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Effect of Growth Ring Angle on Lateral Enlargement of
Compressed Cryptomeria japonica Wood Impregnated
with Polyethylene Glycol
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The lateral enlargement perpendicular to the compressive direction for
small thin boards of Cryptomeria japonica was investigated to evaluate the
effects of density and compressive directions to the radial (plane-sawn
board) and 45 degrees of tilt to the radial (45° sawn board). Samples were
impregnated with 200 and 20,000 molecular weight polyethylene glycol
(PEG). The enlargement perpendicular to the fiber direction with
deformation was obtained for heartwood and sapwood specimens treated
only with PEG20,000. The compression ratio of specimens treated with
PEG 20,000 exceeded the void volumes regardless of the wood density.
Enlarged specimens of both sapwood and heartwood showed the
inflection points in the force-compression ratio curve and no correlation
between the compressive directions and lateral enlargement of
specimens. In the local area showing the largest deformation, however, a
weak positive correlation from plane-sawn boards and weak negative
correlation from 45° sawn boards between the angles of compressive
direction to growth ring and lateral enlargement were derived. Microfocus
X-ray computer tomography in these areas showed the different
morphological compressive deformations. The cells in the 45° sawn board
were forced out due to each cell moving, whereas the radially arranged
ones in the plane sawn board buckled under compression.
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INTRODUCTION

Wood, which is comprised of a honeycomb porous structure, has many
characteristics that are useful for multiple applications, including civil engineering,
construction, and furniture. Wood is composed of bundles of hollow tubular fiber cells that
are arranged in radial directions after divided from cambium cells. They are more easily
crushed by side pressure than those in a longitudinal fiber direction. The strength of
compression parallel to fiber direction is nearly ten times as high as that perpendicular to
the fiber direction in some species (Wood Handbook 1999). Low-density wood can be
modified to high-density wood by compression, using this characteristic.

Density affects wood compression and the mechanical properties of wood. Low-
density wood with many cavities can be compressed easily, whereas high-density wood
with no space to allow compression is harder to compress. Therefore, the high-density area
resists compression when both low- and high-density parts coexist. In wood such as
softwood, earlywood is simply compressed before latewood in a radial compression
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because they are arranged one after the other in a radial direction, like a sandwich. In
general, the cells of earlywood have thin cell walls and larger cavities that are easy to crush
(lida et al. 1984; loue et al. 1992; Watanabe et al. 1998), and they recover with moisture
and boiling up to 70% of the compression ratio (loue et al. 1993a) without any damage or
divisions of cells. However, the recovery of specimens can be impeded by special
treatments, including chemicals (Inoue et al. 1991, 1993c; Fukuta et al. 2008), hygro-
thermal (loue et al. 1993a), and steaming (Inoue et al. 1993b). High-density wood modified
by these methods exhibits enhanced hardness (Inoue et al. 1991, 1993b), and is used for
flooring and furniture. In recently developed compression technology, compressed and
uncompressed layers could be controlled by treatment time of soaking in water, pressing,
and heating (Gao et al. 2016).

The maximum of compression ratio without causing any damage depends on the
density of the wood being treated. For instance, an 80% compression ratio causes some
damage to Cryptomeria japonica, resulting in low recovery (Inoue et al. 1993a). The
density of this specimen under air-dried condition and growth ring width were 0.35 and
3.16 mm, respectively. However, when specimens were treated with certain chemical
additives that can reduce the friction between cells, deformation increased due to slipping
occurring during compression that exceeded the ratio of the cavity.

Bulk woods impregnated with polyethylene glycol (PEG), phenol monomers, and
melamine formaldehyde can be extruded or injected by enlargement, with concurrent cell
slippage (Miki et al. 2014a,b,c). This enlargement is reproduced when the woods are
saturated with water under specific hydrothermal conditions (Miki et al. 2017). This
phenomenon may be due to softening intercellular regions between wood cells with high
temperatures in the presence of water.

In these studies, wood materials were mainly compressed in the radial direction.
However, the compression in a different direction might affect the enlargement because
wood is composed of different kinds of cells with anisotropic shapes that are arranged to
longitudinal, radial, and tangential directions. Additionally, the friction between two
slipping substances are generally influenced by the viscosity of filled lubricant as well as
the reactions between cell walls and chemicals of lubricant might affect the enlargement.
Penetration of lubricant into the cell wall also might affect the friction. In this study, the
lateral enlargement was investigated perpendicular to the compressive direction of
Cryptomeria japonica wood impregnated with two types of low and high molecular PEG
with similar chemical reaction but different molecular weights and viscosity. This was
studied to evaluate the effects of density and two kinds of compressive directions. Separate
specimens of sapwood and heartwood with different air permeability were compressed.

EXPERIMENTAL

Wood Specimens

A log of Cryptomeria japonica D. don was used, which had been harvested in the
Kasuya research forest of Kyushu University in Japan. The diameter of the log was 400
mm. A schematic image of prepared specimens is shown in Fig. 1. The 400-mm-long
specimens in fiber direction were obtained from sapwood and heartwood in the log. Two
types of specimens were prepared from each place: (1) plane-sawn board with growth rings
on the cross surface arranged parallel to the surface, and (2) 45° sawn boards with growth
rings on the cross surface arranged at around 45° tilted to the surface.
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Fig. 1. Schematic diagram of cutting specimens. (1) Plane-sawn board; growth rings on the cross
surface were arranged parallel to the surface, (2) 45° sawn boards; growth rings on the cross

surface were arranged at around 45° (degree) to the surface. The two
derived from sapwood and heartwood.
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Fig. 2. Preparation of specimens for compressing. Dots and lines were marked every 5 mm on

the surface and cross surfaces to evaluate the width deformation ratio
growth ring angle to the surface was measured.

due to compression. The
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Plane-sawn boards were cut to 80 mm width and 5 mm thickness. In comparison,
45° sawn boards were cut to 40 mm width and 5 mm thickness. Plane-sawn boards were
split into two boards with the same dimensions as the 45° sawn boards. They were finally
finished to 3 mm thickness with a planer after all boards had been dried at room temperature
for more than 2 weeks. The sawn specimens were longitudinally cross-cut into two parts,
40-mm-long specimens for compressing and 5-mm-long specimens for uncompressing.
Dots and lines were marked every 5 mm on the compression surface and cross surfaces of
specimens to evaluate the width deformation ratio due to compression (Fig. 2)

Analysis of the Specimen before Compressing

Specimens for compressing were conditioned at 25 °C and 65% relative humidity
(RH) for 2 days. The weight and three dimensions (length, width, and thickness) were
measured with a valance and digital caliper. Surface images of the specimens were
obtained with a scanner (GT-X970, Epson, Nagano, Japan) for 850 dpi resolution before
compressing. The distance between dots marked on the surface perpendicular to the fiber
direction was measured using image analysis software (WinROOF, Mitani Corporation,
Tokyo, Japan). The angle of the growth ring to the plane on both cross surfaces (top and
bottom) was measured using scanned images as shown in Fig. 2. When more than one
growth ring was present between line marks due to narrow growth ring width, the central
one was selected for the measurement. The angle of ray parenchyma distributed
perpendicular to the growth ring was measured with a stereomicroscope (SZX7, Olympus
Corporation, Tokyo, Japan) when no growth rings were visible between the lines. The
measurable growth ring width and latewood percentage for sapwood and heartwood was
measured with non-treatment specimens using a confocal laser scanning microscope (TCS
SP8, Leica Microsystems GmbH, Wetzlar, Germany).

Impregnation with Polyethylene Glycol (PEG)

The weight and the three dimensions of the compression specimens were measured
after vacuum drying at 70 °C under approximately 0.9 kPa for a day. Two types of PEG
were purchased and used in this study to evaluate the effects of molecular weight and
viscosity on the acceleration of enlargement. The molecular weights of two PEGs were 200
in the liquid condition and 20,000 in the solid condition at room temperature, purchased
from FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan. The prepared 30 wt%
concentration of both PEGs diluted with distilled water were impregnated into specimens
under the following different pressure conditions. The performed procedure was that the
specimens were immersed in the respective PEG solutions under vacuum pressure
(approximately 4.0 kPa) for an hour, and then kept under atmospheric pressure for 3 days
to be sufficiently saturated. The weight and three dimensions under saturated conditions
were measured again after excess PEG was wiped off the surface.

Compression

A universal testing machine (AG-110kN, Shimazu, Kyoto, Japan) was used to
compress specimens that were held with steel plates heated to 160 °C £ 5 °C. A couple of
aluminum foil sheets of 12 um thickness were placed between the steel plate and specimen
to generate the same friction on the upper and bottom surfaces of the specimen. Specimens
were pressed at a speed of 10 mm a minute on the surface perpendicular to fibers, and
compression was stopped at 8.0 x 102 kgf. Two positions of the crosshead when it stopped
at 8.0 x 10% kgf with and without specimens were recorded to measure the compression
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ratio (equation 1). The plates were cooled to a temperature below 90 °C at room
temperature, and then the pressure was released. The compressed specimens were
conditioned at 25 °C and 65 % RH for 2 days.

Analysis of the Specimens after Compression

The weight and three dimensions of specimens after conditioning were measured.
The compression ratio, recovery ratio after conditioning, and width deformation ratio were
calculated with eqg. (1), (2), and (3)

Compression ratio = (Ho — Ds + Do) / Ho (1)

where Ho is the thickness of specimen before the compression test, Ds is the displacement
of crosshead with specimen when crosshead is stopped, and Do is the displacement of
crosshead without specimen (contact point of upper and lower plates).

Recovery ratio = ( Hr — Ds + Do) / (Ho — Ds + Do) (2
where Hr is thickness of compressed specimens after conditioning,
Width deformation ratio = Wc / Wo 3)

where Wc is the the largest width of specimen after the compression test, and Wo is the
width of specimen before the compression test.

Surface images of conditioned specimens after compression were obtained using a
scanner, and the distance between dots perpendicular to fiber direction were measured as
described above. In case some dots, especially in heartwood impregnated with PEG20,000,
were split or disappeared due to enlargement, the larger part that was one of visible remains
was used for the measurements, while those that disappeared were excluded from the
analysis. Expansion ratio between dots was calculated with Eq. 4.

Dots expansion ratio = Dc / Do (4)

where Dc is the distance between dots after the compression test, and Do is the distance
between dots before the compression test.

Observation inside the Wood Structure

Earlywood cells tend to be squashed when wood is compressed in a radial direction.
The irreversible fracture or disorder of cell distribution was assumed to occur in extensively
deformed specimens. In order to observe the microstructure of compressed specimens,
tomographic images were obtained with X-ray micro computed tomography (CT)
(SKYSCAN1172, Bruker Co., Billerica, MA, USA). Small portions from the most
deformed local area in the specimen were obtained to acquire the images with high
magnification. CT images of the cross section inside specimens were derived with the X-
ray images captured from the center at every 0.2°. The pixel size of the image was 1.08

pm.

RESULTS AND DISCUSSION

Compression Test
The number of specimens, the average density after air-drying, and average angle
of growth rings before compression are shown in Table 1. The density of air-dried
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heartwood was higher than that of sapwood. The growth ring angles of plain-sawn sapwood
and heartwood specimens were approximately 13° and 19°, respectively, while those of 45°
sawn board were around 46°. The average absorption of 30% PEG solution before
compression, compression ratio, width deformation ratio, and recovery ratio are also
shown. Sufficient PEG solution between 664 to 805 kg/m® was absorbed before
compression, so that the fact that specimens were exuding PEG solution was evident during
compression. The results of PEG200 and PEG20,000 showed different characteristics in
some cases. Greater enlargement in the width direction with large deformation was
observed for the specimens treated with PEG20,000 than those treated with PEG200 (Fig.
3). Compared with before compression, the width deformation ratios were 1.7 and 1.1 times
greater for the PEG20,000 and PEG200 treatments, respectively. These trends were
detected in both heartwood and sapwood. However, there was no significant difference
between the sawn types of board and width deformation ratio for enlarged specimens
treated with PEG20,000 (p-value>0.05).
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Fig. 3. Deformation of specimens after compressing. (a) Sapwood treated with PEG200 (b)
sapwood treated with PEG20,000

In comparison, the compression ratio of deformed specimens in the PEG20,000
treatment was slightly higher than those in the PEG200 treatment. However, it was not
possible to compare the compression ratio because it is impacted by the different densities
of specimens, especially sapwood and heartwood used in this research. The compressible
void space mainly occupied by cell lumens can be estimated with the density of wood. The
relationships between compression ratio and density in air-dried conditions of specimens
are shown in Fig. 4. A solid black line shows the relationship between void volume and the
density in air-dried condition. This line was estimated from the void volumes calculated
with the density of in oven-dried condition (vacuum drying at 70 °C) and specific gravity
of wood substance (1.5). The plots appeared to be distributed in parallel to the black line.
Thus, the compression ratio was attributed to the density of specimens. Moreover, the
larger compression ratio along with deformation of specimens treated with PEG20,000
exceeded a black line, regardless of the density of specimens for both sapwood and
heartwood. Therefore, this deformation appeared to be caused by compression exceeding
the void volume, whereas less of the void volume was compressed in specimens treated
with PEG200.
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Table 1. Prepared Specimens and Deformation after Compressing

Sapwood
Growth ring width=1.76 mm (0.63), Latewood percentage=19.3 % (8.32)
PEG 200 20,000
Sawn type Plain 45° Plain 45°
Number of samples 10 5 10 5
Density in air-dry (kg/m®) 397 (25.8) 347 (3.56) 385 (27.7) 347 (2.24)
Angle of growth ring (°) 13.81(8.56) 46.34 (5.75) | 13.61 (7.65) | 47.69 (6.15)
Absorption of 30% PEG 787 (14.9) 805 (16.4) 777 (15.9) 805 (11.1)
(kg/m®)
Compression ratio 0.75 (0.020) 0.79 (0.010) | 0.82(0.017) | 0.84 (0.004)
Width deformation ratio 1.09 (0.013) 1.10 (0.016) 1.73(0.059) | 1.70(0.028)
Recovery ratio 0.28 (0.082) 0.17 (0.032) | 0.074 (0.061) | 0.061 (0.019)
Heartwood
Growth ring width=2.79 mm (0.88), Latewood percentage=23.4% (7.58)
PEG 200 20,000
Sawn type Plain 45° Plain 45°
Number of samples (n) 10 5 10 5
Density in air-dry (kg/m?®) 430 (39.1) 467 (29.3) 410 (41.1) 466 (31.6)
Angle of growth ring (°) 19.06 (12.81) | 47.26 (10.02) | 18.63 (12.28) | 45.38 (9.52)
Absorption of 30% PEG 695 (27.7) 710 (27.3) 664 (38.9) 672 (34.7)
(kg/m?)
Compression ratio 0.72 (0.027) 0.73 (0.010) 0.81 (0.017) | 0.81 (0.015)
Width deformation ratio 1.10 (0.017) 1.13(0.018) | 1.64(0.094) | 1.72(0.035)
Recovery ratio 0.46 (0.125) | 0.38(0.044) | 0.068 (0.020) | 0.066 (0.016)
(Standard deviation)
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Fig. 4. Relationship between air dry density and compression ratio. The solid line shows the
estimated void volume corresponding to air-dry density.
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Compressive Force

The typical stress-strain curve shows a liner plateau in regions with low strain when
wood specimens are compressed in a radial direction (Maiti et al. 1984; Reiterer and
Stanzl-Tschegg 2001). In this region, the cells of earlywood with thin cell walls and plenty
void space can be squash under low stress. Compressive stress noticeably increases when
the squashed area changes to the latewood zone having the thicker cell wall. The
relationship between compressive force and compression ratio of plane and 45° sawn
specimens treated with PEG200 and PEG20,000 is shown in Fig. 5. Compressive stress
(force per square) was not derived due to amorphous deformation of specimen during
compression. Compared with sapwood, the compressive force of heartwood increased at
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lower compression ratios. This phenomenon might be attributed to the resistance of
enclosed vapor because permeability of liquids and air is low in heartwood (Erickson 1970;
Flynn 1995), with Cryptomeria japonica being no exception (Fujii et al. 1997; Nagai and
Taniguchi 2003). This tendency also referred to the higher recovery ratio of heartwood in
Table 1. Both sapwood and heartwood specimens treated with PEG200 showed a similar
exponential curve in the radial compression of non-treated general woods, though small
increase in force by compression of earlywood just after initial compression was not
apparent. This reason was considered to be the high compression speed and larger
compressive area to thickness with slight roughness in this study. In comparison, the
compressive force of specimens treated PEG20,000 had an inflection point, which formed
a small peak at 0.3 to 0.4 of the compression ratio for both sawn specimens (sapwood and
heartwood; Fig. 5 arrow). Miki et al. (2017) observed that the inflection point appeared on
the stress-compression ratio curve for lateral deformed specimens compressed above 100
°C. Irreversible large enlargement was assumed to occur in this inflection point. In fact, the
recovery ratio of PEG20,000 in Table 1 was low compared with PEG200 with no inflection
point. Miki et al. (2017) observed this inflection point between 0.75 and 0.85 of the
compression ratio appearing after the volume of the lumen decreased when wood cells
buckle and become denser. However, the inflection point in this study appeared between
0.3 and 0.4 of the compression ratios, which is before the void volume was completely
squashed. This lower shift of inflection point was regarded as being due to the fact that the
compressing speed was too fast to remove sufficient air and vapor of the inside from the
void space.
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Fig. 5. Typical compression force-compression ratio curve

The lowered friction between moving substances (tracheids in this study) facilitates
lateral enlargement by compression causing the sheering of cells in the intercellular layer.
Though friction tends to be affected by the roughness of the surface, it can be ignored
because adjacent cells are the same tracheid in this tree. However, the penetration of PEG
into the interface of cells possibly serves as a lubricant, while the friction of dried non-
treated wood during compression is assumed to be too high to permit slippage because cells
bonded with each other at the intercellular layer. Moderate higher viscosity and faster
velocity of moving substances can lower the coefficient of friction because they have
enough space between surfaces, so that hydrostatic lubrication changes to hydrodynamic
lubrication according to the Stribeck curve (Stribeck 1902; Bhushan 2002). Specimens
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treated with PEG20,000 that had an inflection point were considered to be enlarged
perpendicular to fiber direction due to higher viscosity, contributing to a lower coefficient
of friction. Additionally, the acceleration of the enlargement with the higher molecular
weight of PEG20,000 might generate more lubricant space for hydrodynamic lubrication
due to the residue of PEG on the interface of cells without penetrating into cell walls. This
reason can be supported by the reports; more than 3,000 molecular weight of PEG cannot
penetrate into the cell wall (Tarkow et al. 1966); and cell wall bulking of PEG200 was
higher than that of PEG1,500 (Wallstrom and Lindberg 1999).

Local Deformation and Growth Ring Angle

Specimens treated with PEG 20,000 were greatly deformed in the lateral direction
showing 1.64 to 1.73 of width deformation ratio (Table 1). However, there was no
correlation between the sawn types and width deformation ratio. Observing the compressed
surface of specimens, the large and slight deformed areas appeared to coexist within the
same specimens (Fig. 3b).
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Fig. 6. Relationship between dots expansion ratio and growth ring angle
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Fig. 8. Dots expansion ratio at 4 and 5 rows of sapwood specimens treated with PEG 20,000

To precisely investigate the relationship between the enlargement and the angle of
growth ring, the local area between dots marked before and after compression were
analyzed because the angle of growth ring was variable within a specimen. The relationship
between them in heartwood and sapwood treated with PEG 200 and PEG 20,000 are shown
in Fig. 6. The angle of the growth ring was selected from the closer cross surface of top or
bottom. Areas where the length could not be measured (i.e. that were damaged and
exploded during pressing), especially in heartwood, were removed. There was no
correlation between the dots expansion ratio and the angle of growth rings of all specimens.
However, when attention was paid to the widely varied dots expansion ratio of sapwood
and heartwood treated with PEG20,000, some correlation might be contained within the
large number of results, because the width enlargement on the center line was obviously
larger than that on the both edge sides, as shown in Fig. 3b.

Figure 7 shows the arranged results in Fig. 6. The dots expansion ratios collected
from every symmetrical row on the center line (e.g. row 1 and 8) were averaged for every
10° of growth ring, and a histogram was generated. The angles of the growth rings between
the dots in the sapwood were clearly distributed between 0° and 30° of plane sawn
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specimens and 40° and 60° of 45° sawn specimens. In comparison, the dots in heartwood
specimens were dispersed due to their originating from logs for the smaller diameter of
growth rings. There was a tendency that larger deformation occurred at the 4 and 5 rows
corresponding to the center line for every angle of the growth rings in both sapwood and
heartwood. However, no trend between deformation ratio and the angle of the growth rings
was obtained.

(a) Before compressing After compressing
[ Top side
T | - L)
L1 % 0
.5 L .
Soflormises X-ray CT image ‘

—> Bark direction *:Dots marked side

(b) Before compressing After compressing

—» Bark direction :¢Dots marked side

Fig. 9. X-ray CT image at column A in the center row of compressed wood. (a) Plane sawn board
and (b) 45° sawn board
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To investigate whether the angle of the growth ring affects enlargement, it is
necessary to analyze a large deformed area where deformation is not restrained. Figure 8
shows the dots expansion ratio extracted from rows 4 and 5 of sapwood treated with
PEG20,000, which showed the most width enlargement in this study. There was no
correlation between the dots expansion ratio and the angle of the growth rings. However,
the largest dots expansion ratios were derived from outside the specimen (red lines of
column A and G in Fig. 2) rather than inside when approximately straight lines were drawn
at each of the symmetrical columns (Fig. 8). Positive correlation in plane-sawn board, and
the negative correlation in 45° sawn board were contained in these areas showing the largest
deformation rations, though these correlations were weak. The largest deformation was at
approximately 35°, where two regression lines connected. Similar trends were obtained
from heartwood specimens treated with PEG20,000. However, more research is necessary
to support this conclusion because of few prepared specimens around 35° in this study.

Micro-structure in the most enlarged area treated with PEG20,000 of sapwood was
investigated using an X-ray micro CT. A single tomographic image at the cross section is
shown in Fig. 9. A compressed mechanism was found based on the arrangement and
deformation of cells. In plane-sawn board, enlargement was caused by the folded
arrangement of cells on right side of the half (crosswise dots lines). However, radially
arranged cells were observed in latewood and in compressed earlywood region on the left
side of the half (vertical dots lines). In comparison, a uniform arrangement of cells was
observed in the 45° sawn board. From these results, it was found that the mechanism of
enlargement differed depending on the direction of compression; the forced-out cells due
to each cell moving in 45° sawn board and the buckling of the radial cell arrangement arose
from fast and excessive compression in plane sawn board. This morphological difference
was considered to affect the width enlargement slightly; there was a weak correlation
between the angle of the growth ring and dots expansion ratio in limited local area with the
largest deformation.

CONCLUSIONS

1. Specimens treated with high molecular weight polyethylene glycol (PEG20,000) for
both heartwood and sapwood were enlarged perpendicularly to fiber direction with the
inflection points occurred in force-compression ratio curve, and there was no
significant difference between the sawn types (plain and 45° sawn) and width
deformation ratio (p-value>0.05). This enlargement was caused by compression
exceeding the void volume, regardless of the wood density.

2. Larger deformations in the specimens were observed on the center line of the specimen
perpendicular to fiber direction, for which both outer sides showed the most
enlargement. The analysis of the correlation between the angle of the growth ring and
dots expansion ratio in the largest deformed local areas showed weak positive and
negative correlations for the plane-sawn boards and the 45° sawn boards, respectively.

3. Images from an X-ray micro CT scan showed that the mechanism of enlargement
differed depending on the direction of compression; the forced-out cells due to each
cell moving in 45° sawn board and the buckling of the radial cell arrangement arose
from fast and excessive compression in plane sawn board. This morphological
difference was considered to affect the weak correlation between the angle of the
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growth ring and local deformation ratio in limited local area with the largest
deformation.
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