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Characterizing Microscopic Changes of Paulownia
Wood under Thermal Compression
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This study evaluates the microscopic changes of paulownia solid wood
panels subjected to thermal compression via characterizing the changes
in wood microstructure. The panels, with dimensions of 500 mm x 100 mm
x 20 mm, were hot-pressed in a tangential direction by using a laboratory-
type hot press at a temperature of either 150 °C or 170 °C and a pressure
of 2 MPa for 45 min. Microscopic investigations conducted by light
microscopy showed that slightly more damage occurred in the samples
compressed at 170 °C and 2 MPa than at 150 °C and 2 MPa, and that the
distribution of deformation in the panels was not uniform in the growth rings
of the two treatment groups. The cell collapse was not observed in the
microstructure of paulownia wood after the thermal compression. Cell
shapes and their arrangement in the growth ring alongside loading
direction were interpreted as effective factors governing the non-uniform
distribution of damage and the lack of cell collapse in the microstructure.
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INTRODUCTION

Wood is a unique, natural occurring, renewable, biodegradable, and relatively cost-
effective material with outstanding axial stiffness-to-weight and strength-to-weight ratios
(Bodig and Jayne 1982; Gibson and Ashby 1997; Dinwoodie 2000). These properties have
led to wood being used extensively throughout the history of mankind. In recent years,
there has been an increasing demand for industrial wood. However, there are some doubts
as to whether timber production can continue to meet the increased needs of the forest
products industry. Increases in the cost of wood material have necessitated finding low-
cost wood species for the industry. To overcome this issue, fast-growing tree species such
as paulownia, poplar, alder etc., have recently gained great attention (Hill 2006; Bekhta et
al. 2016). However, fast-grown tree species restrict the industrial usage of the timbers
obtained due to the negative effects of their low density on the mechanical and physical
properties of the wood. Wood modification methods being developed for these particular
wood species may help improve timber quality. Thermal compression is a combined
modification method that possesses some chemical, thermal, and physical effects on wood
(Hill 2006). The main purpose of applying compression and heat together on wood is to
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overcome the weakness associated with low wood density and to improve dimensional
stability (Gong et al. 2010; Tu et al. 2014; Guo et al. 2015).

Paulownia (Paulownia spp.) is one of the most successful fast growing tree species
that is adaptive to diverse soils and climate conditions (Wang and Shogren 1992; Jey 1998).
This tree species that originated from China, is obtained from plantation forests in Turkey
(Akyildiz and Sahin Kol 2010). Paulownia wood is light-colored, soft, lightweight, easy to
process, and generally knot free. Its wood is resistant to decay, dimensionally stable,
straight-grained, easily air-dried without drying defects, resistant to splitting and warping,
has a very low thermal conductivity, and a very high ignition point (Bergmann 1998;
Kalaycioglu et al. 2005). Despite being abundantly available, its wood properties, such as
low strength, low density, and low hardness, limit its end-use potential (Candan et al. 2013).

Candan et al. (2013) examined the effect of thermal compression on some of the
properties of paulownia wood panels. Their results showed that the moisture content of the
panels decreased with increased press temperature. The initial moisture content values of
unmodified wood panels were approximately 13%, whilst the moisture content values of
the panels modified at 170 °C were nearly 9%. The mean density values of the panels
decreased while the thickness swelling and water absorption values increased after thermal
compression. Their study suggested that thermal modification processes could not produce
an improvement in the density or dimensional stability of paulownia wood.

Wood properties and behavior will most likely vary in regards to wood species in
different process conditions. A number of studies show that the wood behavior changes
under thermal compression depending on the anatomical structure of the wood (Navi and
Girardet 2000; Kutnar et al. 2009; Dogu et al. 2010; Ou et al. 2014; Tu et al. 2014; Dogu
et al. 2015; Beckhta et al. 2016; Budakc1 et al. 2016; Dogu et al. 2016). To evaluate the
success of thermal compression methods, the effects of the anatomical structure are
important to know and understand. The objective of this study is to clarify why no
densification occurred in paulownia wood panels subjected to thermal compression in a
previous work performed by Candan et al. (2013). Therefore, the central focus of this
research is to understand the behavior of paulownia wood under thermal compression
depending on the changes in the microstructure of the wood.

EXPERIMENTAL

Materials

Test materials were taken from previously thermally compressed panels by Candan
et al. (2013). Commercial paulownia solid wood panels without defects and with
dimensions of 500 mm in length (grain direction) x 100 mm in width (radial direction) x
20 mm in thickness (tangential direction) were hot-pressed in a tangential direction (Fig.
l1a), using a laboratory-type hot press (Cemil Usta, Istanbul, Turkey) (Fig.1b) at a
temperature of either 150 °C or 170 °C and a pressure of 2 MPa for 45 min (Candan et al.
2013).

A total of 6 panels (two compressed panels from each treatment group and two
untreated panels) were tested. The panels were pre-dried to a moisture content of 13%
before hot pressing.
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Fig. 1. Loading direction (a) and laboratory-type hot press (b) used in the study

Microscopic structure of Paulownia wood

The growth ring boundaries of paulownia wood are distinct and ring-porous or
semi-ring-porous. The vessels are mostly solitary and in radial multiples of two or three
cells. The vessel outlines are angular, rounded, or elliptic. Additionally, the perforation
plates are simple. The difference in the vessel size between earlywood and latewood is
three to five times. The tyloses in vessels are present and thin-walled. The fibers are very
thin-walled and seen more in the latewood than in earlywood. The rays are mostly
composed of a single cell type (homocellular), but are occasionally composed of two or
more cell types (heterocellular) with the square and upright cells restricted to marginal
rows. The rays are 1 to 40 cells in height and 2 to 5 cells in width. Axial parenchyma is
paratraheal and well developed in the wood. These cells are banded or not banded, but the
bands are common in the growth ring. The bands are much wider than the rays and are
more than three cells wide. Axial parenchyma bands are as wide as the earlywood pore ring
in the beginning part of the growth ring. Axial parenchyma are also vasicentric, aliform, or
confluent in the latewood part of the growth ring. The cell walls of the parenchyma are
thinner than that of the fiber cells (Zhao-Hua et al. 1986; Richter and Dallwitz 2000; Ates
et al. 2008; Kaymakci et al. 2011). Paulownia wood has a lower fiber amount and a higher
content of parenchyma cells (Ates et al. 2008).

Paulownia wood is very porous and the cell tissue is similar to a honeycomb
structure (Li and Oda 2007). Microscopic images of paulownia wood are shown in Fig. 2.

Methods

Light microscopy was employed to reveal changes in the microstructure of the
wood panels subjected to varying thermal compression conditions. Panel samples with
dimensions of 10 mm (radial) x 10 mm (tangential) x 20 mm (longitudinal) were cut from
the transversal surface of the panels for microscopic evaluations.
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Fig. 2. (a/b) Cross-section: distinct growth ring boundary (white), earlywood vessels (pores) (red),
latewood vessels (yellow), fiber cells (blue), banded axial parenchyma (*), vasicentric
parenchyma (black), confluent parenchyma (pink), and rays (green); (c) Radial section; and (d)
Tangential section: vessels (red), simple perforation plate (yellow), fiber cells (green), axial
parenchyma (blue), and rays (white)

The samples were kept under a vacuum with the mixture of alcohol:glycerin:water
(1:1:1) at room temperature to soften the wood structure. Then, the wood was cut into thin
sections (approximately 20 pum to 30 um) by using a sliding microtome (SM 2010R, Leica,
Wetzlar, Germany). Since the microtome knife had to be sharp and free of nicks to
minimize the surface roughness and to avoid any possible damage on the surfaces of the
samples, the microtome knife was frequently changed. A double staining method with
safranin and fast green was applied on the microscopic sections to obtain a good contrast
between the cell wall components. Microscopic sections were stained with safranin, rinsed
in ethanol series, counterstained with fast green, rinsed in ethanol, cleared with xylene, and
mounted in Entellan® (Wilcox 1964; Ruzin 1999). While safranin is an indicator for lignin
in this staining method, fast green reveals the cellulose. Safranin stains lignin to red and
fast green stains cellulose to green.
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The microscopic sections were observed under an Olympus BX51 Light
Microscope (Olympus, Tokyo, Japan). The images were taken with the use of AnalySIS
FIVE Software (Olympus, Version 5.0, Tokyo, Japan) and a DP71 Digital Camera
(Olympus, Tokyo, Japan) installed and adapted on the microscope.

In the evaluations, micro-defects in the thermally compressed wood structure were
only taken into account if they were observed repeatedly and they were not a typical feature
in untreated wood.

RESULTS AND DISCUSSION

No visible distortion in the plane of the growth rings was seen for the two treatment
groups (Fig. 3).
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Fig. 3. Untreated wood (a): banded axial parenchyma as wide as the earlywood pore ring in the
beginning of the growth ring (+); vessels in oval (red) and angular (blue) shapes.
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Fig. 3 (continued). Thermally compressed wood at 150 °C under 2 MPa (b), and 170 °C under 2
MPa (c): vessels in oval (red) and angular (blue) shapes; undamaged rays (yellow); and slight
wavy pattern in the growth ring boundary (black)
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In contrast, a slight wavy pattern was seen in the growth ring boundaries of the
wood samples treated at 170 °C under 2 MPa (Fig. 3c). It was assumed that this probably
occurred because of the buckling on the tangential cell walls of fibers and axial parenchyma
cells located in the last part of the growth rings (Fig. 6c).

b e s

compressed wood at 150 °C under 2 MPa (c/d); and 170 °C under 2 MPa (e/f): hexagonal cell
shapes in banded axial parenchyma () and fiber cells (x); ruptures (1) and separations (2) in the
cell walls of fibers; bending (3), buckling (4) and ruptures (5) in parenchyma cells; cell wall
deformation (6) and ruptures (7) in the vessel walls
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Fig. 5. Middle part of the growth ring; Untreated wood (a); thermally compressed wood at 150 °C
under 2 MPa (b); and 170 °C under 2 MPa (c): rounded fiber cells (), minute cracks (1), ruptures
(2), and separations (3) in the cell wall of fibers

The compression in the tangential direction was considered as one of the main
reasons for the buckling seen on the tangential walls of the respective cells. Previous
studies completed under the radial compression technique showed that the buckling on the
radial cell walls of the wood cells that occurred in the initial part of the growth rings
resulted in a wavy pattern in the relevant region (Tabarsa and Chui 2001; Dogu et al. 2010;
Ou et al. 2014; Dogu et al. 2016). Previous studies revealed that tangential compressions
lead to the buckling of the latewood regions, whereas radial compression produces
buckling in the earlywood cells first (Persson 2000; Tabarsa and Chui 2001). It can be
concluded that the loading direction of the compression greatly affects the localization and
the direction of cell wall deformation.

Minute cracks (cleft formation in the cell wall) and ruptures (tearing formation in
the cell wall without fragmentation) in the cell walls and separations between the compound
middle lamella were observed in almost all of the fiber cells in the growth rings for both
process conditions (Figs. 4 through 6). Bending and buckling were seen on the cell walls
of some fibers throughout the growth ring for each process condition. These structural
alterations were much clearer in the last part of the growth rings at 170 °C under 2 MPa

(Fig. 6).
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Although fiber cells were observed to be very thin-walled throughout the growth
ring, no uniform distribution in the bending and buckling of those cell walls was observed.
It is known that cells’ shape and their connectivity have a major effect on the strength
properties of the cellular materials (Silva and Gibson 1997; Thotakuri 2004; Li et al. 2006).
The shapes of the fiber cells were nearly hexagonal or rounded (Figs. 4 through 6), except
for a few cell rows in which fibers located in the last part of the growth rings were radially
flattened and in a rectangular shape, as shown in Fig. 6.

Fig. 6. Last part of the growth ring (latewood region); Untreated wood (a); thermally compressed
wood at 150 °C under 2 MPa (b); and 170 °C under 2 MPa (c): rectangular (x) and nearly
hexagonal () cell shapes in fibers, minute cracks (1), ruptures (2), separations (3), bending (4)
and buckling in the cell wall of fibers, bending (6), buckling (7) and ruptures (8) in the parenchyma
cell walls

Thotakuri (2004) had noticed that when hexagonal cells are compressed in a radial
direction, the inclined edges of the cells collapsed due to a bending formation. In contrast,
when the cells were compressed along the tangential direction, the horizontal edges of the
cells that lined up with the load provided a better and more compressive resistance than did
the inclined edges. There were also some comments that explained the behavior of the
rounded wood cells under the external stresses. In compression wood, the rounding of cells
is considered an indication of the resulting function of strengthening tissues, so as to
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overcompensate for the compression stress (Yoshizawa and Idei 1987; Meyers and Chen
2014). It was thought that non-uniform distributions of bending and buckling in the fiber
cell walls were largely related to the cell shapes of the wood panels in this study.

The vessels were almost in their normal angular or oval shape throughout all of the
growth ring for each process condition (Fig. 3). Those cells showed less damage,
particularly in the beginning and the last part of the growth rings in comparison to the other
parts. However, the vessels located in the zone between these two parts of the growth ring
exhibited more damages. Cell wall deformation and ruptures were typically seen in those
cells (Figs. 4, 7, and 8). Such damages were also more distinct in the vessels arranged in
the radial rows of two or more multiples than in the solitary vessels (Figs. 4 and 7). It was
interpreted that the wall of the two adjacent vessels was weakened by the existence of
multiple bordered pits. Previous studies conducted on compressed wood showed more
defects in the earlywood vessels compared to the latewood The presence of thin-walled
axial parenchyma cells that surrounded the thinwalled and relatively large diameter vessels
in the earlywood region were generally thought to be the reason for higher deformation in
the respective cells (Tabarsa and Chui 2001; Ellis and Steiner 2002; Ou et al. 2014; Budakc1
etal. 2016; Dogu et al. 2016). Similarly, the vessels in the current study were not deformed
equally throughout the growth ring. It was noticeable that the occurrence of deformation
depended on the vessel groupings and the vessels’ surrounding tissue in the growth rings.
The vessels located in the axial parenchyma bands were in much better condition (Figs. 3
and 7) than the vessels surrounded by the vasicentric axial parenchyma cells (Fig. 8). It can
be concluded that the vessels were much more damaged where the partial destruction of
vasicentric parenchyma were seen. Biziks et al. (2013) reported that the vessels in birch
wood were the least changed cell type from the thermal treatment process due to the lignin
structure in the cells. Vessel walls contain mainly guaiacyl lignin units, a component that
is much more stable in thermal treatments. In the current study the vessel walls appeared
in red color, which indicated that the lignin structures remained without much change at
both process conditions (Figs. 3, 4, 7, and 8). The effects of the treatment parameters were
relatively small on the vessel walls of paulownia wood.
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Fig. 7. Last part of the growth ring (latewood region); Thermally compressed wood at 150 °C
under 2 MPa (a) and 170 °C under 2 MPa (b): parenchyma band (1); fiber band (2); and rupture
in the cell wall of vessels in radial rows (3)
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The banded axial parenchyma cells in the beginning and end part of the growth rings
showed less damage than the other parts. Bending and buckling of the tangential cell walls
and ruptures were observed in those cells (Figs. 4 and 6). In addition to these damages,
partial destruction of the axial parenchyma cells that surrounded a solitary vessel or
multiple vessels was also detected (Fig. 8).

Fig. 8. Middle part of the growth ring; Untreated wood (a); thermally compressed wood at 150 °C
under 2 MPa (b); and 170 °C under 2 MPa (c): partial destruction in vasicentric parenchyma (red);
deformation (black) and ruptures in vessel cell walls (green)

Although the cell walls of the axial parenchyma were visually quite thin, the
distribution of deformation in those cell walls was not uniform. The banded axial
parenchyma in the latewood region showed long and broad bands and their cell shapes were
almost hexagonal (Fig. 7). The appearance of the fiber cells with thicker walls formed
relatively wider and darker bands at below and above side of banded axial parenchyma.
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The successive banded structures of the axial parenchyma and fiber cells resembled the
earlywood (axial parenchyma cells) and latewood region (fiber cells) patterns of softwoods
(Fig. 7). Previous studies noticed that the latewood regions behaved like columns spaced
by more flexible earlywood regions through tangential compression (Bodig 1965; Kennedy
1968) and that the latewood region was also the load controlling factor during tangential
compression (Schneeweif and Felber 2013). However, the participation of the earlywood
regions in the support of the load was not as important as the lateral support of the latewood
regions (Schneeweif and Felber 2013). In the recent study, the successive structures of the
banded axial parenchyma and fiber cells behaved like the earlywood and latewood regions
of softwoods and resulted in a low degree damage of the banded axial parenchyma cells.
As shown in Figs. 3 and 4, the banded axial parenchyma, located in the earlywood region
were as wide as the earlywood pore ring and their cell shapes were hexagonal. As stated
previously, hexagonal cell shape provided a much better compressive resistance in the
tangential direction. Vasicentric parenchyma gathered around the vessels in the form of a
ring and were surrounded by the fiber cells. It was thought that the internal stress
distribution was not uniform between those of the two cell types; therefore, a greater extent
of damage occurred in the vasicentric parenchyma cells (Fig. 8).

Although the rays almost seemed to be intact in the cross-section (Fig. 3),
separations and ruptures were detected in the ray parenchyma cell walls of the longitudinal
sections for both process conditions (Fig. 9).

This study showed that slightly more damage occurred in the thermally compressed
samples at 170 °C under 2 MPa than the samples compressed at 150 °C under 2 MPa and
that the distribution of defects were not uniform in the growth rings of the two treatment
groups.

Even though cell collapse was not observed in the current study, varying levels of
defects occurred in all of the wood cell types, dependent upon the process conditions.
Bending and buckling in the cell walls of the fibers and axial parenchyma were interpreted
as an indication that cell collapse would occur. It is known that cell collapse is an inevitable
formation in the process of wood densification (Kutnar et al. 2009; Tu et al. 2014). Candan
et al. (2013) indicated that the thermal compression could not generate an increase in
density. Conversely, the mean density value of paulownia wood decreased from 0.217
g/cm?® to 0.202 g/cm? for 150 °C under 2 MPa and to 0.198 g/cm? for 170 °C under 2 MPa
process conditions. It is clear that the results of both studies were compatible with each
other. Ellis and Steiner (2002) reported that the compression of low-density woods resulted
to a smaller thickness than high-density woods. In other words, low-density wood species
can be readily compressed by applying less force than for providing high-density boards
(Walther 2003). Previous densification studies performed on low-density hardwood species
under radial compression methods revealed that densification completed by the cell
collapse was most frequently seen in the earlywood regions of poplar (Tabarsa and Chui
2001; Kutnar et al. 2009; Ou et al. 2014; Tu et al. 2014; Budakc: et al. 2016; Dogu et al.
2016) and linden (Budakci et al. 2016) wood. In accordance with this knowledge, cell
collapse and more or less densification were expected in paulownia wood due to its very
low-density. In the current study, wood panels were thermally compressed in the tangential
direction. As known, wood exhibits different behavior in radial and tangential compression
(Bodig 1965; Kennedy 1968; Tabarsa and Chui 2001; Schneeweif and Felber 2013). The
earlywood to latewood ratio and ray volume are important parameters to explain these
differences.

Dogu et al. (2017). “Thermally compressed paulownia,” BioResources 12(3), 5279-5295. 5289



PEER-REVIEWED ARTICLE b | oresources.com

=i Wl

i
[e<5

Fig. 9. Microscopic views of ray in radial section; Untreated wood (a); thermally compressed
wood at 150 °C under 2 MPa (b); and 170 °C under 2 MPa (c): slight separation (red) and rupture
(yellow) in ray parenchyma cell walls

The loaded specimen’s radial to tangential strength ratio increased with a higher ray
volume and decreased with the latewood proportion (Kennedy 1968). Ring-porous wood
species have partially higher latewood proportions while diffuse porous wood species have
generally less latewood portions in the growth ring. Therefore, the radial strength of diffuse
porous woods is higher than the tangential one due to the supporting effects of rays
(Kollman 1951; Wolcott 1989). The difference between the radial and tangential strength
in the ring-porous woods may be less (Kollman 1951) or the tangential strength is higher

Dogu et al. (2017). “Thermally compressed paulownia,” BioResources 12(3), 5279-5295. 5290



PEER-REVIEWED ARTICLE b | oresources.com

than the radial one depending on the latewood proportion with thick walled cells (Bodig
1965; Ellis and Steiner 2002). In the current study, the wood samples showed visually
much wider growth rings and latewood regions, with thin-walled fiber cells located
throughout the growth rings. The amount of parenchyma cells (53.8%) in paulownia wood
was found to be higher than fiber cells (Ates et al. 2008). In this case, it was expected that
the tangential strength of paulownia wood was low enough to lead to cell collapse.
However, this expectation did not occur which was an exceptional situation in the study.
The arrangement of the cells in the wood is known as an important factor for the cell’s
overall behavior and reaction towards stress (Walther 2003). The cell shape is another
factor that helps explain the difference between the strength of wood in the radial and
tangential direction (Gibson and Ashby 1997). According to this information and the
authors’ microscopic observations, this phenomenon could have been explained by the
arrangement of fibers and axial parenchyma cells in the growth rings, and the cell shapes
in the cross-section plane. The presence of successive tangential banded structures of very
thin-walled axial parenchyma and relatively thicker walled fiber cells in the latewood
region, and also in the hexagonal cell shape in the cross-section plane, played a major role
in preventing the cell from collapse.

The results of the study showed that the damage features in the cell walls were
promoted by increased temperature. Candan et al. (2013) reported that water absorption
and thickness-swelling values of the thermally compressed paulownia wood were
noticeably higher than the control wood. However, heat treatment is known as a useful
method to reduce the hygroscopicity of wood (Esteves and Pereira 2009). The improvement
in the dimensional stability is linked to considerable changes in the chemical composition
of wood, especially the degradation of amorphous carbohydrates (Fengel and Wegener
1984; Boonstra and Tjeerdsma 2006; Awoyemi and Jones 2011). It was clear in the images
from the light microscopy that distinct changes in the chemical composition of paulownia
wood occurred. The decrease or disappearance of red color in the images indicated that
there were some modifications in the lignin structure, especially of the fiber cell walls (Figs.
5, 6, and 8). It was thought that the hygroscopicity of thermally compressed paulownia
wood was more affected by the changes in microstructure than the changes in the chemical
composition of wood. Therefore, the minute cracks, ruptures, separations in the cell walls,
and the destruction of vasicentric axial parencyma were interpreted as the sources of the
increased hygroscopicity of wood.

The results of the study have raised an opinion that paulownia wood resembles balsa
wood in regards to its light weight and the occurrence of hexagonal cell shapes in the
microstructure. It is known that balsa is one of the best core materials to use in sandwich
composites with its excellent stiffness-to-weight and the strength-to-weight ratios. These
properties are derived from the microstructure, which consists of tracheid cells with
approximately hexagonal cross-sections arranged axially (da Silva and Kyriakides 2007).
It might be useful to focus on the possibility of using the paulownia wood as a core material
instead of balsa wood in future studies.
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CONCLUSIONS

1. Slightly more damage occurred in thermally compressed samples at 170 °C under 2
MPa than in the samples compressed at 150 °C under 2 MPa.

2. The damage in the cell walls was promoted by increased temperature under the same
press pressure and the distribution of defects were not uniform in the growth rings of
the two treatment groups.

3. Cell collapse in the microstructure of wood was not observed in the thermal
compression conditions (150 °C or 170 °C, 2 MPa) followed in the study.

4. The arrangement of different cell types and their shapes in the growth ring, and the
compression direction were considered as effective factors for the non-uniform
distribution of damages and lack of cell collapse in the microstructure.
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