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ABSTRACT

KUGIMIYA, Tamaki. The mechanism of hygrothermal recovery in tension wood. 2025. Dissertation

(Master in Planning and Use of Renewable Resources) - Federal University of Sdo Carlos, Sorocaba,
2025.

In the current era of progressing global warming, the value of forests and wood has been increasing.
Trees develop growth stress as a survival strategy to grow tall, however, these stresses become
obstacles when humans utilize wood. The elastic component of growth stress is released during felling
and sawing, while the viscoelastic component is released during boiling. The latter is referred to as
hygrothermal recovery (HTR). Although various studies on HTR have been conducted, its detailed
behavior remains unclear. This study aims to understand the radial distribution of wood properties
and the role of HTR in hardwood containing tension wood. In Chapter 3, HTR was examined from
the bark to the pith together with the G-layer proportion, crystallinity index (C.I.), microfibril angle
(MFA), and drying strain. In Chapter 4, HTR was evaluated under various treatment temperatures
and durations, along with drying mass change, crystallite size (L), and d-spacing for comparison. In
Chapter 3, the results showed that HTR alone exhibited dependence on the distance from the pith and
contributed to the release of the viscoelastic component of growth stress. In Chapter 4, in the
tangential (T) direction, viscoelastic release of compressive growth stress was confirmed by detecting
the expansion of d-spacing between cellulose molecular chains. In the longitudinal (L) direction, it
was confirmed that the viscoelastic release of tensile growth stress likely occurs at a more
macroscopic level—such as contractive relaxation of pre-stretched cellulose microfibrils (CMFs)—
rather than through a decrease in the d-spacing of cellulose crystallites along the molecular axis. For
future studies, analysis using FTIR and small-angle scattering are desirable to elucidate the behavior
of the matrix and CMFs during HTR.

Keywords: hygrothermal recovery, tension wood, growth stress, hardwood
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Chapter 1: General Introduction

1.1 Benefits of utilization of wood

In recent years, as global warming has intensified, the value of forests and wood has increased.
According to The State of the World’s Forests 2024, forests and trees offer cost-effective solutions to
the climate and biodiversity crises. Forest and Forestry White Paper (2025) states that the use of wood
contributes to the prevention of global warming from the following three perspectives:

(1) carbon storage,

(2) substitution for energy-intensive resources, and

(3) substitution for fossil fuels.

Regarding (1), Figure 1 shows the global carbon cycle, in which the carbon stock in forests is included
under “vegetation”. Forests play a role in carbon stock. Figure 2 shows forest carbon stock in biomass.
Until around 2010, this stock showed a decreasing trend due to forest degradation and forest fires,
but by 2020, it had shifted to an increasing trend. The carbon (CO-) absorbed by trees can be stored

semi-permanently when wood is used as wood engineered products.

Figure 1 The global carbon cycle

The global carbon cycle

/ Atmospheric CO,

+5.2
890 GtC

3.2+09 ® 2.

©0
H
o
»

v
0.00001

- Vegetation

° 450 gtc _Rivers )
Gas reserves ® and lakes Dissolved
115 GtC V) inorganic carbon
P N 37,000 GtC
e Organic carbon Marine
Oil reserves Permafrost . \‘ 700 GtC biota
@ :

230 GtC 1400 GtC Soils
Coasts 3 GtC
1700 GtC 10-45 GtC  Surface
sediments

1750 GtC

Coal reserves
560 GtC

Budget imbalance -0.4

Anthropogenic fluxes 2014-2023 average GtC per year

N Fossil CO, E \J, Land uptake S, Stocks GtC
Land-use change E 4, Ocean uptake S ., + Atmospheric increase G,_,
4 CDR not included in E.; Carbon cycling GtC per year Budget Imbalance B

Source: Global Carbon Budget (2024)



Figure 2 -Forest Carbon stock in biomass
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Regarding (2), substituting wood for other materials, such as steel and aluminum, reduces fossil fuel
consumption during material production. Table 1 shows the amount of fossil fuel consumed in the
production of each material. It can be seen that air-dried timber and kiln-dried timber consume
significantly fewer fossil fuels compared to other materials.

Table 1 - Fossil fuel consumption during material production

MJkg  MJ/m?

Air-dried timber 1.5 750
Kiln-dried timber 2.8 1,390
Plywood 12.0 6,000
Particleboard 20.0 10,000
Steel 35.0 266,000
Aluminum 435.0 1,100,000
Concrete 2.0 4,800

Source: Arima (2003)

While the use of wood helps reduce fossil fuel consumption, it is also important to consider

substituting fossil fuels with wood when reusing timber reclaimed from buildings. (MINISTRY OF
AGRICULTURE, FORESTRY AND FISHERIES, 2025).



Regarding (3), fossil fuels originate from ancient carbon that is hundreds of millions of years old;
therefore, using fossil fuels adds new carbon to the atmosphere. In contrast, wood originates from

atmospheric carbon, so the use of wood can be considered carbon neutral (Friedlingstein et al., 2024).

As explained above, wood utilization contributes to storage carbon, reducing the use of fossil fuels
and substitution for fossil fuels. But in utilizing wood, growth stress and reaction wood—introduced
below—can sometimes pose challenges even though they were necessary for tree to live (Gril et al.
2017).

1.2 Growth stress

In order to support vertical development, trees induce surface growth stress near the bark,
characterized by tensile forces. With maturation, these stresses progressively accumulate, forming
residual growth stress (Figure 3).

Figure 3 - Surface growth stress and residual growth stress

tensile compressive tensile
[ ___ ____

tensile t ttensile

Source: Author’s own

Although residual growth stress is necessary for tree to gain advantage in the struggle for survival, it
causes processing defect when it was used by human. The distribution of residual growth stress causes
end-splitting in logs by releasing residual growth stress during cutting and boiling (Castéra et al.,
1994; Jullien et al., 2003; Hernandez et al., 2014; Nistal et al., 2020; Rozas et al., 2021). It causes
yield loss of up to 30% (FAO, 1966) (Figure 4). Although waste wood is used for biofuel (Nakano et
al. 2024), deformations caused by releasing of growth stress limit wood utilization. The releasing of
growth stress by steaming or boiling is called hygrothermal recovery (HTR) (Kubler, 1987). HTR is
explained in chapter 2.3 in detail.
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Figure 4 - End-splitting in log

Source: Kameyama (2025), Doctoral dissertation

1.3 Reaction wood

Reaction wood refers to the specialized tissue formed by trees growing on slopes in order to exhibit
negative gravitropism. Conifers form compression wood (CW) on the lower side of the inclined stem
to push the trunk upward, while hardwoods form tension wood (TW) on the upper side to pull the

trunk upward (Figure 5).

Figure 5 — Reaction wood of softwood (left) and hardwood (right)
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Together, Compression wood (CW) and Tension wood (TW) are collectively called reaction wood.
CW has a higher proportion of matrix material and a larger cellulose microfibril angle (CMA)
compared to normal wood (NW). In contrast, TW contains a higher proportion of cellulose and has a
smaller CMA than NW (Yamamoto and Okuyama, 1993; Yamamoto and Okuyama, 1994).
Anatomically, CW tracheids tend to have a more rounded shape than those in NW (Timell, 1986;
Donaldson and Singh, 2013) (Figure 6).

Figure 6 - Anatomical features of Compression wood (CW) (left) and Normal wood (NW) (right)

- - -
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Source: Peng ef al. (2019)

While TW often develops a gelatinous layer (G-layer) on the innermost surface of the xylem fibers
(Onaka, 1949) (Figure 7).

Source: Author’s own

Although reaction wood is important for trees to resist the force of gravity, the distribution of reaction
wood in a tree causes deformation when we process wood. CW and TW accumulate compressive and
tensile stress, respectively. These stresses are released during cutting and boiling. As a result, wood
shows deformation (Kitahara et al., 1986; Okuyama et al., 1994).
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1.4 Hardwood utilization

Hardwood is used for furniture and construction (Figure 8 (a), (b)), but it is less utilized than softwood
because it is difficult to process. Hardwood often shows complex shapes caused by growth stress
(Figure 8 (c)). However, it has a beautiful grain (Figure 8 (d)). For example, in Japan, keyaki (Zelkova
serrata Makino) is used for traditional structures such as shrines and temples. Therefore,

understanding the properties of hardwood is important for expanding its utilization.

Figure 8 - Hardwood utilization

Source: (a) CondeHouse; (b) Kameyama (2025), Doctoral dissertation;
(¢) & (d) https://wood-museum.net/keyaki.php
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1.5 Purpose of present study

During processing, complex deformations are induced by superposition of distributions of residual
growth stress with stress in reaction wood and releasing of those. Understanding the mechanism of
releasing stress is necessary for sustainable use of wood. Especially, the releasing of stresses during

boiling is referred as hygrothermal recovery (HTR) (Kubler, 1987).

The aim of this study is to understand the behavior of hygrothermal recovery (HTR) by using
hardwood (Zelkova serrata Makino) containing tension wood. In chapter 3, the radial distributions of
HTR strain in a disk were measured with radial distributions of the G-layer proportion, crystallinity
index (C.1.), microfibril angle (MFA), drying strain to clarify the variations in the behaviors of wood.
In chapter 4, HTR strains were measured with drying mass change, crystallite size (L), and d-spacing

under various treatment temperatures and durations.

Ultimately, this fundamental study provides a mechanistic and quantifiable foundation necessary for
developing effective industrial pre-treatments and Non-Destructive Testing (NDT) criteria. And
understanding the mechanism of HTR contributes to the identification of optimal uses for trees and

their local regions, and the control of growth stress and tree shape.
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Chapter 2: Literature review

2.1 Wood structure

The wood cell wall consists of approximately 50% cellulose, 20-30% hemicellulose, and 20-30%
lignin (PETTERSEN, 1984). Within the wood cell wall, cellulose molecules bundle together to form
cellulose microfibrils (CMFs), and hemicellulose and lignin are located in the spaces between these
CMFs, creating a composite structure (Figure 9). Since cellulose is crystalline while hemicellulose

and lignin are amorphous, hemicellulose and lignin are collectively referred to as the matrix.

Figure 9 - CMFs within the wood cell wall and its crystalline structure
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Source: Toba et al. (2013)
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2.2 Reaction wood and Growth stress

Figure 10 shows the trend in the number of publications on “reaction wood” or “tension wood” or
“compression wood” in Web of Science. Research on this topic has been conducted for nearly 100

years, and the number of publications has shown an increasing trend since around 2000.

Figure 10- Number of publications and citations with the terms “reaction wood” and “tension wood” or

“compression wood” searched in the Web of Science.
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Figure 11 shows the main categories and their proportions, displaying only those categories that
account for more than 5% of the total categories. This data shows that reaction wood is of interest not

only in forestry but also in materials science as well as plant science.

Figure 11 - The main research categories involving the terms “reaction wood” and “tension wood” or

“compression wood” and their proportion (%) searched in the Web of Science.

reaction wood

MATERIALS
SCIENCE PAPER PLANT
FORESTRY WOOD SCIENCES
27 20 16

Source: Author’s own



19

Figure 12 shows the main research countries of reaction wood. Japan’s papers account 10% in total
papers of reaction wood. In Japan, after the domestic wood self-sufficiency rate reached its lowest
point in 2002, both the self-sufficiency rate and the supply of domestically produced timber increased
(Figure 13). This is because Russia raised export tariffs on softwood logs between 2007 and 2008,
which reduced the import volume of northern logs and made it necessary to use domestic timber more
efficiently (JAPAN FORESTRY AND FORESTRY EDUCATION CENTER, 2025) In addition,
technological innovations have made it possible to produce plywood from small-diameter logs such
as thinnings, which has also contributed to the increase in the wood self-sufficiency rate (MINISTRY
OF AGRICULTURE, FORESTRY AND FISHERIES, 2025). So, it can be considered that the
renewed promotion of wood utilization has occurred, leading to an increase in research on processing
defects. Additionally, compared to the search results for growth stress, the proportion of Plant Science
is higher. This is likely because, in addition to applied research for wood utilization, anatomical and

genetic fundamental research is also actively conducted.

Figure 12 - The main research countries involving the terms “reaction wood” or “tension wood” or “compression
g

wood” and their proportion (%) searched in the Web of Science.
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Figure 13 Trends in wood demand in Japan.
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Figure 14 shows the trend in the number of publications on “growth stress” and “wood” in Web of
Science. It indicates that research on this topic has been ongoing for over 40 years. The irregular
trend in the number of publications is likely because there are few researchers working on growth
stress, and the number is influenced by their experimental and writing schedules. In addition,
number of publications of growth stress is less than those of reaction wood. It is considered to be

due to the bias in the main research categories of growth stress compared with those of reaction

wood (Figure 12 & Figure 15).
Figure 14- Number of publications and citations with the terms “growth stress” and “wood” searched in the
Web of Science.
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Figure 15 shows the main categories and their proportions, displaying only those categories that
account for more than 5% of the total categories. This data also shows that growth stress is of interest

not only in forestry but also in materials science as well as plant science.

Figure 15 - The main research categories involving the terms “growth stress” and “wood” and their

proportion (%) searched in the Web of Science.
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Mechanisms of Growth Stress Generation in terms of reaction wood and growth stress

There are mainly three hypotheses regarding the mechanism of growth stress generation in wood
formation. The first hypothesis is the “Lignin Swelling Hypothesis” proposed by Watanabe (1967)
and Boyd (1972). According to this hypothesis, the matrix containing lignin is constrained by the
rigid cellulose, causing expansion of the matrix in the direction perpendicular to the orientation of

cellulose. This hypothesis explains the tangential surface growth stress.

The second hypothesis is the “Cellulose Tension Hypothesis” proposed by Bamber (1978), which
developed the idea of Wardrop (1965). This hypothesis suggests that the cellulose microfibrils
(CMFs) themselves generate tensile stress, explaining the longitudinal surface growth stress.

The third hypothesis is the “Unified Hypothesis” by Okuyama (1993). In this model, the first
hypothesis is applied to regions with a large microfibril angle (MFA), and the second hypothesis is
applied to regions with a small MFA4.

Figure 16 — Unified hypothesis

L]

Lignin content  : ggong Weak

When longitudinal residual maturation strain (LRMS) increases,
MFA and the Klason lignin content decrease together.

Sorce: Author’s own based on Bailleres et al.1995

Reaction wood is useful as a comparative reference to normal wood (NW) in terms of chemical
composition and structure. Therefore, it is often used when examining hypotheses regarding the

mechanism of growth stress generation.
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Okuyama (1994) used tension wood (TW), which has a smaller microfibril angle (MFA4) and a higher
cellulose content than NW, to investigate the correlation between longitudinal tensile surface growth
stress and physical properties (G-layer cross-sectional area, MFA, cellulose content, crystallinity,
lignin content). This study demonstrated the effectiveness of the unified hypothesis, particularly in
cases where the MFA is small. Subsequently, Okuyama (1998) used compression wood (CW), which
has a larger MFA and higher lignin content than NW, to examine the correlation between longitudinal
compressive surface growth stress and lignin content, demonstrating the effectiveness of the unified

hypothesis for regions with a large MFA.

Since then, research supporting the unified hypothesis has continued through measurements of G-
layer proportion, MFA, chemical composition, and comparisons with mechanical models (Bailleres
et al., 1995; Guitard et al., 1999; Yoshida et al., 2002; Yamamoto et al., 2004; Yamamoto, 2005;
Ruelle et al., 2006; Hang et al., 2007; Fang et al., 2008a,b; Hirohashi et al., 2012).

However, some studies, such as Clair (2006), have compared stress levels with G-layer occurrence
and suggested that the G-layer is not the primary factor in the formation of wood with high tensile

stress. This indicates that continued data collection is necessary.
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Detailed studies on the unified hypothesis—specifically, how and what triggers matrix swelling and

CMF contraction—have progressed as follows:

Yoshida (2003) investigated the generation of tangential surface growth stress and showed that
tangential strain increases at night, resulting from changes in moisture content and the volume
changes of differentiating cells. Furthermore, TW contains more moisture than NW and expands more
during the night. Almeras (2006) studied the generation of longitudinal surface growth stress and
suggested that the development of longitudinal growth stress in TW and CW is not directly related to
changes in turgor pressure or diurnal strain. For longitudinal tensile growth stress, xyloglucan has
been suggested to play a role in generating the tensile stress and standing the tensile stress created
within the G-layer as a main non-cellulose component in G-layer. (Mellerowicz et al., 2008; Baba et
al., 2009).

From these findings, it was suggested that the generation of growth stress perpendicular to the MFA
is influenced by matrix swelling due to increased moisture content, whereas the generation of growth
stress parallel to the MFA is not affected by moisture content and may be influenced by xyloglucan.
Other studies have suggested that lignin deposition and xylem formation are affected by gravitational
stimuli (Yoshida et al., 2005) and light stimuli (Matsuzaki et al., 2007; Almeras et al., 2009). Yoshida
(2005) showed that gravitational stimuli influence the distribution of lignin deposition.

Subsequent research on the mechanism of growth stress generation has advanced by incorporating

the concept of hygrothermal recovery (HTR); this will be discussed in Section 2.2 HTR.

Wood Utilization and Growth Stress

The economic penalty associated with growth stress is significant. During processing, growth stress
can cause warping and cracking, reducing yield (FAO, 1966). For this reason, some studies have used
growth stress measurements to predict end-splitting in logs (Castéra et al., 1994; Jullien et al., 2003;
Hernandez et al., 2014; Nistal et al., 2020; Rozas et al., 2021). Additionally, research has been
conducted on traits for selecting individuals with low growth stress and predicting the magnitude of
growth stress (Santos et al., 2004; Trugilho et al., 2008; Biechele et al., 2009; Watanabe et al., 2012;
Solirvano et al., 2012; Jullien et al., 2013). Some studies have even explored reducing growth stress
using herbicides (Cademartori ef al., 2015; Silva et al., 2017).

However, growth stress can also be advantageous in wood utilization. For example, some studies

have shown that high growth stress contributes to increased wind resistance (Zanuncio et al., 2017).
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23 HTR

When a tree is felled, the elastic component of growth stress is released immediately, while boiling
releases the viscoelastic component, also known as the locked-in stress. The latter is referred to as
hygrothermal recovery (HTR). The first mention of the relationship between HTR and growth stress
is attributed to Koehler (1933) (at that time, the term HTR had not yet been defined).

Figure 17 shows the trend in the number of publications on “hygrothermal recovery” and “wood” in
Web of Science, while Figure 18 shows the main categories and their proportions, displaying only
those categories that account for more than 5% of the total categories.

The term Hygrothermal Recovery (HTR) was defined in a review by Kubler (1987), based on the
study by Yokota and Tarkow (1962) (Chafe, 1992; Gril and Thibaut, 1994). Since the term was
defined relatively recently, the number of publications is still limited, but research on this topic has

been ongoing for over 30 years.

Figure 17 - Number of publications and citations with the terms “hygrothermal recovery” and “wood”

searched in the Web of Science.
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Figure 18 - The main research categories involving the terms “hygrothermal recovery” and “wood” and their

proportion searched in the Web of Science.
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Mechanisms of Growth Stress Generation in terms of HTR

In Section 2.1 Growth Stress and Reaction Wood, studies supporting the unified hypothesis were
introduced based on measurements of G-layer proportion, MFA, chemical composition, and
comparisons with mechanical models. In this section, we introduce studies that approached the
elucidation of growth stress generation mechanisms by examining the relationship between HTR and

growth stress.

To investigate the behavior of cellulose during HTR in detail, measurements of d-spacing were made
using Wide-angle X-ray scattering (WAXS) before and after HTR have been conducted (Abe et al.,
2005, 2006 and 2007; Toba et al., 2013). These studies suggest that growth stress is released through
contraction of CMFs in the direction parallel to the MFA and expansion of the spacing between

cellulose chains in the perpendicular direction, indicating matrix swelling.

To study matrix behavior in HTR in detail, HTR measurements have been performed under various
temperature conditions below the cellulose softening point (Sujan et al., 2016; Matsuo et al., 2016;
Chen et al., 2019; Chen et al., 2021; Yamamoto et al., 2022; Matsuo et al., 2023; Jing et al., 2025).
Since CW has a higher lignin content than NW and TW has a lower lignin content than NW, reaction
wood has been used in these studies as well. These studies support the unified hypothesis while

suggesting that lignin, in particular, may influence the release of growth stress within the matrix.

The release of growth stress is not only achieved through HTR but can also be induced by repeated
wetting and drying or by dimethyl sulfoxide (DMSO) treatment (Tanaka et al., 2014; Sujan et al.,
2018; Chen et al., 2020). By altering the moisture content of the matrix through these treatments,
volume changes in the matrix are induced, and behaviors similar to HTR are observed. These studies
also demonstrate the usefulness of approaching the mechanism of growth stress generation from the

perspective of HTR.

Wood Utilization and HTR

Understanding HTR behavior is also important from the perspective of wood utilization. HTR has
both aspects that promote cracking and aspects that relieve residual stress (Kubler, 1959, 1987; Fonti
et al., 2002; Nogi et al., 2003; Berard et al., 2006; Kong et al., 2017; Calihego et al., 2021; Moya et
al., 2022). HTR has also been modeled (Gril et al., 1994; Bardet et al., 2012; Lancha et al., 2021).

These models are effective not only for predicting HTR behavior but also as models of tree growth.
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Chapter 3: Radial distribution of tension wood properties in a thick branch of Zelkova serrata
Makino. A view of G-layer development

3.1 Introduction

In hardwoods, reaction wood is typically formed on the upper side of leaning trunks or branches and
is known as tension wood (TW) (Onaka 1949; Clair et al. 2003; Ghislain and Clair 2017). TW
generates significant tensile growth stress (Okuyama et al. 1990, 1994; Clair ef al. 2003; Washusen
et al. 2003), contributing to negative gravitropism in woody trunks (Yamamoto et al. 2002; Fourcaud
and Lac 2003). However, TW causes various processing defects when hardwood logs are used for
structural lumber. Sawing green hardwood logs often results in warping, cracking, and splitting of the

primary products. These defects are further exacerbated during the subsequent kiln-drying process.

Sawing defects in primary lumber result from the instantaneous release of the elastic component of
residual growth stress within the log, whereas the drying defects arise from abnormal shrinkage of
TW fibers— specifically, hygrothermal recovery (HTR) at the initial heating stage and drying
shrinkage during the subsequent drying stage. These defects significantly reduce the processing yield
of the final product (Vilkovska er al. 2019; Klement et al. 2019). Additionally, researchers suggest
that the viscoelastic component of growth stress remains in the cut specimens and is rapidly released
by boiling, causing HTR (Abe and Yamamoto 2007; Clair 2012; Sujan et al. 2015, 2016; Yamamoto
et al. 2022; Matsuo-Ueda et al. 2023).

As mentioned above, TW exhibits significantly higher growth stress, HTR, and drying shrinkage than
normal wood (NW). It is also known that TW has higher cellulose crystallinity and lower cellulose
microfibril angle (MFA) (Miiller et al. 2006; Yamamoto et al. 2022). Many researchers attribute these
properties of TW to the presence of cellulose-rich G-layers formed within the secondary walls of TW
fibers (Okuyama et al. 1990, 1994; Clair et al. 2003; Yamamoto et al. 2005).

In recent years, plantations of fast-growing hardwood species have become increasingly common to
meet the rising demand for hardwood lumber. These trees are typically harvested at a young age,
resulting in relatively small trunk diameters and often irregular trunk shapes. Consequently, the
lumber sawn from these logs contains both sapwood and heartwood and frequently exhibits TW. To
address defects caused by TW in these materials, it is essential to understand the distribution patterns

of TW properties within the trunk from heartwood to sapwood.
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However, there is limited information on the continuous variation of wood physical properties within
the trunk, from heartwood to sapwood, particularly focusing on TW formation. Therefore, the present
study used an inclined thick branch of a keyaki tree (Zelkova serrata M) to measure the radial
heterogeneity of physical properties from heartwood to sapwood containing TW. Specifically, we
examined HTR strain, drying strain, cellulose crystallinity, MFA and G-layer proportion across this
gradient. Our ultimate goal is to promote the use of lesser-known and small- to medium-diameter

hardwood logs for lumber.

3.2 Materials and Methods

3.2.1 Sample preparation and outline of experimental procedure

A basal disk was sampled from a 27-year-old branch with a diameter of 19 cm from a mature keyaki
tree (Zelkova serrata Makino), grown in Sekigahara Town, Gifu Prefecture, Japan. Keyaki trees are
used for traditional constructions such as shrines and temples. Therefore, a relatively large-diameter

specimen was used in this study:.

Vertical Groups A, B, and C

As shown in Figure 19,

(a) A vertical line was drawn through the pith on the cross-section of the sampled disk. A quartersawn
board measuring approximately 50 mm (longitudinal, L) x 15 mm (tangential, T) was cut to include
the vertical line.

(b) On the cross-section of the quartersawn board, sampling positions were marked every 5 mm along
the radial (R) direction from the pith toward the bark. At each position, rectangular portions measuring
50 mm (L) x 15 mm (T) x 5 mm (R) were prepared.

(c) From each rectangular portion, three specimens measuring 15 mm (L) x 15 mm (T) x 5 mm (R)
were cut. The specimens were grouped into Vertical groups A, B, and C, such that the specimens in

each group were contiguous along the R-direction.
Horizontal Group D
(d) A horizontal line was drawn through the pith on the cross-section. A quartersawn board measuring

15 mm (L) x 15 mm (T) was then cut to include the horizontal line, excluding the region near the pith

that had been used for the Vertical groups.
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(e) On the cross-section of the quartersawn board, sampling positions were marked every 5 mm along
the R-direction from the pith toward the bark. At each position, rectangular specimens measuring 15
mm (L) X 15 mm (T) x 5 mm (R) were prepared. These specimens were grouped as the Horizontal

group D.

Figure 19 - How to prepare specimens

Vertical group L:15mm
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Horizontal group
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Source: Author’s own

In this study, various measurements were conducted on each group, as shown in Figure 20. Vertical
group A was used to measure hygrothermal recovery (HTR) strain, cellulose crystallinity index (C.1.),
microfibril angle (MFA), and G-layer proportion. Vertical group B was used for the measurements of
drying strain, C.I., MFA and G-layer proportion. Vertical group C was used to measure HTR strain,
drying strain and C.I. Horizontal group D was used to measure HTR strain, C.I., MFA and G-layer

proportion.

Figure 20 - Measurements procedures for each group

Vertical group A HTR strain Cl— [MFA l—» [G-layer proportion]
~—
Vertical group B Cl}— [ MFA }—» [G-layer proponion]
Vertical group C ‘ HTR strain J—)[ Drying strain }—» C.L
Horizontal group D | HTR strain Cl— [WA ]—> [G-layer proponion]

Source: Author’s own
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3.2.2 HTR strain

For all groups, the L- and T-dimensions in the green condition (/¢ and /7°) were measured at room
temperature using a dial-gauge comparator with a reading accuracy of 0.001 mm (see Tanaka et al.
2014, ibid. 2015). Vertical groups A and C, and Horizontal group D were boiled in hot water (at
120 °C for 40 minutes using an autoclave). After these processes, the L- and T-dimensions (/z77% and
ITTR) were measured at room temperature, and the HTR strains due to boiling (e and er) were

calculated as follows:
JHTR G JHTR G
_ L T

e = Lt x100(%) , &= T x100 (%) ™
L T

3.2.3 Drying strain

Vertical group B was air-dried for one week from their green condition, followed by oven-drying at
105 °C for 24 hours using a convection oven. The Vertical group C were also dried after boiling.
Following these processes, the L- and T-dimensions, /2% and /74, were measured, and the drying

strains of Vertical group B (ar and ar) were calculated as follows:

ldry _ G ldTy _ G
a, = LZ—GL x 100 (%) , ar = TZ—GT X 100 (%) )
L T
The drying strain of Vertical group C (L and fr) were calculated as follows:
ldry _ lI:ITR ldry _ 7I-gTR
BL = LIT X100 (%) , Br = TZT %100 (%) )

3.2.4 Wide-angle X-ray scattering (WAXS) for crystallinity index (C.1.) and cellulose microfibril
angle (MFA)

After measuring dimensions, each specimen was divided into two flatsawn pieces measuring 15 mm
(L) x 15 mm (T) x 2.5 mm (R), which were air-dried for one week. Following air drying, wide-angle
X-ray scattering (WAXS) profiles were obtained using a XRD measurement device (Ultima IV,
Rigaku Co. Ltd., Tokyo, Japan) (Figure 21). The crystallinity index (C.l) was then calculated
according to Segal’s method (Segal et al. 1959) as modified by Yamamoto ef al. (2022) and with

reference to French er al. (2013), using the following formula in a Jupyter Notebook environment:

1200 - Iamor

C.l.= x 100 (%) (4)

L300
where Ixoo is the intensity of the 200 diffraction peak, which is fitted by a Lorentzian function, and
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Lamor 1s the intensity of the amorphous scattering around 26 = 18°, which is fitted by a quadratic
function, after subtracting the background intensity from the original profile.

Figure 21 - Typical WAXS profiles of (a) TW and (b) OW of keyaki tree used in the present study. The

background has been removed from the original profiles.
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After obtaining C.I., B profiles were derived (Yamamoto et al. 2022). Angle 7, which provides an
estimate of the average MFA, was determined from the 3 profiles (Cave 1966). As shown in Figure
22, tangent line was drawn at the inflection point Q. The intersection point R between the tangent line
and the base line (y=0), as well as the intersection point O between the symmetrical line and the base
line (y=0) were identified. The distance OR is defined as Angle 7 (°). The peak profiles were fitted
with a pseudo-Voigt function. The MFA were then calculated as follows (Cave 1966) in a Jupyter
Notebook environment:

MFA(°) = 0.6 X Angle T. (5)
Yamamoto et al. (1993) and Tanaka et al. (2014) demonstrated that Cave’s method can be applied
when angle 7 ranges approximately from 15° to 40°. In the present study, although a few specimens
exhibited small angle T values as low as 13°, all calculations were performed using Cave’s method
Eq. (5) for simplicity.

Figure 22 - Typical  profiles of (a) TW and (b) OW of keyaki tree used in the present study. The background

has been removed from the original profile.
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3.2.5 Microscopy observation and G-layer proportion

After MFA measurements, the specimen was swollen in water, and cross-sections with thicknesses of
14-18 um were prepared from Vertical groups A and B, and Horizontal group D, using a sliding
microtome (Yamato, blade type S35). The sections were first stained with a 1% aqueous safranin
solution, then dehydrated through a graded ethanol series. Upon reaching 95% ethanol, they were
stained with a 1% ethanolic fastgreen solution, followed by final dehydration in 100% ethanol. The
stained sections were then cleared with Lemosol and mounted using Entellan® New (Merck,
Darmstadt, Germany; Cat. No. 1.07961.0100).

Observations were conducted using a light microscope (BX53, Olympus, Tokyo, Japan). The
presence of the G-layer was initially confirmed through high-magnification observations (10x—40x)
(Figure 23). Subsequently, microscopic images covering the entire section were captured at 4x
objective magnification and stitched together using Process Manager (cellSens [ Ver. 4.2.1], Olympus),
enabling the reconstruction of wide-field images from multiple adjacent fields of view. As shown in
Figure 24, G-layer proportion in microscopic images of each specimen was measured by adjusting
the HSV (Hue, Saturation, Value) range to (50, 50, 50)—(120, 255, 255) to extract the fastgreen—

stained areas (i.e., G-layer regions) from the entire cross-section of the specimen.

Figure 23 - Well-developed G-layer, (b) partially-developed G-layer, and (¢) poorly-developed G-layer of

keyaki tree used in the present study. The scale bars in the lower right corner of the images represent 40 um.
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Figure 24 - (a) Captured image showing well-developed G-layer, and (b) image with the fast-green stained
area extracted (highlighted in green). The G-layer proportion in this specimen was 57%. (c) Captured image
showing partially developed G-layer, and (d) image with the fast-green stained area extracted (highlighted in

green). The G-layer proportion in this specimen was 13%.

15 mm (T direction)

2.5 mm
(R direction)

Source: Author’s own

G-layer proportion (g) was calculated as follows:

Pixel count of the region extracted as G-layer
g = £ YL % 100 (%). (6)

Pixel count of the entire section
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3.3 Results and Discussion

3.3.1 Vertical groups A, B, and C

TW formation, C.1., and MFA

G-layer proportion in Vertical groups A and B was higher on the upper side of the branch, indicating
that TW-fiber was formed on the upper side of the branch. Similarly, C.Z. in Vertical groups A, B and
C was also higher, and MFA in vertical groups A and B was lower on the upper side (Figure 25).
Those were nearly uniform regardless of the distance from the pith. These results suggest that both

C.I. and MFA directly reflect the degree of G-layer development.

Although the G layer proportion was not measured in Vertical group C, the specimens in Vertical
group C were taken from fibers longitudinally aligned with those in Vertical groups A and B.
Therefore, it is reasonable to assume that TW also formed on the upper side in group C. In fact, the
radial distribution C.I. of Vertical group C exhibited a trend similar to that of Vertical groups A and B

as described below.



Figure 25 - Radial distributions of C./1., and MFA in comparison with G-layer proportion
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Drying strain

The drying strain in the L-direction of Vertical groups B and C exhibited a greater negative
(contractive) value on the upper side of the branch, while it was nearly zero or slightly positive
(expansive) on the lower side (Figure 26). The drying strain in the T-direction also showed a more
pronounced negative value on the upper side of the branch, with a relatively smaller negative value
on the lower side (Figure 26). These differences between the upper and lower sides are consistent
with previous studies where specimens were taken around the circumference of disks (Clair et al.
2003; Abe and Yamamoto 2007). The drying strain was almost uniform on both the upper and lower
sides of the branch, regardless of the distance from the pith. Therefore, the drying strain is primarily

determined by the G-layer proportion, with minimal dependence on the distance from the pith.

No clear difference was observed in the drying strain in the L-direction between groups B and C on
either the upper or lower sides of the branch. However, the contractive drying strain in the T-direction
was slightly greater in group C than in group B on both sides. This heightened T-strain in group C
likely results from the boiling treatment preferentially softening or partially leaching amorphous
hemicelluloses/lignin (matrix components), thereby removing the restraint on the highly hygroscopic
cellulose structure, allowing for greater collapse in the T-direction upon drying. From these results, it
can be considered that the HTR can be release growth stress in the L-direction but also causes grater
collapse in the T-direction subsequent drying.

Figure 26 - Radial distributions of drying strains (L, T) in comparison with G-layer proportion
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HTR strain

HTR strain in the L-direction of Vertical groups A and C exhibited the maximum negative
(contractive) strain near the bark on the upper side of the branch. The absolute value of the HTR strain
decreased monotonically and became positive (expansive) as it approached the pith, ultimately
reaching the maximum positive strain near the pith. On the lower side of the branch, the HTR strain
in the L-direction was nearly zero or slightly positive near the bark and showed the maximum positive

strain near the pith (Figure 27).

The HTR strain in the T-direction of Vertical groups A and C exhibited maximum positive strain near
the bark on the upper side of the branch, which gradually decreased toward the pith and showed a
slight negative strain near the pith. On the lower side of the branch, the HTR strain was positive near

the bark but somewhat smaller than that observed on the upper side (Figure 27).

The HTR strain in the L-direction exhibited a mountain-shaped distribution, whereas in the T-
direction, it displayed a valley-shaped distribution (Figure 27). These variations, depending on the
distance from the pith, are consistent with previous studies on sugi trees (Cryptomeria japonica D.)
(Sasaki and Okuyama 1983; Kitahara et al. 1986). Therefore, it can be suggested that HTR depends
not only on the G-layer proportion but also on the distance from the pith, regardless of whether the

wood is softwood or hardwood. This point will be discussed again later.



Figure 27 - Radial distributions of HTR strains (L, T) in comparison with G-layer proportion
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3.3.2 Horizontal group D

TW formation, C.1., and MFA

Unlike the case in Vertical groups, Horizontal group included specimens that exhibited a medium G-
layer proportion. Horizontal group D showed a slightly higher G-layer proportion on the right side of
the x-axis compared to the left side. C.I. and MFA also displayed similar trends to the G-layer
proportion (Figure 25).

HTR strain

The HTR strain in the L-direction of Horizontal group D exhibited the maximum negative strain near
the bark. Near the bark, HTR strain showed contraction (negative), while near the pith it showed

extension (positive). In between, the strain transitioned from negative to positive (Figure 27).

The HTR strain in the T-direction of Horizontal group D exhibited larger positive values near the bark,
which decreased toward the pith, reaching the maximum negative value at the innermost position
(Figure 27).

Like Vertical groups, the HTR strain in the L- and T-directions exhibited mountain- and valley-shaped
distributions, respectively. This indicates that the HTR strain depends on the distance from the pith,

regardless of whether the groups are Vertical or Horizontal (Figure 27).
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3.3.3 Correlation between G-layer proportion and various measurements

Figure 28 (a) shows the correlation between the G-layer proportion and C.Z. in Vertical groups A and
B, with an R-squared value of 0.73. Figure 28 (b) illustrates the correlation between the G-layer
proportion and MFA in Vertical groups A and B, with an R-squared value of 0.63. Figure 28 (c) depicts
the correlation between the G-layer proportion and the HTR strain in the L-direction in Vertical group
A and Horizontal group D, with an R-squared value of 0.53. Figure 28 (d) shows the correlation in

the T-direction for Vertical group A and Horizontal group D, with an R-squared value of 0.32.

The correlation between C.1., MFA, and the HTR strain with the G-layer proportion was highest for
C.L, followed by MFA, and lowest for the HTR strain. These results suggest that C./. and MFA are
primarily influenced by TW associated with the G-layer proportion and minimally affected by the
distance from the pith. In contrast, the HTR strain is influenced both by TW and by other factors
related to the distance from the pith, such as the distribution of residual growth stress. Indeed,
previous studies on conifers (Sasaki and Okuyama 1983; Kitahara et al. 1986) have demonstrated
that HTR reflects the history of growth stress generation in the xylem and its accumulation during
radial growth. The lower correlation of HTR strain with the G-layer proportion is not a limitation but
the primary evidence of HTR’s superiority as a metric. It confirms that the HTR strain is a measure
of the complex, accumulated stress history of the wood—an inherently dynamic quantity influenced
by distance from pith—rather than merely a static anatomical feature like C.I. or G-layer area. This
establishes HTR as a dynamic-history metric and a more reliable tool for predicting eventual warping

defects than simple anatomical indices alone.

For reference, Figure 28 (e) shows the correlation between the G-layer proportion and the drying
strain in the L-direction for vertical group B, and Figure 28 (f) shows the correlation in the T-direction
for vertical group B. Because there is no data set for specimens with a medium G-layer proportion, it
is not possible to easily discuss the correlation, but we have calculated the apparent R-squared values
for Figure 28 (e) and (f). The values obtained are quite high, at 0.89 and 0.73, respectively. This is
mainly because the data set is clearly divided into two different groups: TW, which has a high G-layer
proportion with a large contractive drying strain, and NW, which has a zero or low G-layer proportion

but a small drying strain.
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Figure 28 - Correlation between C.1., MFA, HTR strains (L, T), drying strains (L, T) and G layer proportion
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3.4 Conclusion

In this study, using a thick branch of a keyaki tree, HTR strain, drying strain, C./., MFA, and G-layer

proportion were measured vertically and horizontally along the radial direction on the cross-section.

On the upper half of the inclined branch, higher G-layer proportion was observed, confirming the
formation of TW. C.I., MFA, and the drying strain exhibited behaviors characteristic of TW on the
upper side. The comparison of correlations between C.I., MFA, and the HTR strain with the G-layer
proportion was highest for C.7., followed by MFA, and lowest for the HTR strain.

Considering the radial distribution patterns of these traits, it is suggested that C.I. and MFA are
primarily affected by TW, which is related to the G-layer proportion, and that the distance from the
pith has a small effect. Although there is little data, the same can be said about the drying strain as for
MFA and C.1. On the other hand, the HTR strain is influenced not only by TW but also by other factors
such as growth stress, suggesting that HTR reflects the history of growth stress generation in the

xylem and its accumulation during radial growth.

To improve hardwood lumber processing, it is essential to understand the mechanisms of growth

stress and other TW properties in relation to the G-layer.
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Chapter 4: Mechanism of Growth Stress Generation inferred from Hygrothermal Recovery

Behavior of Hardwoods including Tension wood

4.1 Introduction

Wood is an important resource for sustainability and is used for furniture and building materials.
During lumber processing including sawing, boiling and drying, wood may warp and crack. These
deformation causes yield loss of up to 30% (FAO, 1966) and caused by releasing growth stress
(Kitahara et al. 1986; Gril et al. 2017).

Growth stress is influenced by tree growth and environmental conditions. To grow taller, a tree
generates surface growth stress, a tensile and compressive force along the longitudinal (L) and
tangential (T) direction, respectively, formed just inside the cambium. As the tree matures, the stem
thickens, and surface growth stresses accumulate, resulting in residual growth stress. Residual growth
stress has tensile stress near the bark and compressive stress near the pith. On a slope, hardwood
forms a G-layer at the innermost part of the wood fiber on the upper side of the stems to induce
negative gravitropism (Yamamoto et al. 2002). The G-layer generates stronger surface growth
stress(Okuyama et al. 1994; Yoshida et al. 2002).

In this way, the standing tree is mechanically balanced, but this balance is disturbed by falling, sawing,
and boiling, leading to the release of growth stress, which occurs in two stages. When a tree is felled,
the elastic components of residual growth stress are instantaneously released. Subsequently, the
viscoelastic components are released over a long period. However, these components can also be
released in a shorter time by boiling. The release of growth stress through boiling is referred to as
hygrothermal recovery (HTR) (Gril and Thibaut 1994; Abe and Yamamoto 2006; Bardet et al. 2012;
Capron et al. 2018; Chen et al. 2020, 2021; Yamamoto et al. 2022; Matsuo-Ueda et al. 2023).

HTR has been studied from macroscopic behaviors such as dimensional changes to microscopic
behaviors at the level of cellulose crystals (Abe et al., 2005, 2006 and 2007; Toba et al., 2013).
However, its mechanism has not yet been clarified. The objective in this study is to understand the

mechanism of HTR in cellulose crystal level.
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4.2 Materials and methods

4.2.1 Sample preparation and outline of experimental procedure

A basal disk was sampled from a 38-year-old, keyaki tree (Zelkova serrata Makino) with a leaning
trunk diameter of 16 cm at the Gifu Prefectural Research Institute for Forests, Gifu Prefecture, Japan.
Keyaki trees are used for traditional constructions such as shrines and temples. Therefore, a relatively

large-diameter specimen was used in this study.

As shown in Figure 29, disks were cut from the trunk, and numerous quarter-sawn strips with
dimensions of approximately 80 mm in the longitudinal (L), 15 mm in the tangential (T), and 5 mm
in the radial (R) directions were prepared from various positions in the sapwood. These strips were

randomly divided into Group A and Group B.

For Group A, four to five specimens measuring 15 (L) x 15 (T) x 5 (R) mm were prepared from each
strip. After measuring the green dimensions in the L and T directions, the specimen closest to the
upper end was heated to 100°C for a cumulative 5000 min and subsequently to 120°C for 3000 min.
The time-dependent evolution in hygrothermal recovery strain (HTR strain), expressed as elongation
relative to the green dimensions, was recorded. For the remaining specimens, the oven-dry mass was
first determined, and then, in order from the upper end, the specimens were boiled for a cumulative
4000 min at 120 °C, 100 °C, 80 °C, or 60 °C. The time-dependent evolution of drying mass, expressed

as a percentage of the green oven-dry mass, was measured.

For Group B, the prepared strips were randomly divided into four subgroups (a—d). From each strip,
four to five specimens measuring 15 (L) x 15 (T) x 5 (R) mm were cut. Among the specimens
contiguous in the L direction, the one closest to the upper end was air-dried at room temperature to
obtain profiles of wide-angle X-ray (WAXS). The green L and T dimensions of the remaining
specimens were measured. All specimens were then subjected to boiling treatment for a cumulative
4000 min, during which the time-dependent evolutions in both crystallinity index (C.1.), the crystallite
size (L), d-spacing (d), and HTR strain were determined. The treatment temperatures for subgroups
a, b, c,and d were 120 °C, 100 °C, 80 °C, and 60 °C, respectively. C.I. measurements were performed

under air-dry conditions.

The specimens for measuring HTR strain and C./. were separated because HTR has been reported to

occur even under repeated wetting and drying cycles(Tanaka et al. 2015; Sujan et al. 2018).
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Figure 29 - How to prepare specimens
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4.2.2 HTR strain

First, the L- and T-dimensions in the green condition (/¢ and /79) were measured at room temperature
using a dial-gauge comparator with a reading accuracy of 0.001 mm (see Tanaka et al. 2014, ibid.
2015). After boiling and cooling in running water, the L- and T-dimensions (/"% and I7/7"R) were
measured at room temperature. These boiling, cooling and measuring processes were repeated until
the cumulative time reached 8000 and 4000 min in Group A and Group B, respectively. HTR strains

due to boiling (ez and er) were calculated as follows:
[HTR G [HTR G

g =L %100 (%), er= T %100 (%). 7

Iy I7
4.2.3 Drying mass change

Green specimens were air dried for 3 days, oven dried at 60°C for 1 days and oven dried at 105°C for

7 hours. Then, specimens were cooled in for 15 min in a sealed container and drying mass (1m,) were
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measured at room temperature using a convection oven. After boiling, specimens were dried and
cooled as mentioned earlier. Then, drying mass (m;) were measured at room temperature. These
drying, boiling, cooling and measuring processes were repeated until the cumulative time reached
4000 in Group A. Drying mass change due to boiling (4m) were calculated as follows:

my — My

Am = x 100 (%) (8)

0

4.2.4 Wide-angle X-ray scattering (WAXS)

After air-drying the green specimens, wide-angle X-ray scattering (WAXS) profiles were obtained
using an XRD measurement device (Ultima IV, Rigaku Co. Ltd., Tokyo, Japan) (Figure 30). WAXS
profiles were measured on both sides of each specimen at 200, 2030, and 4000 min following boiling
and air-drying. The profiles were fitted with a pseudo-Voigt function. Each parameter —
Crystallinity index (C.1.), the crystallite size (L) and D-spacing — was calculated in a Jupyter

Notebook environment.

Crystallinity index (C.1.) was calculated according to Segal’s method (Segal et al. 1959) as modified
by Yamamoto ef al. (2022), using the following formula:

1200 - Iamor

C.l.= X 100 (%) (9)

L300
where ©o is the intensity of the 200 diffraction peak, and lamor is the intensity of the amorphous

scattering around 260 = 18° after subtracting the background intensity from the original profile.

The crystallite size (L) was estimated using the Scherrer equation:

K (10)
~ FWHMcos0 -

where L is the crystallite size, K is the shape factor (typically 0.9), 1 is the X-ray wavelength, FWHM

L

is the full width at half maximum of the diffraction peak in radians, and 6 is half of the 20 value of

Doo.

D-spacing was calculated according to Bragg’s law, using the following formula:

ni
2sing M an

where 7 is the diffraction order, A is the X-ray wavelength, and 6 is half of the 26 value of /2.

d — spacing =
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Figure 30 - Typical WAXS profiles of TW (a) and OW (b) of Zelkova serrata M. used in the present study.

The background has been removed from the original profiles.
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4.3 Results and discussion

4.3.1 HTR strain and drying mass change of Group A

HTR strain

Figure 31 (a) shows the time-dependent evolution of HTR strain (L) from 0 to 8000 min, and Figure
31 (b) shows the time-dependent evolution of HTR strain (L) from 0 to 200 min in Group A. In Figure
31 (b), specimens that shrank at the beginning of the boiling treatment (likely TW) and specimens
that did not shrink (likely opposite wood, OW) were observed. The variation in shrinkage among the
TW specimens is considered to reflect difference in the degree of TW development. In Figure 31 (a),
when the treatment temperature was increased to 120 °C at 5000 min, OW specimens also began to
shrink linearly. Figure 31 (c) shows the time-dependent evolution of HTR strain (T) from 0 to 8000
min, and Figure 31 (d) shows the time-dependent evolution of HTR strain (T) from 0 to 200 min in
Group A. It was observed that TW specimens with larger shrinkage in HTR strain (L) at 8000min in
Figure 31 (a) tended to exhibit greater elongation at the beginning of boiling. When the treatment
temperature was raised to 120 °C at 5000 min, all specimens began to shrink thereafter. OW showed
a transition to shrinkage beyond 6500 min, with the dimensions becoming smaller than in the green

state.



Figure 31 - Time-dependent evolution of HTR strain in Group A
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Drying mass change

Figure 32 (a)—(d) shows the time dependent evolution of drying mass change from 0 to 4000 min.
The drying mass change increased with higher temperatures. Moreover, TW specimens tended to
exhibit smaller drying mass change than OW specimens. Figure 32 (e)—(h) show the results from 0 to
200 min. Although, likely Figure 32 (a)—(d), higher temperatures led to larger drying mass change,
no clear difference in drying mass change was observed between TW and OW. It was found that the
TW shrinks in the L direction and expands in the T direction compared to the OW due to HTR, and

this is not because the TW has a higher amount of matrix component elusion.
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Figure 32 - Time-dependent evolution of drying mass change to (a)~(d) 4000 min and (e)~(h) 200 min in

Group A
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4.3.2 HTR strain and C.1., L and d-spacing of Group B

C.L

Figure 33 (a)—(d) shows the time-dependent evolution of C./. in Group B during boiling treatment.
At the early stage of treatment (0-200 min), C.I. decreased once, and thereafter, as the treatment time
increased to 2030 and 4000 min, C.I. gradually increased. Figure 33 (e) shows the rate of change at
each time point, categorized by treatment temperature and by TW or OW. Specimens with C./. at 0
min more than 75% were classified as TW, and those with C.1. at 0 min less than 75% were classified
as OW. Regarding the decrease in C./. during 0—200 min, OW exhibited a greater decrease rate than
TW. For the increase in C./. during 200-2030 min, OW at 100 °C and 120 °C showed larger increase
rates. For the increase in C./. during 2030—4000 min, TW tended to show smaller increase rates
compared to OW. The decrease or increase in C./. is considered to be influenced by the corresponding

changes in lamor due to the thermal motion, decomposition, and leaching of matrix components.

Figure 33 - Time-dependent evolution and change rate of C.I. in Group B
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HTR strain

Figure 34 (a)—(d) shows the time-dependent evolution of HTR strain (L). The color of the plots at the
right edge of each graph indicates the magnitude of C./. at 0 min. Specimens with C./. at 0 min greater
than 75% were classified as TW, and those with C.1. of 75% or less were classified as OW. TW tended
to exhibit larger shrinkage within 0-200 min. At 4000 min, the amount of shrinkage increased with
higher treatment temperatures. OW showed almost no dimensional change from 0 to 4000 min at
60 °C, slight shrinkage between 2000 and 4000 min at 80 °C, and gradual shrinkage at 100 °C and
120 °C. The overall trends were consistent with previous studies (e.g. Yamamoto et al. 2022).
Exceptions included specimens at 100 °C that, despite a large C.I. at 0 min, did not show significant
shrinkage within 200 min, and specimens at 120 °C that, despite a small C./. at 0 min, did show
considerable shrinkage within 200 min.

Figure 34 (e)-(h) show the time-dependent evolution of HTR strain (T). During 0-200 min, TW
tended to elongate more than OW. Thereafter, at 4000 min, HTR strain decreased at 120 °C, whereas
at other temperatures it remained nearly constant. Like the L direction, the overall trends were
consistent with previous studies. Exceptions included specimens at 100 °C that, despite having a large

C.1. at 0 min, showed only small elongation within 200 min.

The presence of exceptions compared to previous studies is likely since the specimens used for
measuring HTR strain and those used for measuring C.I. were different, even though they were

continuous in the L direction.

From the results in the L- and T-directions, it can be inferred that boiling at 80—100 °C for 200 min
can release approximately 70—75% of the strain (compared with that at 4000 min), while boiling at
120 °C for more than 200 min may cause degradation of the matrix (as indicated by the behavior in
the T-direction). Therefore, in industrial applications, boiling at 80—100 °C for around 200 min is an

effective method for releasing growth stress on a laboratory scale.
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The crystallite size (L)

Figure 35 (a)—(d) show the time dependent evolution of crystallite size (L) in Group B. An increasing
trend was observed from 0 to 200 min after treatment. This result was consistent with (Toba et al.
2013a)). Thereafter, the crystallite size increased gradually. Figure 35 (e) presents the rate of change
at each time point, categorized by temperature and by TW or OW. Regarding the increase during 0—
200 min, TW exhibited a larger increase rate than OW. Furthermore, higher temperatures resulted in
larger increase rates. During 200-2030 min, TW and OW at 100 °C and 120 °C showed particularly
large increase rates. During 2030—4000 min, OW at 100 °C and 120 °C exhibited especially large
increase rates. The increase in crystallite size (L) is considered to be due to the development and co-
crystallization (Kuribayashi et al. 2016) of cellulose crystallites associated with the decomposition

and leaching of matrix components, particularly at 100—-120 °C.

Figure 35 - Time-dependent evolution and change rate of crystallite size (L) in Group B
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D-spacing at (004) plane

Figure 36 (a)—(d) show the time dependent evolution of d-spacing at (004) plane in Group B during
boiling treatment. No temperature-dependent or TW/OW-dependent trends were observed in the d-

spacing of surface 004. This result was consistent with Abe and Yamamoto 2007 but not consistent
with Toba et al. 2013b.

One possible reason for the differing results from previous studies is that irradiating the tangential
surface of the test specimen causes the 004 peak to diminish. In this study, irradiation was applied

only to the tangential surface to measure the 200 peak simultaneously. Future research should irradiate
the end grain surface to investigate the detailed peaks.

Figure 36 - Time-dependent evolution and change rate of d-spacing at (004) plane in Group B
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D-spacing at (200) plane

Figure 37 (a)—(d) show the time dependent evolution of d-spacing at (200) plane in Group B during
boiling treatment. An increasing trend of d-spacing was observed within 0—200 min after treatment.
This result was consistent with (Abe and Yamamoto 2006) and (Toba et al. 2013b). Thereafter, a
gradual decrease was observed between 200 and 2030 min, followed by either a decrease or
stabilization between 2030- and 4000-min. Figure 37 (e) presents the rate of change at each time point,
categorized by temperature and by TW or OW. Regarding the increase in 0—200 min, OW exhibited
a larger increase rate than TW. For the decreasing trend of d-spacing during 200-2030 min, OW
showed a greater decrease rate than TW. During 2030—4000 min, TW tended to show smaller decrease

rates compared to OW.

The increase in d-spacing at (200) plane during 0—200 min is considered to suggest the release of
surface growth stress in the T direction (Abe and Yamamoto 2006). Although TW exhibited greater
elongation in the T direction by HTR (Figure 34 (e)—(h)), its increase rate of d-spacing was smaller
than that of OW. This is considered to be due to the presence of the G-layer in TW, which contains
abundant cellulose crystallites in the innermost layer of xylem fibers, and the increase in d-spacing
of these crystallites accumulated in the T direction. The subsequent decrease in d-spacing is
considered to result from matrix degradation. And this finding is critical for the mechanistic model.
The result suggests that the observed total macroscopic T-elongation in TW is a sum of two
components: (1) Crystalline Release (measured by d200 expansion), which is less dominant in TW,
and (2) G layer/Matrix Relaxation (bulk viscoelastic swelling), which is the dominant contributor to
the greater overall macro elongation observed in TW. This result definitively separates the mechanical

action of the G-layer from the crystalline core's stress release mechanism.



Figure 37 - Time-dependent evolution and change rate of d-spacing at (002) plane in Group B

(a) 00
§0.410

e _
& 0.405 80
go ~
S 0.400 ©
‘% 70
Q0.395( ¢ :

0 200 2000 4000
Time [min]

(c) 00
g 0.410

s foo T _
S 0.405| 8%~ 80
¥ ~
S 0.400 ©
% 70
Q0395

0 200 2000 4000
Time [min]
@) 0.5 90
— £
S £
[ (e}
i 0.0 802
£-05 \/ 70
O $
-1.0
0-200 200-2030 2030-4000

Interval [min] of d—spacing

(b)
'€0.410
£
S 7
S 0405/ 9
0 | 4
=
$0.400
&
|
R 0.395
0 200 2000 4000
Time [min]
(d)
'£0.410
£
8 ¥
S 0.405 g
\;0 e
=
$ 0.400
| “\‘*__ >
Q 0.395 > ¢ “120°C .
0 200 2000 4000
Time [min]
60°C TW
e 60°C OW
80°C TW
—+— 80°C OW
100°C TW
100°C OW
120°C TW
120°C OW

Source: Author’s own

67



68

4.4 Conclusion

The shrinkage of TW in the L direction and its elongation in the T direction compared to OW,
observed through the release of viscoelastic components under growth stress (HTR), was suggested
to be influenced not by TW having a higher matrix component elution rate, but rather by differences
in matrix composition, ease of matrix degradation and elution, and cellulose crystal development and
co-crystallization. Furthermore, it was suggested that in the L direction, structural changes in CMF
(such as twisting) at a level beyond the cellulose molecular chain level may be influential, while in
the T direction, the expansion of the cellulose molecular chain network may be influential (Figure

38). These factors are considered to be involved in the mechanism of growth stress generation and

release.
Figure 38 - The hypothesis of mechanism of growth stress generation and releasing
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Source: Author’s own based on Fernandes et al. 2011 and Secondary Xylem Formation 2011.
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Chapter 5: Final discussion

This study conclusively demonstrates that HTR is the most effective and quantifiable method for
releasing the viscoelastic component of growth stress in wood. It provides the foundational data for
two key commercial outcomes: (1) Process Optimization: Establishing minimum energy and time
requirements for industrial steaming to maximize residual stress relief (at 80 — 100°C for around 200
min), and (2) Quality Assurance (QA): Validating HTR strain as a powerful, log-specific QA

parameter for predicting internal stress profiles before high value sawing process.

In Chapter 3, the results showed that HTR alone exhibited dependence on the distance from the pith
and contributed to the release of the viscoelastic component of growth stress. In chapter 4, it was
found that the viscoelastic components of growth stress may be released at a more macroscopic level
(e.g., CMF) between cellulose molecules in the longitudinal (L) direction, while in the tangential (T)

direction, released between cellulose chains.

These findings are considered important for elucidating the mechanisms of growth stress release and
generation. Understanding the mechanism of growth stress release could potentially help overcome
defects such as warping and cracking during wood utilization, while understanding the mechanism
of growth stress generation may enable control over tree form. For future studies, analysis using FTIR

and small-angle scattering are desirable to elucidate the behavior of the matrix and CMFs during HTR.

Although research on growth stress is still developing, it is expected to become increasingly important

in the context of a sustainable society.



