: X = Arithmetic mean; HG = homogeneity group; and * = the highest fully dried density

With respect to the wood type factor, a higher swelling ratio was obtained in the fir
samples compared to the poplar samples. It can be argued that the different initial densities
and structural differences (void volume, chemical composition, etc.) of the wood materials
influenced the results. It has been stated by previous studies (Pelit et al. 2014, 2016) that
in materials with a large cell wall volume but a lower void volume, internal stresses occur
due to the effects of the temperature and pressure during the compression process, and this
situation causes an increase in spring-back and water intake capability. Previous studies
have reported that the density of wood can be increased via densification processes, but
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that condensed wood tends to revert to its initial dimensions when exposed to high levels
of moisture or water (Seborg et al. 1956; Kollmann et al. 1975; Morsing 2000; Blomberg
et al. 2006). The reason for this situation is explained by the fact that the cell wall expands
due to the increased water/moisture. These results are consistent with previous findings.

Regarding the sectional direction factor, a higher swelling ratio was obtained in the
tangential direction compared to the radial one. Swelling rates up to 140.91% in the
tangential direction and 75.75% in the radial direction were obtained from TVM densified
samples compared to the control samples. Different studies have indicated that tangential
swelling is always greater than radial, and longitudinal swelling is considered negligible
(Kollmann et al. 1975; Usta and Gilray 2000). However, the reasons for the difference
between radial and tangential swelling are not clear. This is partly attributed to the presence
of rays, which (due to their radial orientation) exercise a hindering influence on the radial
swelling. When the fibers are joined to the rays, they anchor the fibers in place; therefore,
the rays do not hinder but increase tangential swelling. Another possible reason could be
the different swelling abilities of early and latewood.

Higher swelling ratios were obtained in the control (untreated) samples according
to the surface process factor. After undergoing the TVM densification process, the swelling
extent was a high as 89.3% in wood preservative-treated samples, 152% in untreated
samples, and 112.5% in aniline dye applied samples, when compared to the (natural)
control samples. It can be concluded that the aniline dye and oily wood preservative used
for the surface treatments gave the wood hydrophobic properties, and therefore it
significantly reduced the total water intake. It has been reported in past studies that oily
compounds reduce the water intake by forming a mechanical barrier with no chemical
bonding in the structure of the wood (Panov et al. 2010), which provides water repellency
by settling in the tracheid lumens and rays (Ulvcrona 2006). The oil that fills the cell
lumens is primarily stored on the outer surface of the wood and partially inside the wood,
so the surface of the wood shows hydrophobic properties. Since the water enters the inner
parts through the pores on the surface of the wood via the capillary effect, the amount of
water intake decreases (Koski 2008).

At the densification factor level, the swelling rate ranged from 73.2% to 242.6%
when compared to the control samples. The highest swelling ratio was obtained from the
samples that underwent TVM at the following conditions: a high temperature (140 °C),
high pressure (1.4 MPa), and a longer compression time (100 s). It was determined that
there was a strong positive linear relationship between compression and the swelling ratio.
In similar studies, it was demonstrated that the compression parameters remarkably affect
the dimensional stability of the samples and that greater swelling occurs in the samples
densified with a higher compression level (Lamason and Gong 2007; Unsal et al. 2011;
Cai et al. 2012; Pelit et al. 2014; Budakg1 et al. 2015; Pelit et al. 2016). It was also stated
by Cai et al. (2012) that the compression time and temperature are not important in terms
of dimensional stability.

The DMRT comparison results performed at the levels of wood type, sectional
direction, surface process, and densification factors interaction are shown in Figs. 7 and 8
in order to illustrate the results of single comparisons together.

According to Figs. 7 and 8, the highest swelling ratio (20.7%) was found in the
tangential direction poplar samples treated with wood preservative and underwent TVM
densification at 1.4 MPa, 140 °C, and a duration of 100 s. The lowest value (3.14%) was
found in the untreated and undensified (control) radial direction poplar samples.
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Fig. 8. The DMRT comparison results of the radial and tangential swelling values for black poplar
at the wood type, sectional direction, surface process, and densification interaction levels (%)
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CONCLUSIONS

1.

Thermo-Vibro-Mechanic® (TVM) densification noticeably increased the fully dried
density value of the Uludag fir samples compared to the undensified control samples.

The fully dried density values were found to be higher in the fir samples compared to
the poplar samples. They were found to be higher in the tangentially compressed
samples compared to the radially compressed samples. In addition, they were found to
be higher in the preservative-treated samples compared to the control and aniline dye
treated ones.

The highest fully dried density values were obtained in samples densified for the
longest time (100 s) at the highest temperature (140 °C), and at the highest pressure
(1.4 MPa).

TVM densification remarkably increased the swelling ratio in both directions compared
to the control samples.

Swelling in the radial and tangential directions were higher in the fir samples than in
the poplar samples; were higher in the samples compressed in the tangential direction
than the samples compressed in the radial direction; and were higher in the control
samples than in the wood preservative and aniline dye applied samples.

The highest swelling rate was obtained in the samples densified for the longest time
(200 s) at the highest temperature (140 °C), and at the highest pressure (1.4 MPa).

In general, it can be said that the density and swelling values increased depending on
the TVM densification parameters, and higher values were found as the compression
ratio and application time increased.

ACKNOWLEDGMENTS

This research has been written in memory of Dr. Siileyman Senol, who passed away

on May 10, 2019. The study was supported by Project No. 1150138 within the scope of
the “TUBITAK-3001 Start R&D Projects Support Program”. In addition, the Thermo-
Vibro-Mechanic® (TVM) trademark was registered on July 01, 2019 (Trademark No.
2018/120796), and Thermo-Vibro-Mechanic® Density Press Machine patent was
registered on December 21, 2020 (Patent No. TR 2019 01054 B) by the Turkish Patent and
Trademark Authority.

REFERENCES CITED

Blomberg, J. (2006). “Mechanical and Physical Properties of Semi-Isostatically

Densified Wood,” Ph.D. Dissertation, Lulea University of Technology, Lulea,
Sweden.

Blomberg, J., and Persson, B. (2004). “Plastic deformation in small clear pieces of Scots

pine (Pinus sylvestris) during densification with the CaLignum process,” Journal of
Wood Science 50(4), 307-314. DOI: 10.1007/s10086-003-0566-2.

Blomberg, J., Persson, B., and Bexell, U. (2006). “Effects of semi-isostatic densification

Budakg! et al. (2021). “Thermo-vibro-mechanic wood,” BioResources 16(1), 1581-1599. 1595



PEER-REVIEWED ARTICLE b | oresources.com

on anatomy and cell-shape recovery on soaking,” Holzforschung 60(3), 322-331.
DOI: 10.1515/HF.2006.052

Blomberg, J., Persson, B., and Blomberg, A. (2005). “Effects of semi-isostatic
densification of wood on the variation in strength properties with density,” Wood
Science and Technology 39(5), 339-350. DOI: 10.1007/s00226-005-0290-8.

Budakge1, M., Pelit, H., SOnmez, A., and Altinok, M. (2015). “Effects of densification and
heat treatment on some physical properties of linden (Tilia grandifolia Ehrh.) Wood,”
Journal of Selguk-Technic 14(2), 871-885.

Budakg¢1, M., Pelit, H., Sonmez, A., and Korkmaz, M. (2016). “The effects of
densification and heat post-treatment on hardness and morphological properties of
wood materials,” BioResources 11(3), 7822-7838. DOI: 10.15376/biores.11.3.7822-
7838.

Cai, J. B., Ding, T., and Yang, L. (2012). “Dimensional stability of poplar wood after
densification combined with heat treatment,” Applied Mechanics and Materials 152-
154, 112-116. DOI: 10.4028/www.scientific.net/ AMM.152-154.112

Cruz, N., Bustos, C. A., Aguayo, M. G., Cloutier, A., and Castillo, R. (2018). “Impact of
the chemical composition of Pinus radiata wood on its physical and mechanical
properties following thermo-hygromechanical densification,” BioResources 13(2),
2268-2282. DOI: 10.15376/biores.13.2.2268-2282

Fang, C.-H., Cloutier, A., Jiang, Z.-H., He, J.-Z., and Fei, B.-H. (2019). “Improvement of
wood densification process via enhancing steam diffusion, distribution, and
evaporation,” BioResources 14(2), 3278-3288. DOI: 10.15376/biores.14.2.3278-3288

Fu, Q., Cloutier, A., and Laghdir, A. (2016). “Optimization of the thermohygro-
mechanical (THM) process for sugar maple wood densification,” BioResources 11(4),
8844-8859. DOI: 10.15376/biores.11.4.8844-8859

Fu, Q., Cloutier, A., and Laghdir, A. (2017). “Effects of heat and steam on the
mechanical properties and dimensional stability of thermo-hygromechanically
densified sugar maple wood,” BioResources 12(4), 9212-9226. DOI:
10.15376/biores.12.4.9212-9226

Gao, Z., Huang, R., Chang, J., Li, R., and Wu, Y. (2019). “Effects of pressurized
superheated-steam heat treatment on set recovery and mechanical properties of
surface-compressed wood,” BioResources 14(1), 1718-1730. DOI:
10.15376/biores.14.1.1718-1730

Gong, M., and Lamason, C. (2007). Improvement of Surface Properties of Low Density
Wood: Mechanical Modification with Heat Treatment (Project No. UNB57), University
of New Brunswick, Fredericton, Canada.

Kamke, F. A. (2006). “Densified radiata pine for structural composites,” Maderas.
Cienciay tecnologia 8(2), 83-92. DOI: 10.4067/S0718-221X2006000200002.

Kollmann, F. F. P., Kuenzi, E. W., and Stamm, A. J. (1975). Principles of Wood Science
and Technology 11 Wood Based Materials, Springer-Verlag, Berlin, Germany, pp. 1-
54.

Korkut, S., and Kocaefe, D. (2009). “Effect of heat treatment on wood properties,” Duzce
University Journal of Forestry 5(2), 11-34.

Koski, A. (2008). Applicability of Crude Tall Oil for Wood Protection, Ph.D.
Dissertation, University of Oulu, Oulu, Finland.

Kultikova, E.V., (1999). Structure and Properties Relationships of Densified Wood,
Master’s Thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA,
USA.

Budakg! et al. (2021). “Thermo-vibro-mechanic wood,” BioResources 16(1), 1581-1599. 1596



PEER-REVIEWED ARTICLE b | oresources.com

Kutnar, A., and Sernek, M. (2007). “Densification of wood,” Zbornik Gozdarstva in
Lesarstva 82, 53-62.

Laine, K. (2014). Improving the Properties of Wood by Surface Densification, Ph.D.
Dissertation, Aalto University, Espoo, Finland.

Lamason, C. and Gong, M. (2007). “Optimization of pressing parameters for
mechanically surface-densified aspen,” Forest Products Journal 57(10), 64-68.

Li, T., Cai, J., Avramidis, S., Cheng, D., Walinder, M. E. P., and Zhou, D. (2017). “Effect
of conditioning history on the characterization of hardness of thermo-mechanical
densified and heat-treated poplar wood,” Holzforschung, 71(6), 515-520. DOI:
10.1515/hf-2016-0178.

Marttila, J., Motténen, V., Butln, Y., and Herdjarvi, H. (2016). “Bending properties of
tangentially and radially sawn European aspen and silver birch wood after industrial
scale thermo-mechanical modification,” in: Proceedings of the 2" Conference on
Engineered Wood Products Based on Poplar/Willow Wood, Leon, Spain, pp. 113-
124.

Morsing, N. (2000). Densification of Wood: The Influence of Hydrothermal Treatment on
Compression of Beech Perpendicular to the Grain, Ph.D. Dissertation, Technical
University of Denmark, Copenhagen, Denmark.

Olsson, T., Megnis, M., Varna, J., and Lindberg, H. (2001). “Measurement of the uptake
of linseed oil in pine by the use of an X-ray micro densitometry technique,” Journal
of Wood Science 47(4), 275-281. DOI: 10.1007/BF00766713

Panov, D., Terziev, N., and Daniel, G. (2010). “Using plant oils as hydrophobic
substances for wood protection,” in: Proceedings of the 41 International Research
Group on Wood Protection, Biarritz, France, pp. 1-12.

Pelit, H., Budak¢i, M., and S6nmez, A. (2016). “Effects of heat post-treatment on
dimensional stability and water absorption behaviours of mechanically densified
Uludag fir and black poplar woods,” BioResources 11(2), 3215-3229. DOI:
10.15376/biores.11.2.3215-3229

Pelit, H., Budak¢i, M., and S6nmez, A. (2017). “Density and some mechanical properties
of densified and heat post-treated Uludag fir, linden and black poplar woods,”
European Journal of Wood Products 11(2), 3215-3229. DOI: 10.1007/s00107-017-
1182-y

Pelit, H., Sbnmez, A., and Budakgi, M. (2014). “Effects of ThermoWood® process
combined with thermo-mechanical densification on some physical properties of Scots
pine (Pinus sylvestris L.),” BioResources 9(3), 4552-4567. DOI:
10.15376/biores.9.3.4552-4567

Pelit, H., Sonmez, A., and Budakg1, M. (2015). “Effects of thermomechanical
densification and heat treatment on density and Brinell hardness of Scots pine (Pinus
sylvestris L.) and Eastern beech (Fagus orientalis L.),” BioResources 10(2), 3097-
3111. DOI: 10.15376/biores.10.2.3097-3111

Rautkari, L., Laine, K., Kutnar, A., Medved, S., and Hughes, M. (2013). “Hardness and
density profile of surface densified and thermally modified Scots pine in relation to
degree of densification,” Journal of Materials Science 48(6), 2370-2375. DOI:
10.1007/s10853-012-7019-5

Rautkari, L. (2012). Surface Modification of Solid Wood Using Different Techniques,
Ph.D. Dissertation, Aalto University, Helsinki, Finland.

Rautkari, L., Properzi, M., Pichelin, F., and Hughes, M. (2008). “An innovative thermo
densification method for wooden surfaces,” in: Proceedings of the 101" World

Budakg! et al. (2021). “Thermo-vibro-mechanic wood,” BioResources 16(1), 1581-1599. 1597



PEER-REVIEWED ARTICLE b | oresources.com

Conference on Timber Engineering, Miyazaki, Japan, pp. 177-186.

Rautkari, L., Properzi, M., Pichelin, F., and Hughes, M. (2009). “Surface modification of
wood using friction,” Wood Science and Technology 43(3-4), 291-299. DOI:
10.1007/s00226-008-0227-0

Rautkari, L., Properzi, M., Pichelin, F., Hughes, M., (2010). “Properties and set-recovery
of surface densified Norway spruce and European beech,” Wood Science and
Technology 44(4), 679-691. DOI: 10.1007/s00226-009-0291-0

Sandberg, D., Kutnar, A., and Mantanis, G. (2017). “Wood modification technologies - A
review,” iForest - Biogeosciences and Forestry 10(6), 895-908. DOI:
10.3832/ifor2380-010

Seborg, R. M., Millett, M. A., and Stamm, A. J. (1956). Heat-stabilized Compressed
Wood (Staypak) (Report No. 1580 (revised)), U. S. Department of Agriculture, Forest
Products Laboratory, Madison, WI.

Senol, S. (2018). Determination of Physical, Mechanical and Technological Properties of
Some Wood Materials Treated with Thermo-Vibro-Mechanical (TVM) Process, Ph.D.
Dissertation, Diizce University, Duzce, Turkey.

Senol, S., and Budakg1, M. (2016). “Mechanical wood modification methods,” Mugla
Journal of Science and Technology 2(2), 53-59. DOI: 10.22531/muglajsci.283619

Senol, S., and Budakg1, M. (2018). “The effect of Thermo-Vibro-Mechanical (TVM)
densification method on the density and abrasion resistance of pre-treated some wood
materials,” in: Proceedings of the 5™ International Furniture and Decoration
Congress, Eskisehir, Turkey, pp. 481-492.

Senol, S., and Budake1, M. (2019). “Effect of Thermo-Vibro-Mechanic® densification
process on the gloss and hardness values of some wood materials,” BioResources
14(4), 9611-9627. DOI: 10.15376/biores.14.4.9611-9627

Senol, S., Budakg1, M., and Korkmaz, M. (2017). “The effect of Thermo-Vibro-
Mechanical (TVM) densification process on density and abrasion resistance of some
wood materials,” in: Proceeding of the 4" International Furniture and Decoration
Congress, Duzce, Turkey, 322-334.

Song, J., Chen, C., Zhu, S., Zhu, M., Dai, J., Ray, U., Li, Y., Kuang, Y., Li, Y., Quispe,
N., et al. (2018). “Processing bulk natural wood into a high-performance structural
material,” Nature 554, 224-228. DOI: 10.1038/nature25476

Tomak, E. D. (2011). The Effect of Oil Heat Treatment and Emulsion Techniques on
Decreasing the Leachability of Boron in Wood, Ph.D. Dissertation, Karadeniz
Technical University, Trabzon, Turkey.

TS 2470 (1976). “Wood - Sampling methods and general requirements for physical and
mechanical tests in wood,” Turkish Standards Institution, Ankara, Turkey.

TS 2471 (1976). “Wood - Determination of moisture content for physical and mechanical
tests,” Turkish Standards Institution, Ankara, Turkey.

TS 2472 (1976). “Wood - Determination of density physical and mechanical tests,”
Turkish Standards Institution, Ankara, Turkey.

TS 4084 (1983). “Wood - Determination of radial and tangential swelling,” Turkish
Standards Institution, Ankara, Turkey

Ulker, O., Imirzi, O., and Burdurlu, E. (2012). “The effect of densification temperature
on some physical and mechanical properties of Scots pine (Pinus sylvestris L.),”
BioResources 7(4), 5581-5592. DOI: 10.15376/biores.7.4.5581-5592

Ulvcrona, T. (2006). Impregnation of Norway Spruce (Picea abies L. Karst.) Wood with
Hydrophobic Qil, Ph.D. Dissertation, Umea University, Umea, Sweden.

Budakg! et al. (2021). “Thermo-vibro-mechanic wood,” BioResources 16(1), 1581-1599. 1598



PEER-REVIEWED ARTICLE b | oresources.com

Ulvcrona, T., Lindberg, H., and Bergstrom, U. (2006) “Impregnation of Norway spruce
(Picea abies L. Karst.) wood by hydrophobic oil and dispersion patterns in different
tissues,” Forestry 79(1), 123-134. DOI: 10.1093/forestry/cpi064

Unsal, O., and Candan, Z. (2008). “Moisture content, vertical density profile and Janka
hardness of thermally compressed pine wood panels as a function of press pressure
and temperature,” Drying Technology 26(9), 1165-1169. DOI:
10.1080/07373930802266306

Unsal, O., Candan, Z., Biiyiiksari, U., Korkut, S., Chang, Y.-S., and Yeo, H.-M. (2011).
“Effect of thermal compression treatment on the surface hardness, vertical density
propile and thickness swelling of eucalyptus wood boards by hot-pressing,” Journal
of the Korean Wood Science and Technology 39(2), 148-155. DOI:
10.5658/W00D.2011.39.2.148

Usta, I., and Gilray, A. (2000). “Comparison of the swelling and shrinkage characteristics
of corcisan pine (Pinus nigra var. martima),” Turkish Journal of Agriculture and
Forestry 24(4), 461-464.

Acrticle submitted: November 11, 2020; Peer review completed: January 2, 2021; Revised
version received and accepted: January 10, 2021; Published: January 13, 2021.
DOI: 10.15376/biores.16.1.1581-1599

Budakg! et al. (2021). “Thermo-vibro-mechanic wood,” BioResources 16(1), 1581-1599. 1599



