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Abstract

Inorganic materials are a natural component of wood and can also be added to lumber and wood
composites to improve their durability. Traditional methods of visualizing the distribution of inorganics
in wood are limited to a two-dimensional space and thus are not ideal for studying the 3D distribution of
inorganics. | hypothesize that X-ray micro-CT will be able to visualize and reveal novel information about
spatial distribution of inorganics in wood. | first test this hypothesis by visualizing the distribution of
silica particles in four siliceous Australian hardwood species. A number of novel findings arose from this
research. | found that silica particles were associated with rays in the four hardwoods, but their
distribution within rays varied. Silica particles were evenly distributed in rays in most species except in
Endiandra palmerstonii where they were mainly found in the upright and square cells of rays. Silica
particles were associated with growth rings in Lophostemon confertus. Dense materials other than silica
particles were found in the vessels of Syncarpia glomulifera and Syncarpia hillii. X-ray fluorescence
microscopy confirmed that these materials were inorganic silica and metal elements. Secondly, | tested
my hypothesis by visualizing the distribution of zinc borate (ZB) in a wood-plastic-composite (WPC) and
examined if a sodium iodide label could improve the contrast between wood and plastic in CT images of
WPC. | found that ZB occurred mainly as discrete particles between wood flakes. Interfacial voids
formed a network of cracks within the WPC. Impregnation with Nal improved visualization of wood and
plastic and made it possible to quantify the levels of wood, plastic, void and zinc borate in the WPC and
the geometry of wood particles. However, Nal impregnation swelled wood, closed interfacial voids, and
partially dissolved ZB particles. In conclusion, X-ray micro-CT is an effective method for visualizing the
spatial distribution of inorganics in solid wood and wood composites, but the intimate association of
inorganics with the cell wall in solid wood, and the poor X-ray contrast between wood and polymers
complicates the visualization of inorganics in wood and wood composites. Further research is required

to address these issues.



Lay Summary

Inorganic materials such as silica are commonly found in timber and wood composites. In this thesis, |
used X-ray micro-CT to visualize silica in wood, and zinc borate (ZB) in a wood-plastic-composite (WPC).
Silica particles were associated with rays, and their distribution varied with ray-cell type and within
annual rings. Inorganic elements were also found in vessels in some species and closely associated with
cell walls. ZB particles mainly occurred as discrete entities in WPC. lodine labeling of the WPC helped
visualize and quantify components of the WPC, but it swelled wood, and partially dissolved ZB particles.
In summary, X-ray micro-CT is capable of revealing new information about the microstructure of wood
and wood composites, but better labeling techniques are needed (as in medical CT) to improve the X-ray

contrast of the different components of wood composites.
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Chapter 1: Introduction

1.1 Inorganic components of wood and wood composites

Inorganics in wood are mineral elements usually comprising less than 1% of the total weight of
wood (lvaska and Harju 1999). Despite their small quantities, inorganics are vital for the growth of trees
since they are involved in the formation of tissues, enzymes, and buffer systems, and the regulation of
osmotic pressure and membrane permeability (Kramer and Kozlowski 1979). Inorganics and other
nutrients from the soil are dissolved in water and absorbed by the roots directly or via interactions with
microorganisms (Morgan and Connolly 2013). Then, the mineral-rich solution is transported through the
woody stem by the negative pressure caused by transpiration of water in leaves (McElrone et al. 2013).
The solution travels longitudinally in the xylem (wood) along the conducting channels, which are vessels
in hardwood or tracheids in softwood, and finally enters the leaves from the petioles (McElrone et al.
2013). The inorganics also move radially and tangentially in the trunk via the three-dimensional (3D)
network of rays and axial parenchyma cells. Parenchyma cells store nutrients and minerals and act as
interfaces between living cells and treachery elements (vessels or tracheids) (Kedrov 2012). Inorganic
elements, particularly silica (Figure 1.1) can accelerate the wearing of cutting tools (Ching et al. 2011,
Darmawan et al. 2011). Silica may also increase the resistance wood to teredinidae marine borers (Amos
and Dadswell 1948). Inorganic elements in wood particularly crystals are important taxonomically for
the identification of wood. For example, Eom et al. (2006) stated that crystals are the most important

characteristics for identifying North American fir (Abies spp.) species.

Figure 1.1 Scanning electron microscopy images of silica in wood. Left: a radial-longitudinal section of
turpentine (Syncarpia glomulifera [Sm.] Nied.) showing silica aggregates in ray cells. Right: a
tangential-longitudinal section of Walnut bean (Endiandra palmerstonii [F.M. Bailey] C.T. White &
W.D. Francis) showing silica particles (white) in ray cells (photo, c/o Dr. Roger D. Heady)
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Inorganics are also added to solid wood or wood products artificially to increase their durability.
Lumber is commonly pressure-treated with dilute solutions containing metal salts or oxides in a pressure
chamber which forces the solution into the wood (MacLean 1952). Following, evaporation of water the
inorganic salts, oxides or their reaction products are deposited in the cell walls of wood or void spaces.
Preservatives are also used to protect wood composites. For this application they can be mixed with
adhesive (resin) or sprayed onto the wood composite when it is made (Gardner et al. 2003). Wood
composites can also be pressure-treated with wood preservatives (Gardner et al. 2003). Preservatives
can be completely inorganic such as chromated copper arsenate, or partially inorganic like alkaline
copper quaternary (Rahman et al. 2004). Powdered zinc borate (ZB) is commonly added to oriented
strand board, medium density fibreboard, and wood plastic composites (WPC) during their manufacture
and acts as a fungicide, insecticide, and fire retardant (Sean et al. 1999, Tsunoda et al. 2002, Stark et al.

2010).

1.2 General hypothesis and objectives

The levels of inorganics in wood and wood composites are usually determined using
spectroscopy or chromatographic methods (Ivaska and Harju 1999). The distribution of inorganic
inclusions such as crystals, silica particles and preservative particles in wood and wood composites can
be visualized using light or electron microscopy (Wheeler et al. 1989, Dong and Baas 1993, Evans et al.
2008). The inorganic elements in wood’s cellular structures can be mapped in two-dimensions (2D) by
combining electron microscopy with energy dispersive analysis of X-rays (Yata and Nishimoto 1983,
Matsunaga et al. 2009, Evans et al. 2014). These approaches have a common limitation that they are
limited to a 2D space. Thus, they are not good at revealing the distribution of inorganics in three
dimensions (Evans et al. 2012), and particularly networks of inorganics formed by transpiration or fluid
flow in the radial and longitudinal directions in wood via rays and tracheids or vessels, respectively. X-
ray micro-computed tomography (micro-CT), which is based on X-ray absorption by materials with
different density (Phelps et al. 1975, Elliott and Dover 1982), can overcome this limitation. Furthermore,
inorganics in wood are usually denser than the wood cell wall. For example, the density of calcium
oxalate crystal, silica, and zinc borate are 2.20 g/cm? (Deganello 1980), 2.20 g/cm? (Barsan 2007), and
3.64 g/cm? (Lewis 2007), respectively, which are all higher than that of wood cell wall (1.497-1.517

g/cm3, Kellogg and Wangaard 1969). X-ray micro-CT has been successfully used for studying the spatial
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distribution of inorganics in wood, such as silica (Koddenberg et al. 2019a) and copper (Feng et al. 2019)

in solid wood, and zinc borate in wood composites (Evans et al. 2015).

| hypothesize that X-ray micro-CT will be able to visualize inorganic materials in 3D in silica rich
Australian hardwoods and a wood plastic composite treated with zinc borate. The hardwood species
analyzed were turpentine (S. glomulifera), satinay (Syncarpia hillii F.M. Bailey), brush box (Lophostemon
confertus [R.Br.] Peter G.Wilson & J.T.Waterh.), walnut bean (E. palmerstonii), and also a non-siliceous
species white beech (Gmelina leichhardtii [F. Muell.] Benth). The wood plastic composite | examined is a
commercial product composed of wood particles, high-density polyethylene, air (voids), and zinc borate.
| seek to produce images that show the 3D spatial distribution of inorganics in the silica-rich hardwoods
thereby revealing new information about microstructure of siliceous species. Similarly, | image a WPC
containing zinc borate and try to overcome limitations during X-ray imagining of WPCs resulting from

the similarity in density of wood and plastic.

1.3 Outline of thesis

Chapter 1 provides background information on inorganic materials in solid wood and wood
composites and briefly describes methods for detecting them. Chapter 1 also provides a general
hypothesis for this thesis and its objectives. Chapter 2 reviews literature on X-ray imaging with a focus
on the theory, instrumentation, and uses of X-ray micro-CT for imaging of solid wood and wood
composites. Chapter 3 describes a qualitative study of the distribution of silica in silicious Australian
wood species. Chapter 4 examines the distribution of zinc borate in a wood plastic composite and tries
to overcome the problem of visualizing wood and plastic in a WPC. Chapter 5 discusses any novel
findings and the extent to which results support my general hypothesis. Chapter 5 also suggests

directions for future research, and draws general conclusions from the thesis.



Chapter 2: Literature Review

2.1 Introduction

Wood has been an important material for construction and furniture manufacture since the
early stages of human history. But over the last two centuries it has been replaced in many end uses by
metals, plastic, concrete, and composites. Recently, with increasing concern for the environment, wood
is recapturing some of the markets it has lost. More people now recognize that wood is a naturally
grown material which is both renewable and biodegradable. Wood is composed of various types of cells
aggregated into complex macro- and microstructures. Wood components can also be bonded together
to form engineered wood composites. These composites offer improved characteristics for some end
uses. However, a greater understanding of the microstructures of wood composites would help to

improve their performance and increase opportunities for wood as a structural and decorative material.

The microstructures of solid wood and wood composites are complex especially in three-
dimensions (3D), where they present unique images in every viewing angle. For this reason, traditional
two-dimensional (2D) microscopy methods, including both optical and electron microscopy, have limited
ability to explore the microstructure of wood. For example, as pointed out by Evans et al. (2012), they
are not good at visualizing the spatial distribution of inorganic preservatives in treated wood. Another
relevant example is that 2D image analysis cannot accurately quantify the structure of wood-plastic

composites (Bacaicoa et al. 2017).

In contrast to 2D microscopy, X-ray micro-computed tomography (CT) produces 3D images via a
continuous series of cross-sectional images. The outcomes from X-ray micro-CT allow visualization
through 3D rendered images, as well as quantitative analyses based on 3D geometries. Brodersen (2013)
comprehensively reviewed the use of X-ray micro-CT for the study of the anatomical characteristics of
solid wood. Jacquin et al. (2017) briefly reviewed its use as a tool for profiling density in wood, and Jakes
et al. (2018) in their review mentioned the use of X-ray micro-CT to examine adhesive penetration in
wood composites. Up to now, there has been no comprehensive review that covers the use of X-ray
micro-CT for visualization and quantification of both solid wood and wood composites. X-ray CT requires
significant graphical power from a computer workstation, but fortunately, rapid developments in
personal computer (PC) technology in recent years has ameliorated this limitation. For example, the

processing power of the top-tier PC graphic cards now is more than seven times (from 5 teraflops to
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35.7 teraflops) that of cards available in 2013 (Véstias and Neto 2014, Kondo et al. 2021). Thanks in part
to this improvement, CT analysis has become more accessible to researchers in recent years. In this
chapter, | comprehensively review the literature on visualization and quantification of the
microstructure of solid wood and wood composite using X-ray imaging technology. | also cover other

wood-related X-ray micro-CT studies including those in archaeology and dendrochronology.

2.2 Historical information on X-ray analysis of wood

2.2.1 X-ray densitometry

Density is positively related to X-ray attenuation, i.e. denser material absorbs more X-rays
(Phelps et al. 1975). Hence, X-ray instruments are the tool of choice for wood density measurements
(Jacquin et al. 2017). The earliest use of X-rays to measure the density of wood dates back to the 1960’s.
The early use of radiation such as X-rays and gamma rays to measure wood density was reviewed by
Polge (1978). His review describes the two stages involved in measuring density; data collected (density
ranges, maximum and minimum density, latewood and earlywood widths, etc.); acquisition systems and
instruments; and applications of radiation densitometry (Table 2.1). Polge (1966, 1970) measured wood
density based on microdensitometry of images from X-ray radiographic films using a device similar to
that in Figure 2.1. The steps involved in using this device to obtain wood density can be found in
Appendix 7. Cown and Clement (1983) described an X-ray densitometer in which the X-ray detector was
directly connected to a computer, thus eliminating the step involving photographic film. A schematic
diagram of typical wood densitometers is shown in Figure 2.2. A cone-beam densitometer has
magnification effects, but induces blurs. In contrast, a parallel beam densitometer has no blurring effect,
but the field of view is smaller (Jacquin et al. 2017). Jacquin et al. (2017) reviewed the existing wood
densitometers based on X-ray films, as well as the newer generation of X-ray wood densitometers,
including the Itrax scanner which combines X-ray microdensitometry with X-ray fluorescence analysis;
the QTRS scanner which can output density profiles as well as coloured images; and the SilviScan system
which integrates X-ray densitometry, X-ray diffraction, and optical microscopy. They also mentioned X-
ray macro and micro-CT scanners for wood densitometry. The newer generation of X-ray densitometers

have extended the reach of X-ray densitometry for wood to include new areas as shown in Table 2.2.



Table 2.1 Applications of radiation densitometry for wood (Polge 1978)

Type Area of application Scope of study References
Direct Wood anatomy and Cell wall thickness Diaz Val Olmedo (1974), Harris
utilization physiology (1969)
of density Ray parenchyma Keller and Thiercelin (1975)
Localization of water; delimitation  Polge (1964)
of heartwood and dry sapwood
Localization of resin Harris (1969), Polge (1966)
Localization of lignan Parker et al. (1974)
Wood physical Wood shrinkage, collapse, Polge (1966)
properties reconditioning
Densityas  Tree biology Heredity Nicholls and Brown (1971), Thoby
dependent (1975), Keller (1973), Nepveu
variable (1973)
Fertilization McKinnel and Rudman (1973),
Megraw and Nearn (1972),
Nicholls (1971b), Polge (1969),
Rudman and McKinnell (1970)
Growth rate Echols (1972), Nicholls (1971b),
Sutton and Harris (1974), Polge
and Keller (1973)
Entomological defoliation Polge and Garros (1971)
Irrigation Nicholls (1971a), Polge and Keller
(1968)
Effect of industrial smoke and Polge and Keller (1969) Polge et al.
green pruning (1973)
Phenology Polge (1968), Thiercelin (1970)
Climate factors Dendrochronology and Polge (1966), Bazerque (1974),
dendroclimatology Keller and Millier (1970), McNeely
et al. (1973), Polge (1970), Polge
(1971), Rothlisberger (1976)
Density as Wood mechanical Non-destructive prediction of Keller (1968, 1971), Polge (1966)

explanatory
variable

strength

mechanical properties

Windbreaks in living trees

Anonymous cited in Polge (1978)

Wood machining

Methodology for testing sawtooth
performance

Anonymous cited in Polge (1978)




Table 2.2 Newer areas of the application of X-ray densitometry for wood

Category

Sub-category

Area

References

Wood features

Juvenile and mature wood

X-ray densitometry to help calibrate
near infrared imaging;

Mapping of specific gravity

Microfibril angle and fibre length and
density as properly indicators

Growth ring boundaries

Transition from juvenile to mature
wood

Patterns of density profile

Ruano et al. (2019)

Eberhardt et al. (2019)

Rahayu et al. (2014)

Alteyrac et al. (2006)

Clark et al. (2006a),
Gapare et al. (2006),
Koubaa et al. (2005),
Sauter et al. (1999)

Abdel-Gadir and

Krahmer (1993a)
Density in transition zones Abdel-Gadir and
Krahmer (1993b)
Tracheids Correlation between density and Klisz (2011)

tracheid length

Knots in wood

Density of knots compared to stem
wood

Caceres et al. (2018)

Extractives

Radial variation of extractives mapped
using X-ray densitometry

Effect of hot water extraction on
density

Helama et al. (2010)

Grabner et al. (2005)

Wood
modification

Resin impregnation

Melamine formaldehyde impregnation
and wood density

Thermoset resin distribution in wood

Phenol resin distribution

Lykidis et al. (2020)

Klippel and Mai (2013)

Wou et al. (2003)




Table 2.2 Continued

Category

Sub-category

Area

References

Wood protection

Biodeterioration of wood

Barrier zones in decayed wood
Mass and strength losses

Density decreases during decay

Satini et al. (2019)
Maeda et al. (2015)

Bucur et al. (1997),
Bouslimi et al. (2014),
Brazolin et al. (2014)

Preservative treatment of
wood

Chromated copper arsenate treatment
and wood density

Chagas et al. (2015)

Oil impregnation

Distribution of linseed oil

Olsson et al. (2001)

Wood products

Oriented strand board

Density and composite properties

Specific gravity and a decay model

Surdi et al. (2014),
Grandmont et al.
(2010)

Kent et al. (2006)

Medium density fibreboard

Maximum, minimum, and mean
densities

Belini et al. (2009)

Particleboard

Correlation between X-ray density and
gravimetry density

Tinti et al. (2018),
Gongalves et al. (2018)

Sustainable biomass to
replace wood for
particleboards

Density measurements

Fiorelli et al. (2019)

Adhesive bondlines in
laminated wood

Effect of electrostatic field treatment on
density at bonding interface

He et al. (2018)

Densified wood composites

Vertical density profile

Rautkari et al. (2011)

Wood pellets Density variation Gaitdn-Alvarez et al.
(2017)
Tree growth Soil frost Effect of frost on density Jyske et al. (2012)

Vegetation management

Effect of vegetation management on
yield and wood properties

Aernouts et al. (2018),
Clark et al. (2006b)

Drought

Wood density and drought

George et al. (2015),
Jyske et al. (2010),
Wilkinson et al. (2015)

Fossilized wood

Subfossils of wood

Effect of cold rinsing on density

Variation in tree ring density over time

Ktusek et al. (2016)
Helama et al. (2008)




Figure 2.1 A Joyce-Loebl micro-densitometer (autodensidater) at The Australian National University
Department of Forestry used to measure the optical density of X-ray negatives of wood cores (photo,
c/o Dr. Philip D. Evans)
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Figure 2.2 Schematic diagram of (1) a cone-beam densitometer and (2) a parallel beam densitometer

(redrawn from Jacquin et al. 2017)

X-ray densitometry is a widely used non-destructive technique, but it does not easily lend itself

to the study of the spatial distribution of density in wood, unlike X-ray CT. X-ray CT devices, like

densitometers, are based on X-ray attenuation. Similarly, X-ray CT devices can profile density because

the attenuation values from CT images can be transformed into physical density (Mull 1984). X-ray CT

can also measure the density of small and large wood samples (Van den Bulcke et al. 2014). Another

advantage is that the sample preparation for X-ray CT is easier than that involved in X-ray densitometry

(Van den Bulcke et al. 2019). X-ray macro CT was used to measure the density of wood long before the

wide-spread use of X-ray micro-CT. The macro scanners used for this purpose were usually medical CT
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scanners (Mull 1984, Lindgren 1991a, Lindgren et al. 1992, Sugimori and Lam 1999). Another type of
“macro” scanner was a portable device that could be used to measure the density of standing trees (Kim
et al. 2014). In addition, X-ray CT log scanners can be used for densitometry of wood with large cross-
sections (Giudiceandrea et al. 2011). X-ray micro-CT scanners are also able to profile wood density. Their

applications will be discussed below.

2.2.2 X-ray detection of voids, moisture and foreign objects in wood using radiographical

methods

2.2.2.1 X-ray detection of voids and cracks

Voids in wood are easy to detect in X-ray images because the densities of wood and air are very
different. Thus, there is a large difference in X-ray attenuation and a high contrast between wood and
voids in X-ray images. Wood scientists have long been interested in detecting voids and cracks in wood,
and those present in manufactured wood products. A great variety of methods and machines have been
used to detect voids and cracks in wood. This section focusses on radiography rather than medical

(macro) CT or X-ray micro-CT.

X-ray radiography has been used to investigate voids in wood caused by wood-boring insects,
particularly the larvae of house longhorn beetle (Hylotrupes bajulus L.). X-ray radiography detection of
voids caused by insects was pioneered by Jacquiot (1961) who examined voids in wooden blocks caused
by house longhorn beetle as well as the brown powderpost beetle (Lyctus brunneus Stephens). He found
that X-ray radiography could visualize and detect voids non-destructively without harming the insects.
Similarly, Schmidt (1962) used X-ray radiography to examine voids in wood caused by the house
longhorn beetle. He found that wood samples thinner than 5 cm could yield photos with ideal clarity
while those thinner than 10 cm and thicker than 5 cm could still produce acceptable photos. Baker
(1965) developed a regression model to estimate the weight of the common furniture beetle (Anobium
punctatum De Geer) based on X-ray radiography. Yates (1968) used X-ray radiography to detect house
longhorn beetle in |-joists in houses. Jacquiot and Serment (1971) used X-ray radiography to examine
the effect of preservative treatment on brown powderpost beetle larvae. They found that the

penetration depth of larvae was not related to the mortality rate of larvae. In addition, most larvae
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penetrated beyond the outer impregnated zone of the samples. Kerner et al. (1980) used an X-ray
technique to detect the larvae of brown powderpost beetle and common household beetle in wood.
Their method was 100% accurate in detecting the larvae and always effective at evaluating their
mortality rate. In a more recent study, Krajewski et al. (2012) used X-ray radiography to validate their
electro-acoustic method for the detection of house longhorn beetle in wood. They found that the
electro-acoustic method was 70-80% accurate. Nowakowska et al. (2017) used X-ray radiography to
examine the relationship between the weight and length of house longhorn beetle larvae in wood. They
found that X-ray densitometry was not always accurate at measuring the length of larvae. Despite this,
they managed to develop a regression model to estimate the weight of larvae based on their length. X-
ray densitometry has become a standard method for evaluating the effect of preservatives against

larvae of house longhorn beetle (British Standards Institution 2016).

Another example of the use of X-ray radiography to detect voids in wood are those created by
marine borers. Oliver (1959) was the first to use X-ray radiography to detect shipworms (Teredo spp.) in
wood. Fougerousse and Gueneau (1971) used X-ray radiography to evaluate the shipworm resistance of
various wood species by quantifying the length of tunnels and their density. Tsunoda and Nishimoto
(1978) measured the length of shipworms in wood blocks using X-ray radiography and found that the
optimal temperature for the growth of shipworms was 15-25 °C. Junqueira et al. (1991) used X-ray
radiography to examine the effect of a baiting method on the activity of shipworms (Figure 2.3). They
found that X-ray radiography could estimate the density of tunnels, but it could not identify the
shipworm species while the other method could. Edwin and Pillai (2004) studied the shipworm
resistance of rubber wood (Hevea brasiliensis Miill.Arg.) treated with various preservatives. The X-ray
radiography images indicated that the preservatives were effective because treated samples showed no
internal damage. Appelqvist et al. (2015) used X-ray radiography to investigate the activity of shipworms
in wood in the sea at sites along the Swedish coast. They found shipworm activity did not vary at the

different sites.
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Figure 2.3 X-ray radiography image showing shipworms and their tunnels in wood (Junqueira et al.
1991, adapted with publisher’s permission)

X-ray radiographic imaging has also been used to examine cracks in large timber structures.
Jerzy et al. (2013) used X-ray radiography to detect cracks in historical wooden buildings. Kasal and Blass
(2013) used a similar method to investigate crack development in a building arch made from glue

laminated wood.

2.2.2.2 X-ray detection of foreign objects

X-ray radiography has been used to detect foreign objects such as bullets and shell fragments in
wood. Koene and Broekhuis (2017) studied bullet penetration in seven different wood species. They
used X-ray radiography to measure projectile penetration depth and found that the penetration could
be described using the Robins-Euler and the Poncelet models. They also found that knots in wood
affected penetration depth. Koene and Broekhuis (2019) subsequently used X-ray radiography to study
the penetration of bullets into medium density fibreboard (MDF) targets. They found that the Poncelet

model was better than the Robins-Euler model at describing bullet penetration in MDF.

13



2.2.2.3 X-ray detection of moisture

The detection of moisture in wood using X-rays uses the same principle as X-ray densitometry,
by establishing a relationship between density and X-ray attenuation. The densities of an area of wood
in its native state and its oven-dried state can be predicted by measuring its X-ray attenuation. Then, the
density of moisture in the area can be calculated by subtracting the oven-dried wood density from the
native density. The moisture content (MC) in the area is expressed as the ratio of the moisture density
versus the oven-dried density in percentage terms (Watanabe et al. 2012). MC in a cross-section can be
mapped if several areas in the section are selected. Caution should be exercised when using this method
because wood shrinks when it dries, and this causes misalignments of X-ray images. The shrinkage value
can be determined by comparing the number of pixels in the pre- and post-drying X-ray images. MC can
then be adjusted based on the shrinkage value (Hattori and Kanagawa 1985, cited in Watanabe et al.

2012).

X-ray densitometry has also been used to examine moisture distribution in wood. For example,
Yamamoto et al. (1983) used a soft X-ray densitometer to study water uptake by Hinoki (Chamaecyparis
obtusa [Siebold & Zucc.] Endl.) wood. They found that moisture penetration was related to the
anatomical characteristics of Hinoki. Sano et al. (1995) used X-ray images to visualize moisture
distribution in wet-wood formed in Mongolian oak (Quercus mongolica Fisch. ex Turcz. var.
grosseserrata [Bl.] Rehd. et Wils.), but they used a gravimetric method rather than the aformentioned X-
ray method to determine MC. Liu et al. (1996) used an X-ray densitometer to map the MC distribution in
growth rings in air-dried wood. They further improved their method by establishing an interpolation
algorithm which accounted for shrinkage caused by drying (Liu et al. 1998). Nakada et al. (1999) and
Nakada (2006) studied water distribution in conifers. They used X-ray photography to visualize water
within the stem of Japanese cedar (Cryptomeria japonica D. Don) (Nakada et al. 1999) and 15 other
coniferous species (Nakada 2006), but they did not use an X-ray method to quantify MC. Watanabe et al.
(2008) used an X-ray microscope to measure the MC distribution in Japanese cedar wood during drying.
They divided the X-ray images into multiple subsampling zones and studied the MC within each zone.
Tanaka et al. (2009) also studied MC distribution in Japanese cedar using the same apparatus as
Watanabe et al. (2008) but took a different approach: they did not subsample the images, instead they
used a moving stage to image individual small zones in the sample, and then proceeded to the adjacent

zone. Skuratov et al. (2015) determined the diffusion coefficients of wood during drying. The use of X-
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ray densitometry to determine MC of wood is gradually declining and is being replaced by CT methods,
which will be described below. Nevertheless, X-ray densitometry was recently used to examine MC and

surface checking of wood (Tomoko et al. 2019).

In addition to densitometry, X-ray density profile analysis, which is commonly used to determine
the vertical density profile of wood panels, has been used to examine moisture distribution in wood.
This method is very similar to X-ray densitometry, but it is a one-dimensional method. Yu et al. (2012,
2013, 2014) and Hao et al. (2014) used X-ray density profile analysis to examine the moisture profile of
Chinese fir (Cunninghamia lanceolata [Lamb.] Hook.). They found that their results accorded with those
acquired from gravimetric measurement of density (Yu et al. 2012, 2013). They also developed a
mathematical model for predicting the MC in wood (Yu et al. 2014). Hao et al. (2014) developed a
calculation method for processing the results from X-ray density profile analysis. They compared their
method with that developed by Cai (2008). They concluded that their method was equally as accurate as
Cai’s (2008) when the MC was below the fibre saturation point (FSP) and was more accurate at moisture

contents above FSP.

2.2.3 Macroscale computed tomography of wood

2.2.3.1 Macro-CT for density measurements of wood

Images from X-ray CT devices are also based on X-ray attenuation like those from a
densitometer. The unit of attenuation in CT images is called the CT number or Hounsfield unit. An X-ray
CT device can profile density because the attenuation values from CT images can be transformed into
physical density (Mull 1984). X-ray CT devices can measure the density of small and large wood samples.
They have other advantages over X-ray radiography. For example, 3D densitometry of wood is possible
(Van den Bulcke et al. 2014), unlike radiographical methods. Another advantage is that sample
preparation for X-ray CT is easier than that involved in densitometry (Van den Bulcke et al. 2019 and see

Appendix 7). X-ray CT is also a non-destructive method of measuring wood density (Lindgren 1991b).

Benson-Cooper et al. (1982) were the first to apply CT densitometry to wood. They used a
medical CT device to measure the stem characteristics and density of greenwood from five different

wood species, and developed a correlation between wood density and intensity for their CT images.
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Mull (1984) used a medical CT scanner to estimate density and mass of wood blocks and compared his
results with those acquired by gravimetric methods. However, the aim of his study was to calibrate the
scanner for estimating mass of human organs, rather than to use it to estimate wood density. Lindgren
(1985) tried to correlate X-ray attenuation values in CT images with wood density. Subsequently, he
described the use of medical CT scanners to measure wood density and estimated their accuracy
experimentally using wooden test samples (Lindgren 1991a, 1991b). Macedo et al. (2002) compared
wood density values obtained using three different CT devices: a portable CT scanner, a millimetric CT
scanner, and a micro-CT scanner. They found that density values obtained from CT devices were strongly
correlated with those obtained from gravimetric methods. Espinoza et al. (2005) found a linear
relationship between density and grayscale CT values of sugar maple (Acer saccarum Marsh) obtained
using a medical CT device. Henze (2006) studied within-stem density variation in western hemlock
(Tsuga heterophylla [Raf.] Sarg.) using X-ray CT. She found that the dense wood in stems were
disconnected longitudinally and radially forming discrete areas, while the juvenile wood was more
homogenous in the core of the stems. Taylor (2006) used a medical CT scanner to measure density in
Sitka spruce (Picea sitchensis [Bong.] Carr.) and compared his results with those acquired gravimetrically
or using a Pilodyn pin penetration device. He concluded that CT was more accurate because its results
were more similar to gravimetric density than those obtained using the Pilodyn device. Freyburger et al.
(2009) used a medical CT scanner to measure wood density across a wide density range. They found a
very strong linear relationship between density and Hounsfield unit: the coefficient of the regression
(R?) was greater than 0.999. Similarly, He and Qi (2013) also found a strong linear correlation (R? > 0.94)
between density and CT number. Steffenrem et al. (2014) used medical CT to measure density in
increment cores from Norway spruce (Picea abies [L.] H. Karst.). They found their device had limited
resolution when scanning cores that had diameters smaller than 5 mm, but this limitation could be
circumvented by scanning a large number of samples at low resolution and then sub-sampling and re-
scanning them at higher resolution. Jacquin et al. (2019) developed a computer program for quick
measurement of density on wooden increment cores scanned using a CT device. Their program was
accurate when the diameter of the cores was 5 mm, but its accuracy declined when the core diameter
was 4 mm. Wang et al. (2019) developed models for estimating density and MC obtained using a
medical CT scanner, and obtained R? values higher than 95% for all their models. In later related

research they obtained R? values of greater than 97% (Wang et al. 2020).
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CT has also been used to measure the density of a variety of wood products and also to assess
changes in wood density due to biodeterioration within trees. Blomberg and Persson (2005) used a
medical CT device to compare the density of Scots pine (Pinus sylvestris L.) boards before and after they
were compressed. They found that heartwood, highly resinous wood, and wood that had high initial
density were less easily compressed. Hervé et al. (2014) used a medical CT device to track the density
changes in a piece of European beech (Fagus sylvatica L.) wood colonized by a white-rot fungus. They
found that low density earlywood was more prone to fungal decay than latewood. Salim et al. (2014)
used a medical CT device to measure the variation in density within Algerian oak (Quercus canariensis
Willd.) and Afares oak (Quercus afares Pomel) trees. They found that there was a stronger correlation
between density and distance from the pith in Afares oak compared to Algerian oak. More recently,
Morgado-Gonzalez et al. (2019) used a medical CT scanner to examine the relationship between
altitude, orientation of sunlight exposure, and the density of Hartweg’s pine (Pinus hartwegii Lind.).
They found that wood density was affected by altitude when the trees had sunlight exposure in

northwest orientation, but this was not the case for trees oriented to the southwest.

2.2.3.2 Macro-CT to detect water in wood

The approach to detecting moisture in wood using X-ray CT is the same as that described above
for radiography. X-ray CT has a number of advantages for the determination of MC compared to
radiography, including ease and non-destructive nature of sample preparation, and ability to obtain
information on spatial distribution of MC. Hattori and Kanagawa (1985) were the first to use CT to
examine wood MC. Subsequently, Kanagawa et al. (1992) published the first paper in English on the use
of CT to measure the MC of wood during drying. Wilberg (1995) conducted a similar study, but he did
not specify the type of CT scanner used to detect water in wood. Fromm et al. (2001) used a medical CT
device to examine the distribution of water in Norway spruce and European oak (Quercus robur L.). They
found a large difference in MC between latewood and earlywood in both species. They also found
similar MC’s in growth rings in oak sapwood. Eriksson et al. (2006) calculated the diffusion coefficients in
wood drying using data from a medical CT scanner. Their results were in accord with those from
previous studies, and measurement errors had little effect on their results. Alkan et al. (2007) used an
industrial CT scanner to investigate wet-wood in subalpine fir (Abies lasiocarpa [Hook.] Nutt.). They
found that the wet-wood dried much more slower than normal wood. Watanabe et al. (2012) used an

industrial CT scanner to map MC in wood during drying, as an alternative to the X-ray microscope they
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used previously (Watanabe et al. 2008). Their CT method was accurate when MC was between 19.2%
and 47.3%. Hansson and Fjellner (2013) found that CT images could be used to calculate dry weight MC
and shrinkage coefficient of wood. Li et al. (2013b) used a CT scanner to measure MC in wood. They
compared their CT results with those obtained gravimetrically, and found that the results were similar.
Osborne et al. (2016) developed a model for predicting MC in Douglas fir (Pseudotsuga menziesii
[Mirbel] Franco) with an R? higher than 96% using data from a medical CT device. Li et al. (2018a) used a
medical CT device to investigate the relationship between moisture and stress formation in a hexagonal
glulam beam. They found that MC at the edges of the beam was lower than in other areas, which led to
formation of stress and surface cracking. Couceiro et al. (2019) hypothesized that a dual-energy CT
device could measure MC in real-time, but their results did not support their hypothesis. More recently,
Wang et al. (2020) used a medical CT device to develop a linear model for predicting MC in Populus
xiangchengensis C. Wang et Tung and moso bamboo (Phyllostachys edulis [Carriere] J.Houz). They found

their model could accurately predict the MC of both wood and bamboo.

CT scanners can be modified into an “in-situ” device to track MC changes during drying without
having to move samples. Couceiro and Elustondo (2015) and Couceiro et al. (2020) modified a medical
CT scanner by placing a mini drying chamber in the gantry of the scanner. They concluded that the
conditioning time for wood samples with a MC lower than 8% should be less than three hours, while
samples with a MC higher than 18% required longer conditioning times. Scheepers et al. (2007) stated
that they could capture changes in density of radiata pine (Pinus radiata D. Don) during drying. They also
found that the loss of MC in the core and the decrease in cross-sectional area fluctuated when the MC

was at 100%.

Medical and industrial CT devices are commonly used to examine moisture in wood, rather than
micro-CT instruments. This preference is mainly because the sizes of samples for MC-related studies are
usually too large to be accommodated within a micro-CT device. Another reason is that fast scanning
times are needed to minimize moisture loss and movement during scanning. Here medical and industrial
scanners have an advantage over micro-CT scanners. There are, however, some exceptions. For
example, Li et al. (2018b) used an X-ray micro-CT device to study MC in plywood, oriented strand board
(OSB), and medium density fibreboard (MDF). They reduced the scanning time to less than 2 minutes

and concluded that their device was capable of studying moisture distribution in wood composites.
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2.2.3.3 Macro-CT of voids and cracks in wood

Medical CT has also been used to scan larger composite samples. Sugimori and Lam (1999) used
it to examine the distribution of macrovoids in parallel strand lumber (PSL) and created a database on
the distribution of the microvoids. They concluded that their database could help people who were not
familiar with image processing techniques to better understand CT data. Sackey and Smith (2010) used a
similar device to characterize macrovoids in the core of particleboards and unpressed particleboard
mats. They found that an increase in the content of fine particles in the core of particleboard and mats
decreased the volume of macrovoids. Conversely, an increase in coarse particle content increased the
volume of macrovoids in mats. Li et al. (2018a), as mentioned in section 2.2.3.2, scanned a large cross-
sectional hexagonal glulam beam. They found that drying cracks were mostly located at the edges of the
beam. Vaziri et al. (2012, 2020) studied crack formation in timber welded by linear friction. They
determined the optimal setting for welding which minimized subsequent cracking of joined wood
samples (Vaziri et al. 2012). They found that the formation of cracks was slower and water resistance
was higher in samples with a wollastonite additive than in controls (Vaziri et al. 2020). They also used
micro-CT to visualize the distribution of wollastonite in microcracks (Vaziri et al. 2020). Other than
medical CT scanners, lab-based macro-CT scanners have also been used to study voids and cracks in
wood. For example, Li et al. (2013a, 2016a) used CT data acquired from a lab-based CT device to
perform fractal dimension analyses of voids in oriented strand boards. Ge et al. (2018) and Qi et al.
(2018) used a custom-built CT scanner to look for macrocracks and other gross anatomical features in

laminated lumber and tree trunks.

2.2.3.4 Macro-CT of features in logs

There are many features in logs that can degrade the value of sawn lumber, such as knots, pith,
decay, etc. X-ray CT scanning is able to detect such features non-destructively and provide guidance for
decision making during sawing (and optimize the value of sawn-products). Research in this area was
pioneered by Benson-Cooper et al. (1982) who used CT to detect rot, defective core, insect attack, resin
pockets, and bark in logs. Hailey and Morris (1987) scanned wood segments using a medical CT device
and detected decay, knots, moisture pockets, compression wood, juvenile wood, wetwood, and
boundaries of heartwood and sapwood in the segments. Marcok et al. (1996) used a medical CT scanner
to look for reaction wood in logs. They found that reaction wood was more easily detected when MC
was above fibre saturation point. Schad et al. (1996) compared X-ray CT with sound wave transmission
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and impulse radar as means of detecting defects in logs. They found that X-ray CT had the best
resolution for detecting knots, voids, and high MC areas, but it could not detect small areas of decay. Oja
(1997) compared X-ray CT with two destructive methods for measuring size and position of knots in
Norway spruce. He found that CT was a faster method with acceptable precision, and its non-destructive
nature was another benefit. However, his device encountered difficulties in detecting small knots, which
are abundant in Norway spruce. Guddanti and Chang (1998) scanned logs using an industrial X-ray CT
scanner. They simulated the sawing of the logs based on CT data and compared the simulation results
with results from real sawing of the same logs. They found that the estimated value of the simulated
sawn lumber was 97% of that for actual sawn lumber. Grundberg and Grénlund (1997), Oja et al. (1998,
2000, 2001), Sepulveda et al. (2002), and Nordmark and Oja (2004) conducted a series of studies
involving X-ray CT scanning of logs. Seger and Danielsson (2003) also conducted a similar study.
However, their studies were focused on using X-ray CT data for simulation of a 2D X-ray radiographical
scanner, rather than simply using X-ray CT data to detect features in logs. An X-ray CT log scanner was
commercialized by Giudiceandrea et al. (2011). This development led to the award of the 2016 Marcus
Wallenberg Prize (the “Nobel Prize” for wood research) to Giudiceandrea and Alexander Katsevich for
their contribution to the sawmill industry. Their CT device employed helical trajectory and fan beam
which ensured higher scanning speed without significant loss of image quality compared to cone-beam

CT. The literature on CT scanning of log features in the past two decades is summarized in Table 2.3.
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Table 2.3 Progresses in the use of X-ray CT for detecting features in logs

Reference Goal of study Features studied Device used Species Yield increased
Aguilera et al. (2002) 3D visualization of features Knots Medical CT scanner Radiata pine
Rinnhofer et al. (2003) Sawing optimization Knots Airport CT scanner Spruce, larch (Larix sp.)

Espinoza et al. (2005)
Yu and Qi (2008, 2011)

Chang and Gazo (2009)

Espinoza and Iribarren (2009)
Giudiceandrea et al. (2011)
Boukadida et al. (2012)

Espinoza and Iribarren (2012)
Breinig et al. (2013)

Fredriksson et al. (2014)
Sténgle et al. (2015)
Sténgle et al. (2016)

Fredriksson (2016)
Rais et al. (2017)

Fredriksson et al. (2017)

Belley et al. (2019)

Briichert et al. (2019)

Longo et al. (2019)

Fredriksson et al. (2019)

CT image intensity of features
Image recognition of features

Sawing optimization

Image recognition of features
Commercialization of log scanner

Algorithm for detection of features

Algorithm for detection of features
Effect of errors in sawing

2D projection of knots
Sawing optimization
Bark thickness prediction

Sawing optimization

Sawing optimization

Algorithm for detection of features

Sawing optimization

Visual inspection of features,
algorithm for detection of features
Algorithm for detection of features

Algorithm for detection of features

Knots, heartwood, sapwood,
decay

Decay (2008, 2011), knots
(2011)

Internal defects
(unspecified)

Defective core

Pith

Knotty core
Knots
Knots
Knots

Bark

Knots
Knots

Knots, heartwood-sapwood
border

Knots

Knots, pith, heartwood,
crack

Knots

Knots

Medical CT scanner
Unspecified

Medical CT scanner

Medical CT scanner
Industrial CT scanner

Medical CT scanner

Medical CT scanner
Industrial CT scanner

Medical CT scanner
Industrial CT scanner
Industrial CT scanner

Industrial CT scanner
Industrial CT scanner

Medical CT scanner

Medical CT scanner

Industrial CT scanner

Industrial CT scanner

Lab-built CT scanner

Sugar maple

Unspecified (2008), Manchurian ash
(Fraxinus mandshurica Rupr.) (2011)
Black cherry (Prunus serotine Ehrh.),

sugar maple, tulipwood (Liriodendron
tulipifera L.), red oak (Quercus rubra L.),

white oak (Quercus alba L.)

Radiata pine
Radiata pine

Total 17 species
(see Boukadida et al. 2012)

Radiata pine
Norway spruce

Scots pine
European beech
Norway spruce

Norway spruce, Scots pine

Douglas fir

White spruce (Picea glauca (Moench) Voss),

Jack pine (Pinus banksiana Lamb.)

White spruce [1], Jack pine [2]

Teak (Tectona grandis L. f.)

Douglas fir

Western redcedar (Thuja plicata Donn ex D.

Don), white spruce, Douglas fir

46%

2.2%

Up to 24%

4-11%
4-20%

23% [1], 15% [2]
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2.3 X-ray micro-computed tomography: principles and instrumentation

2.3.1 Principles of X-ray micro-CT

The principle of a micro-CT scanner is the same as that of the first clinical CT scanner invented
by Hounsfield (1973). Like X-ray radiography, the general principle of X-ray CT involves the attenuation
of X-rays, but CT acquires a series of X-ray images around the scanned object, rather than the single
image obtained for X-ray radiography. Hounsfield (1973) placed an X-ray tube and two detectors at
opposite positions on a rotating gantry (Figure 2.4). The X-ray tube and the detectors had synchronized
movements on the gantry. The scanner finished scanning one position after the X-ray tube and
detectors moved from their starting points to the endpoints. Then, the gantry moved to the next
position by rotating one degree (1°), and the X-ray tube and detectors repeated their movements. When
the gantry had rotated 180°, each detector gathered the necessary projection data to reconstruct an
image of a slice. Scanning the other 180° was unnecessary because the scanned object (patient) was
“transparent” to X-rays, so the scanner would only produce the same projection data as the first 180°.
Because there were two detectors in Hounsfield’s scanner, the scan of two slices was done
simultaneously after a 180° rotation of the gantry. Then, the patient moved along the rotation axis of
the gantry for scanning the next two slices. Reconstruction and analysis of CT data then occurred, which

will be covered in the Section 2.4.

Using the same principle, Elliott and Dover (1982) invented the first X-ray micro-CT scanner. The
X-ray source and the detector in their CT scanner were fixed. Elliott and Dover (1982) used a different
approach to Hounsfield (1973): they rotated their specimen rather than the X-ray source. They loaded
their specimen on a spur gear which was manually turned 3% degrees after each scan. As its name
suggests, X-ray micro-CT scanners, in contrast to conventional X-ray CT scanners, are capable of
obtaining microscopic detail. The resolution of Elliott and Dover’s scanner was 15 pum, which was much

higher than the 2 mm resolution of medical CT scanners at that time (Elliott and Dover 1982).
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Figure 2.4 A schematic of Hounsfield’s X-ray CT scanner (redrawn from Hounsfield 1973)

2.3.2 Instrumentation of X-ray micro-CT

2.3.2.1 Types of X-ray micro-CT scanners

There are two types of X-ray micro-CT scanners based on scanning mode: rotating object
scanners and rotating gantry scanners (KachelrieR 2008). The scanner built by Elliott and Dover (1982) is
an example of a rotating object scanner. Figure 2.5 shows a newer rotating object scanner with an
electric-powered rotation stage instead of the manually operated spur gear used by Elliott and Dover
(1982). KachelrieB (2008) described the benefits and drawbacks of the rotating object design. The design
is cost-effective and reliable because there is only one moving component during scanning, which is the
rotation stage. It is also more compact than a scanner with a rotating X-ray source and detector. The

main drawback is that specimens are subject to centrifugal force, which can cause problems when

scanning fluids or flexible objects.
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Detector

X-ray tube

Figure 2.5 A rotating object X-ray micro-CT scanner designed and built by the Research School of
Physics at The Australian National University (ANU). The sample holder is not shown in this image
(photo, c/o Department of Applied Mathematics, ANU)

Like Hounsfield’s (1973) scanner, rotating gantry scanners are commonly found in medical
facilities. This design is also employed by some micro-CT devices because of the stability provided for
specimens. However, the design is uncommon because it is more complex and expensive compared to

instruments that rotate specimens (Kachelriel3 2008).

X-ray micro-CT scanners can also be classified into ex-situ scanners and in-situ scanners. The
word ex-situ in this context means “off site” whereas in-situ means “on site”. For ex-situ scanners, the
experiment is carried out outside the scanner and the specimen is scanned before or after the
experiment; while for in-situ scanners, the experiment occurs within the scanner (LeiBner 2020). An ex-
situ scanner could be converted into an in-situ scanner if the rotation stage is large enough to

accommodate the experimental apparatus (Sakellariou et al. 2004).

Unless specified, the term “X-ray micro-CT scanner” in this thesis refers to an ex-situ X-ray
micro-CT scanner with rotating object design and a conventional X-ray source.
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2.3.2.2 X-ray sources in an X-ray micro-CT scanner

2.3.2.2(a) Types of X-ray sources

An X-ray micro-CT scanner uses either a conventional X-ray tube or a synchrotron as its X-ray
source. Conventional X-ray tubes generate X-rays by accelerating highly energetic electrons in a metal
anode, and then converting the kinetic energy from the electrons to electromagnetic radiation. A
synchrotron generates radiation by changing the direction of electrons at a relativistic speed (Pacilé and
Tromba 2018). Conventional X-ray micro-CT scanners have advantages such as large field of view and
scanning volume, ease of use, and low cost. They can also have high throughput and penetration power
if equipped with a high-power X-ray tube (Brunke et al. 2008). However, they suffer from beam
hardening artifacts in the images as a result of their use of polychromatic X-ray beams (Chappard et al.
2006). Synchrotron X-ray micro-CT scanners avoid this problem because they employ monochromatic X-
ray beams. They have other advantages over conventional devices such as lower acquisition time at high
resolution, ease of reconstruction, and high signal-to-noise-ratio (Chappard et al. 2006). The main
reasons that limit the more widespread use of synchrotron X-ray CT scanners by scientists is that they

their high cost and limited availability of beam-lines (Goyens et al. 2017).

2.3.2.2(b) X-ray beam geometry

Hounsfield (1973) used a simple line geometry for the X-ray beam in his device. Modern X-ray
micro-CT scanners can employ more complicated X-ray beam geometries including fan-beam, cone-

beam, and parallel-beam geometries. These beam geometries are shown in Figure 2.6.

Sasov (2002) described how fan-beam and cone-beam geometries affect X-ray micro-CT images.
He noted that a fan-beam geometry is good at rapidly acquiring a cross-sectional image near the center
of a specimen. Cone-beam geometry is capable of obtaining geometrically correct cross-sectional
images from any part of the specimen, but it requires more computational power and time to
reconstruct images. A parallel-beam geometry is usually used in synchrotron X-ray micro-CT devices
(Pacilé and Tromba 2018). Unlike fan-beam and cone-beam geometries, parallel-beam geometry does
not have magnification effect, thus the resolution of the detector determines the resolution of the CT
image (Chappard et al. 2006). Because the beam is parallel, the filtered back-projection method can be

used directly to reconstruct CT images (Salomé et al. 1999).
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Figure 2.6 Schematic diagram of different beam geometries employed by X-ray micro-CT devices
(modified from Ketcham 2017)

2.3.2.2(c) X-ray beam trajectory

Hounsfield’s (1973) scanner, together with other first-generation CT scanners, have to move the
patient every time the gantry rotates through 180°. The trajectory of their thin-line X-ray beam is not
continuous. This type of beam trajectory is called “conventional trajectory”. Scanners using this
trajectory have declined in popularity due to drawbacks such as long scanning time, inability to perform
dynamic contrast studies, difficulties in reformatting in different planes, and the possibility of missing

small detail between slices (Garvey and Hanlon 2002).

There are two types of X-ray beam trajectories used in modern X-ray micro-CT scanners: (1)
circular trajectory and; (2) helical (spiral) trajectory. A micro-CT scanner with a circular X-ray trajectory
uses either a cone beam or a parallel beam to scan samples. The sample rotates on the rotation stage
with no movement along the rotation axis. This type of trajectory is commonly used in micro-CT

scanners because it is simple and easy to achieve good precision (Varslot et al. 2010). Caution should be
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taken when using a cone-beam X-ray source and circular trajectory because it causes noticeable artifacts
in images when the cone angle is above 5° (Sheppard et al. 2014). A way to mitigate this problem is to
use small cone angles and perform a series of circular scans next to each other, but this approach leads
to longer scanning times (Katsevich and Frenkel 2016). Another problem of using a cone-beam X-ray
with a circular trajectory is that it does not provide enough information to reconstruct the exact image.
Hence, images produced are only approximations (Varslot et al. 2011a). A helical trajectory overcomes
this problem. A helical trajectory combines rotation and linear movement along the axis of rotation. In
theory, it can provide all the information necessary to reconstruct the exact image of specimens (free of

artifact) if an autofocus correction method is applied (Varslot et al. 2010, 2011b).

2.3.2.3 Operating an X-ray micro-CT device

Du Pless et al. (2017b) provided guidelines for scanning biological samples using X-ray micro-CT
scanners. The first step is sample preparation and mounting. The sample needs to be mounted on a low-
density holder and remain fixed to the rotating stage. Then, scanning parameters need to be selected. A
balance needs to be found between the resolution of the scanner and the size of the sample. The size of
a focused X-ray spot should not exceed the size of a voxel (a three-dimensional pixel). The spatial
resolution of the scanner should be confirmed to ensure scan quality, and the full dynamic range of the
X-ray detector should be tested to determine the best image acquisition time. The number of images
should also be determined because it is related to magnification and sample size. The correct voltage
and X-ray filter should be used to minimize image artifacts. After these parameters are set, the
background should be normalized by using the X-ray beam to correct intensity variations of the
detector. Then, the X-ray beam should be centred. Once all the previous steps are done, the scanner can
be run automatically. After scanning, the data acquired from the device can be reconstructed and

visualized. These steps are described in the next section.
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2.4 X-ray micro-computed tomography data reconstruction, visualization, and analysis

2.4.1 Data reconstruction

Tomographic images are not acquired from a CT device directly. Instead, they are generated by
a process called “reconstruction” in which the projection data obtained from the CT device are
processed using mathematical algorithms (Varslot et al. 2011b). There are two commonly used methods

for reconstruction of tomographic data: filtered back-projection and iterative reconstruction.
2.4.1.1 Filtered back-projection

Filtered back-projection (FBP) is the most widely used method for CT data reconstruction due to
features such as speed, ruggedness, and modest computational power requirements (Stiller 2018).
Because the mathematical expressions of FBP can be difficult to understand for most readers, Currie et

al. (2015) wrote a non-mathematical explanation of FBP, which is summarized below:

“In the scanning process, the X-ray beam penetrates the scanned object and then creates a
projection on the other end which is the X-ray detector. This projection is called forward projection
(Figure 2.7a). After a scan circle, a number of individual projections are collected to produce X-ray
intensity profiles. To generate tomography images, the steps involved in producing projections can be
reversed — which means “X-ray beams” with the collected intensity profiles are virtually ‘projected’ back
to the positions where the X-ray source were. This process is called back-projection. The intensity data
are spread across the entire scanned region. When a single back-projection is done, the process can be
repeated from another angle (for example, 45° and 90° to the first one), and a focal point can be found
at where the back-projections meet (Figure 2.7b). When the number of repetitions increases, the focal
point gives better depth information (Figure 2.7c, d). However, the image looks blurry because back-
projection creates noise. To reduce the noise and improve the clarity of images, the back-projections

should be filtered.”

The process of FBP is the same as non-filtered back-projection, except that the former uses
Fourier transformation to create “wings” with negative intensity values next to the positive peaks in the
intensity profile (Figure 2.8a). Curie et al. (2015) used the phrase “two erasers attached to the sides of a
crayon” to describe the positive and negative peaks in the intensity profiles of FBP. With an increase in

the number of back-projections, the negative “wings” cancel the noise produced by back-projection
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(Figure 2.8b, c). The result from FBP (Figure 2.8d) is much clearer than that from non-filtered back-

projection (Figure 2.7d).

Intensity profile

A

Projection

Back-

X-ray beam o
projection

Scanned
object

Figure 2.7 Schematic diagram of non-filtered back-projection: a) forward projection to produce
projection images and intensity profile around the scanned object; b) three back-projections (0°, 45°,
and 90°); c) 12 back-projections; d) a large number of back-projections (modified from Peters 2002)
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Figure 2.8 Schematic diagram of filtered back-projection (FBP): a) Fourier-transformed intensity profile
containing the original positive peak (dark grey) and two negative peaks (white). The background is
painted light grey to represent zero intensity value; b) three back-projections (0°, 45°, and 90°); c) 12
back-projections; d) a large number of back-projections (modified from Peters 2002)

The previously described FBP method is in 2D planes with 2D parallel X-ray beams. As
mentioned in Section 2.3, most X-ray micro-CT scanners utilize 3D cone-beam X-ray sources. Additional
algorithms are applied to FBP in 3D. The most common algorithms are: Feldkamp-Davis-Kress (FDK)
algorithm for circular beam trajectory (Feldkamp et al. 1984), and Katsevich (2002) algorithm for helical

beam trajectory. FDK algorithm is a modified fan-beam FBP algorithm (Zeng 2010). It is commonly used
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for cone-beam reconstruction, but it only produces approximate reconstructions rather than exact
reconstructions (Zeng 2010). This is because the circular trajectory it employs does not satisfy Tuy’s
(1983) data sufficiency condition in which any plane through any point in the scanned object should
intersect with the X-ray source trajectory. The insufficiency of data causes the FDK algorithm to be
unreliable when the cone angle exceeds +5° (Varslot et al. 2011b). In contrast, the Katsevich algorithm
produces theoretically exact reconstructions because it uses a helical trajectory that satisfies Tuy’s
condition, since the helical trajectory always intersects with any planes across the scanned object
(Varslot et al. 2011b). Zeng (2010) stated that the Katsevich algorithm is the best for 3D cone-beam

reconstruction.

2.4.1.2 Iterative reconstruction

Iterative reconstruction produces higher quality images with less noise compared to FBP (Stiller
2018). It is a promising technique, but it is not commonly used because it has several limitations: (1) it is
much slower and requires much more computational power compared to FBP; (2) it requires a complete
set of data to start the iterations; (3) it needs to determine the optimal number of iterations, otherwise
the image quality is reduced due to overfitting; (4) lastly, it relies on assumptions and models to produce
high-quality data (Fleischmann and Boas 2011). Figure 2.9 shows Fleischmann and Boas’s (2011)
explanation for iterative reconstruction. Figure 2.9a shows a 4x4 grid with intensity values. Forward
projections are created by summing up the grids in all directions (from left to right, from top to bottom,
and diagonally). The reconstruction starts with all grids set to zero. The first step in reconstruction starts
in the vertical direction (Figure 2.9b). The measured values are 11 and 9, but the estimated values in the
grids are all zero, so the “errors” of estimations are 11-0=11 and 9-0=9. The errors are equally divided,
resulting in 5.5 in the left two grids and 4.5 in the right two grids. Afterwards, the values in the
horizontal direction are compared with measured values, and the errors (+2 and -2) are evenly spread
along the horizontal direction (Figure 2.9c). The process of comparing and spreading the errors
continues in two diagonal directions (Figure 2.9d, e), and finally finishes one iteration of the data set.
Because this data set is very small, it only takes one iteration to reconstruct the correct data. More

complicated data sets require many more iterations.
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Figure 2.9 Iterative reconstruction of a 4x4 image (redrawn from Fleischmann and Boas 2011)

2.4.2 Data visualization
2.4.2.1 Voxels

Because voxels are the fundamental elements in a CT data set, | provide a definition of a voxel
before proceeding to review data visualization techniques. Voxel stands for “volume element”. Unlike
pixels which are flat squares in a 2D matrix, voxels are cubed and have a third dimension (Ozer 2011). As
volumetric data, voxels have four parameters (x, y, z, v), in which (x, y, z) is the 3D location of voxels, and
v represents the intensity of a specific property (Kaufman 1994). In a CT data set, voxels form a 3D array,
and the property they represent are X-ray attenuation coefficient values (Knackstedt et al. 2006). The
coefficients are often expressed in the form of CT numbers, using a unit called the Hounsfield Unit (HU)

(Bryant et al. 2012).
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2.4.2.2 Shaded surface display and maximum intensity projection

Shaded surface display (SSD) and maximum intensity projection (MIP) were two of the earliest
methods for 3D visualization of CT data. Their use has declined and now volume rendering is the method
of choice for 3D visualization of CT data. Calhoun et al. (1999) explained how the techniques work and

why volume rendering is superior to SSD and MIP, which are summarized below:

“SSD renders 3D images by displaying polygonal surfaces that represent the geometry of the
data set. The surface is usually determined by thresholding the voxel intensities. Figure 2.10 gives an
example of thresholding. The intensity values in the diagram range from 0 to 9. Then, a threshold is
applied to select voxels with intensities ranging from 6 to 9, and voxels that are not in this range are left
out. The boundary of the thresholded voxels is 6-6-6 in this case. Afterwards, an algorithm is applied to
generate a polygonal surface, which consists of small triangles, along the located boundary. The
advantages of SSD are its high speed and flexibility, and clear depth cue of the rendered images.
However, it has a major problem in data utilization because it only uses a small percentage of the data
set (less than 10%). It also has problems in visualizing data sets that do not have well distinguished

surfaces.

MIP selects the voxel with the highest intensity along a line that is projected from the viewer’s
eye, and uses the selected intensity value as the displayed value. For example, in Figure 2.10, a row of
voxels is evaluated. The algorithm found that 8 is the maximum intensity and chooses to display the
voxel with that value. In some medical cases, MIP is very capable in rendering images and has better
precision than SSD, but it has some disadvantages when applied to other fields: (1) high density material
may obscure information from low-density material; (2) it usually does not generate any shading or
depth cues, which makes assessing 3D relationships difficult; (3) also, it has a lot of artifacts caused by

the algorithm.”

In general, Calhoun et al. (1999) stated that volume rendering is superior to SSD and MIP in

terms of flexibility and image fidelity.
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Figure 2.10 Schematic diagram of shaded surface display and maximum intensity projection for X-ray
CT data visualization (redrawn from Calhoun et al. 1999)

2.4.2.3 Volume rendering

The volume rendering technique for CT data visualization was developed by Drebin et al. (1988).

| summarize their description of the technique as follows:

“A CT data set contains a mixture of voxels with different intensities. Because the intensity of a
voxel corresponds to material density, the first step of volume rendering is to categorize the mixture of
voxels according to the materials they represent. To achieve this, a histogram can be generated to map
the intensities of voxels. Figure 2.11 shows an example of an intensity histogram and the results of
material assignments based on a maximume-likelihood classifier. Then, a matting procedure is used to
remove some parts of the data that are not of interest, for example, air. The second step is to extract a

surface where two materials meet. This is achieved by using the density of each assigned material to

calculate the surface normal (IV ). The third step is to add lighting, colour, and shading effects to the
voxels (Figure 2.12). If a ray of light is beamed towards the observer’s eyes and penetrates a voxel with
transparency, its intensity will change from I to I'. If the voxel is coloured and has an extracted surface

within it, the colour of I' will be decided by the colour of the material in front of the surface (Cr) and
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behind the surface (Cg), and the reflected colour of the surface (Cs). Cs is related to the diffuse colour of
the extracted surface (Cp), the colour (C;) and direction (Z) of the light source, IV, and the direction of

eyesight (F? ). Cp is calculated by summing up Cp and Cg. After all these calculations, the colour and
brightness of I' for each voxel are projected to a viewing plane, and that completes the rendering of a 3D

image of a CT data set.”

In more contemporary volume rendering techniques, algorithms called “transfer functions” are
used to assign colour, brightness, and opacity to voxels with certain ranges of intensity values (Calhoun

et al. 1999), rather than the complicated procedures described by Drebin et al. (1988).

Original histogram
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Figure 2.11 Material classification (redrawn from Drebin et al. 1988)
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Figure 2.12 Voxel lighting and shading model, in which | is the intensity of a light ray entering the
voxel; I’ is the intensity of the same light ray exiting the voxel; S is the magnitude of the gradient; N
is the surface normal; L is the direction of the light source; C; is the colour of the material in front of

the extracted surface; Cs is the colour of the material behind the extracted surface (redrawn from

Drebin et al. 1988).

2.4.2.4 Data analysis

Quantitative analyses can also be performed on CT data sets. Schladitz (2011) summarized the
use of quantitative analyses of X-ray micro-CT data into three categories: geometric characterization,

analysis of material properties, and microstructural optimization.

As its name suggests, the goal of geometric characterization is to determine the geometric-
related parameters of objective microstructures in a CT data set. Schladitz (2011) characterized the
geometry of pores in a concrete sample (Figure 2.13). The CT images were firstly binarized to display
pores in black and unimportant parts in white. Then, each pore was labelled, and all the voxels that
belonged to the same pore were assigned the same label as the pore they belonged to. Subsequently,
the dimension and shape of each pore were measured, and the best-fitting cuboids and ellipsoids were

applied to the pores.

Figure 2.13 Example of geometric characterization. Left: original grayscale image. Centre: binarized
image showing pores. Right: labeled pores, colours representing different labels (Schladitz 2011,
adapted with publisher’s permission)
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Properties such as elasticity or thermal conductivity are influenced by the microstructure of a
material. Therefore, CT can obtain information on properties by quantifying microstructure. For
example, du Pless et al. (2017) used micro-CT to investigate the relationship between the microstructure
of titanium alloy and its material properties. They found that ductility was associated with pore size and
stress distribution. They also performed simulations based on micro-CT data and developed a model to
predict ductility. As pointed out by Schladitz (2011), developing a model to predict mechanical
properties based on microstructural features is the ultimate goal for the micro-CT analysis of materials.

However, it is difficult to achieve this goal for some materials due to their complexity.

Schladitz (2011) described how analysis of CT data could be used to optimize the microstructure
of a material. First, the microstructural information from a CT data set is fitted to a stochastic model,
which is based on properties measured in the data set. Secondly, the microstructure is altered by
changing the parameters in the model. This step simulates how the properties of this material will
change when microstructure is altered. Then, the second step is repeated to find an optimal
microstructure with the best material properties. Research on modeling foam structures by Redenbach
(2009) is an example of microstructural optimization. She used synchrotron X-ray micro-CT to extract
geometric data from foam samples. Then, she simulated the properties of the foam based on random
tessellations models fitted to the geometric data. The generation of simulation data was then used to

optimize the microstructure of foams.
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2.5 X-ray micro-computed tomography of solid wood

2.5.1 Anatomical features in wood
2.5.1.1 Pioneers of X-ray micro-CT of wood

Davis et al. (1991) pioneered the use of X-ray micro-CT for wood science. They scanned a
softwood sample, Scots pine, and a hardwood sample, alpine ash (Eucalyptus delegatensis R.T. Baker) at
voxel sizes of 20 um and 5 pm. They found that a resolution of 20 um was adequate for displaying
growth rings in Scots pine. Resin canals, rays, and tracheids in Scots pine could be detected in 20 um
images, but they were clearer in 5 um images. Their 20 um images of alpine ash showed a collapse check
adjacent to a vessel. Their 5 um images showed a clear distinction between the collapsed and
uncollapsed areas. They estimated that their CT device was capable of scanning wood at a resolution of
1 um. Subsequently, lllman and Dowd (1999) scanned decayed southern yellow pine samples using
synchrotron X-ray micro-CT at 5 um resolution. Their main contribution to the development of micro-CT
for wood was introducing quantitative analysis of CT data. In addition, they showed that it was feasible
to use a synchrotron radiation source for scanning wood. They estimated the porosity of the samples by
calculating the ratio of the number of voxels representing pores versus the total number of voxels. To
discover the effect of fungal decay, they also measured the disconnectivity of pores and the “burn
number” which was related to the distance between a voxel representing pore and the interface of air
and wood. Later, Steppe et al. (2004) studied ring-porous European oak and diffuse-porous European
beech wood using a conventional X-ray CT scanner at 7 um resolution. They quantified more parameters
than Illlman and Dowd (1999), including vessel diameter, surface area, density, and porosity. They
contributed to X-ray micro-CT of wood by: (1) introducing segmentation and 3D volume rendering and:
(2) extracting and visualizing the vessels to reveal complex networks of vessels in both diffuse-(beech)
and ring-porous (oak) woods. Research at The Australian National University in 2000, which is
unpublished used a cone beam, in-house CT device to image three hardwoods, European oak, ebony
(Diospyros spp.); and balsa (Ochroma pyramidale [Cav. ex Lam.] Urb.). Images from this early research
are shown below (Figure 2.14a,c). The pore and rays (and parenchyma in oak) are clearly evident, but
the level of detail is far less than in the adjacent images (Figure 2.14b,d) obtained using a modern CT

device at higher resolution.
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Figure 2.14 3D rendered images of oak (Quercus spp.) and balsa scanned using an early and a more
contemporary X-ray micro-CT device at The Australian National University: (a) oak, scanned in 2000 at
32.6 um voxel size; (b) oak, 2013, 2.4 um; (c) balsa, 2000, 5.3 um; (d) balsa, 2015, 2.5 um
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2.5.1.2 Developments of techniques for X-ray micro-CT of wood anatomy

After the aforementioned pioneering studies, X-ray micro-CT of wood structure increased in
popularity helped by improved access to the technology. Mannes et al. (2009) used synchrotron micro-
CT to complement findings from X-ray macro-CT. The device they used had high resolution (0.75-1.5
pum), which was sufficient for visualizing pits in the vessel walls of European beech. They also pointed
out that sample preparation for scanning at such resolution should be carefully performed because they
found small checks caused by machining in the outer area of their samples. They subsequently used
their synchrotron CT device to scan two more species, European oak and English yew (Taxus baccata L.)
(Mannes et al. 2010). Van den Bulcke et al. (2009a) visualized a softwood species Scots pine, and three
hardwood species which were European beech, afzelia (Afzelia bipindensis Harms), and movingui
(Disthemonanthus benthamianus Baillon). Unlike Mannes et al. (2009, 2010), they used conventional X-
ray micro-CT with voxel sizes below 1 um. They demonstrated that a lab-based micro-CT scanner with a
conventional X-ray source could be used to scan micron-sized anatomical features such as the thin cell
walls and pits. They were able to visualize different anatomical structures in softwood and hardwood,
and quantify the sizes of cell lumens. Similarly, Mayo et al. (2009, 2010) visualized softwood and
hardwood features using conventional X-ray micro-CT with a voxel size of 2 um. They also compared
their high-resolution data sets with lower resolution ones and found that the higher resolution ones
showed more detail, which was because of the smaller voxel size and also the effect of a phase-contrast
method they used. Belini et al. (2011) conducted a similar study and concluded that their device was
capable of scanning anatomical features of softwood and hardwood. Lautner and Beckman (2012) used
a synchrotron micro-CT design to scan poplar (Populus trichocarpa var. Trichobel) wood. They claimed
that their device could easily achieve a resolution below 1um, and the quality of CT images increased

when phase-contrast and absorption contrast methods were combined.

2.5.1.3 Tomography of wood microstructures

In addition to the aforementioned studies that explored the general capability of X-ray micro-CT
for anatomical studies of wood, scientists have also studied the anatomy of specific wood species using
X-ray micro-CT. Trtik et al. (2007) looked at the anatomy of Norway spruce wood using synchrotron
micro-CT. They analyzed the morphology of tracheids and found that they were mostly four-sided in
shape. Their measurements of the sizes of tracheids were in accord with previous microscopy studies of
the anatomy of spruce. They quantified the porosity and cell wall thickness of spruce wood, and their
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visualization of the pits in tracheids and ray parenchyma pre-dated the work of Mannes et al. (2009).
They also located the tori of pits via an indirect method that involved watershed segmentation, a
segmentation method that is based on “valleys” and “ridges” in the topographic landscape of CT images
(Preim and Botha 2014). Yazid et al. (2010) studied the morphology of the fragrant resinous wood,
Indonisian agarwood (Aquilara malaccensis Lam.) using X-ray micro-CT. They were able to characterize
resin, wood and voids, but their X-ray detector caused several ring artifacts in CT images. Liu et al.
(2018) studied the anatomy of Chinese-grown agarwood (Aquilaria sinensis [Lour.] Gilg) using
synchrotron micro-CT. Two methods were used to enhance the imaging of samples: propagation-based
phase-contrast CT (PPCT) and phase retrieval-based PPCT (PR-PPCT). They found that PR-PPCT could
detect resin near vessels while PPCT could not. They located resin in resin ducts of agarwood. They also
found that PR-PPCT was better than PPCT at revealing fibres, rays, and parenchyma in their agarwood
samples. Svedstrom et al. (2012b) studied juvenile wood in hybrid aspen (Populus tremula L. x Populus
tremuloides Michx.). They used X-ray micro-CT to study the 3D cellular structure of hybrid aspen and the
geometry of its cells (Figure 2.15). Their results showed that their fibres were shorter than those
obtained by previous studies. Also, the microfibril angles in fibre walls of spruce, pine, birch, and
juvenile Populus were lower than those obtained by previous studies. Koddenberg and Militz (2018)
looked at the morphology of European ash (Fraxinus excelsior L.) wood using X-ray micro-CT. They
visualized vessels, fibres and parenchyma cells in 2D and 3D. They found that the length-to-diameter
(L/D) ratio of vessel elements in latewood was approximately 3.7 times higher than that in earlywood.
Latewood also had longer but narrower fibres with a higher L/D ratio compared to fibres in earlywood.
They also found that the segmentation of axial parenchyma cells was more difficult in earlywood
compared to latewood. Subsequently, Koddenberg et al. (2019b) examined bordered pits in Scots pine
using light microscopy and X-ray micro-CT. They were able to measure the size of bordered pits using 3D
and 2D models. They compared two 2D models for calculating pit volumes: the ellipsoid model and the
spherical cap model. They found that the results of the ellipsoid model were closer to 3D measurements
acquired by micro-CT, and this was more noticeable for bordered pits in earlywood than those in

latewood.
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Figure 2.15 X-ray micro-CT images of hybrid aspen wood: (a) 3D volume rendered images; (b) 2D

transverse section; (c) segmented lumina of fibres (coloured) and vessel elements (arrowed); (d)

Cross-sectional image of stem including pith (P), wood (W) and bark (B) (Svedstrom et al. 2012b,
adapted with publisher’s permission)
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2.5.1.4 X-ray micro-CT of hydraulic pathways in wood

X-ray micro-CT is very good at revealing the hydraulic pathways in wood. Steppe and Lemeur
(2007) used X-ray CT data to develop a hydraulic model of wood and then examined the effects of
arrangement of vessels on conductivity. X-ray micro-CT was used to image oak and beech wood
samples, which are ring-porous and diffuse-porous, respectively. The number, dimensions of minor and
major axes, and diameter of vessels were quantified. They found that a few large vessels had greater
conductivity than many smaller vessels. Also, the larger vessels in oak had higher stem-specific hydraulic
conductivity than smaller vessels in beech. Hass et al. (2010) studied the vessel network in European
beech wood using synchrotron micro-CT. They quantified vessel diameters and porosity of the samples.
To study the connectivity of the vessels, they performed a “blob analysis” which matched the areas,
positions, and equivalent diameters of the vessels slice by slice. They also extracted the vessels using
segmentation and rendered the images of vessel networks in 3D. Adey-Johnson et al. (2020) studied the
hydraulic pathways in Norway spruce. They were able to measure the length, extent of overlap,
diameter, and pit locations on tracheids using X-ray micro-CT. They found patterns in pit linear density

and radial lumen diameter in the radial direction within growth rings.

Figure 2.16 3D rendering of segmented and labeled pore network of willow (Salix alba L.) wood
(photo, c/o Dr Mohammad Saadatfar, Department of Applied Mathematics, ANU)
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2.5.2 Wood-moisture interactions

Like its macroscopic sibling mentioned in Section 2.3, X-ray micro-CT has also been used to study
the interactions between wood and water, especially during the drying of wood. Rosner et al. (2010)
examined the radial shrinkage and acoustic characteristics of freshly cut and pre-dried Norway spruce
wood. They used X-ray micro-CT to look at the checking of their samples. However, they were not able
to find micro-cracks using a resolution of 4.5 um, although they acknowledged that microcracks could
have been present in their samples. Leppanen et al. (2011) studied the drying of silver birch (Betula
pendula Roth.), European aspen (Populus tremula L.), and hybrid aspen (P. tremula x tremuloides). They
used X-ray micro-CT to examine the morphology of the samples before and after air drying. They found
that rays were narrower in dried samples compared to undried samples. However, they were unable to
find differences in cell wall thicknesses between dried and undried samples because measurement
errors were too large. Taylor et al. (2013) studied the shrinkage of European beech wood over time
using an in-situ X-ray micro-CT device. They observed that tangential shrinkage was greater than that in
other directions. They also found that radial shrinkage in areas next to broad rays was much lower than
that in other areas. In the first 40 minutes of drying, the increase of void volume followed a linear trend
due to the evaporation of free water in cell lumens. After that, the wood began to shrink, and increases
in void volume drastically slowed down. Patera et al. (2014) designed a device to restrain the swelling of
wood during phase-contrast synchrotron micro-CT. They evaluated the effectiveness of restraint by
guantifying the porosity, cell wall thickness, and swelling rate of specimens. They found that latewood
tended to have higher strain compared to earlywood. They also found their restraining device useful
because it reduced the anisotropy of wood. Their device itself only deformed by approximately 2 um,
which was small compared to the width of the device (500 pum). Krzemien et al. (2015) investigated how
earlywood and latewood within growth rings respond to relative humidity changes. They scanned a
Scots pine sample using an X-ray micro-CT device and performed 3D digital image correlation analysis on
the CT data set. The results from CT complimented those from digital speckle pattern interferometry.
They found that dimensional change at the wood surface was restrained by the core. Also, the latewood
and earlywood in the unrestrained area shrunk uniformly, but that was not the case in the restrained

area where earlywood was stretched.
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2.5.3 Mechanical properties of wood

In-situ X-ray micro-CT is a powerful tool for examining the physical properties of wood. To
perform in-situ scans of the bending of a Scots pine sample, Forsberg et al. (2010) mounted a compact
three-point bending apparatus in a synchrotron micro-CT device. They scanned the sample three times
per test to acquire cellular structures under different load states. Then, they used the CT data for digital
volume correlation (DVC) analysis. In the longitudinal direction, they found a region with high tensile
strain in the lower centre of the sample, plus a compression band and a tension band in the upper and
lower parts of the sample, respectively. They also found that deformation was rather symmetrical in the
direction parallel to the applied force. Zauner et al. (2012) conducted an in-situ compression test on
Norway spruce wood. They prepared samples with three different geometries and fixed each sample on
a specially designed loading device. They applied load to each sample to compress it for a certain
distance and then scanned the sample in-situ and repeated the load-scan cycle until the sample was
destroyed. They found that latewood tracheids tended to break first. When failure occurred, the failure
area branched in multiple directions. In contrast, the resin canals were free of damage and the rays
remained stable until the load reached a certain level. Sanabria et al. (2020) developed a method for
qguantifying the deformation of wood subjected to tension and compression. Their method, which used

in-situ synchrotron micro-CT, was able to track microscopic deformations in individual wood cells.

Conventional ex-situ X-ray micro-CT is also useful for wood mechanics. For example, El Hachem
et al. (2019) used it to develop a model for predicting the moisture-related change in mechanical
properties of wood. They scanned spruce (Picea spp.) wood samples in the oven-dried state and when
the wood was equilibrated at 72% relative humidity. Afterwards, they used CT data and digital volume
correlation analysis to calculate the volume displacement of samples and derive a model from the
results. Their model could accurately predict the swelling coefficient as well as the Poisson coefficient of

spruce wood.
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Figure 2.17 DVC mapping of the displacement of spruce wood subject to swelling at (a) tangential; (b)
radial; (c) longitudinal direction (EI-Hachem et al. 2019, adapted with publisher’s permission)

2.5.4 Wood deterioration and protection

2.5.4.1 Deterioration of wood

Illman and Dowd (1999) pioneered the use of X-ray micro-CT to study the deterioration of wood
as mentioned above (Section 2.5.1.1). Later, lliman (2003) described the principles and instrumentation
for their synchrotron micro-CT study of decayed wood. Kasal et al. (2010) described novel approaches to
radiography of materials including the use of X-ray micro-CT to visualize the deterioration of wood. Fuhr
et al. (2012) assessed the impact of white rot on the microstructure of Norway spruce wood using
synchrotron micro-CT. They visualized degraded wood using 3D volume rendering and found that
damage to cell walls was mainly adjacent to bordered pits. They quantified the size and orientation of
the cell wall elements in tracheids, and developed an algorithm for automated calculation of the
distribution of the size of cell wall elements. Maeda and Ohta (2012) studied the anisotropy of the decay
progress in Sitka spruce (Picea Sitchensis [Bong.] Carr.) wood using X-ray micro-CT. They found that their
sample suffered higher weight losses in the longitudinal direction compared to other directions as decay
progressed. In addition, density loss was greater in latewood. Tangential shrinkage was less than that in
the longitudinal direction. They also observed that cracking only occurred in tangential and radial
directions. Gdmez-Brandodn et al. (2017) studied the deterioration of coarse Norway spruce wood debris
at multiple stages of decay. Their X-ray micro-CT data showed little change in microstructure in the first
three decay classes, but wood in the more severely attacked fourth and fifth classes shared pronounced

degradation of cell walls and tori of bordered pits.
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2.5.4.2 Microorganisms in wood

The high resolution of X-ray micro-CT makes it possible to visualize micro-organisms in decayed
wood, in addition to the microstructural damage that such organisms cause. Van den Burke et al.
(2009b) used X-ray micro-CT to visualize a white-rot fungus (Coriolus versicolor [L.] Quél.) inside and on
the surface of afzelia (Figure 2.18a), movingui (Figure 2.18b), European beech (Figure 2.18c), and Scots
pine (Figure 2.18d) wood. They could easily observe fruiting bodies of the fungi on the outside of the
wood, but the individual hyphae were difficult to identify even when they used submicron resolution CT.
However, they were able to segment fungal tissues in wood based on intensity values from CT data and
reveal the extent to which fungi penetrated into wood. They pointed out that their segmentation
method was subjective and could falsely detect fungi at the edges of samples, and therefore they used
differential imaging of CT images taken at different time frames. They visualized fungal tissues from the
differences between time frames, but artifacts still occurred at the edge. Gilani et al. (2014) used
synchrotron micro-CT to study the degradation of Norway spruce and sycamore (Acer pseudoplatanus
L.) colonized by two fungi: Xylaria longipes Nitschke and Physisporinus vitreus (Pers.) P.Karst. They
visualized the hyphae in cell lumens in 3D via volume rendering. They also quantified density changes in
wood due to fungal activity and found that the density of sycamore wood was reduced more uniformly
than that of Norway spruce wood. In Norway spruce, latewood tended to degrade more than
earlywood. They also found that the density difference between earlywood and latewood decreased
when the incubation time was increased. Koddenberg et al. (2020) examined the decay of Norway
spruce, Scots pine, and European beech. However, their commercial X-ray micro-CT device was not able
to visualize hyphae in wood. For this reason, their study focused more on the inorganic deposits they

observed in their samples.
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Figure 2.18 3D volume rendered images of hyphae (green) on wood (white): (a) afzelia; (b) movingui;
(c) European beech; (d) Scots pine (Van den Bulcke et al. 2009b, adapted with free license granted by
publisher)

2.5.4.3 Wood protection

There are many approaches to increasing the durability of wood against deterioration, for
example, impregnating wood with preservatives, modifying the characteristics of wood, applying
coatings to the wood surface, etc. X-ray micro-CT has been used to study various phenomena related to

wood protection.

2.5.4.3(a) Preservative treatment of wood

Mannes et al. (2010) studied the penetration of a nanosilver water-repellent preservative into
Norway spruce and European beech wood. They hypothesized that even a small amount of silver could
act as a tracer in wood due to its high atomic number and attenuation of X-rays. However, their
expectations were not met because it was difficult to detect low quantities of silver in the wood. Evans

et al. (2013) studied the distribution of micronized copper azole (MCA) and alkaline copper quaternary
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(ACQ) fungicidal preservative in treated southern pine (Pinus spp.) wood using X-ray micro-CT. They
managed to detect copper in wood and found that the distribution of both preservatives coincided with
the rays and the network of axial and radial resin canals in wood. Subsequently, Feng et al. (2019)
revisited the CT data obtained by Evans et al. (2013). They found that both preservatives were
concentrated in parenchyma cells which were adjacent to axial and radial resin canals, rather than resin
canal voids. Also, in the MCA-treated sample, the epithelial cells surrounding radial resin canals were
free of copper, and the surrounding axial resin canals rarely contained copper. In contrast, in ACQ-
treated wood, copper was mainly located in epithelial cells around both axial and radial resin canals.
They suggested that parenchyma cells were important pathways for the penetration of copper-based
preservatives into wood. Their CT images were reconfigured for a virtual reality system so they could be
used as an educational tool to enable students to understand the 3D distribution of copper-based

preservatives in treated wood (Feng et al. 2020).

Untreated

Figure 2.19 3D volume rendered images of copper-based preservatives (blue-green) in southern pine:
left: MCA-treated sample; middle: ACQ-treated sample; right: untreated control. Scale bar = 2mm
(modified from Feng et al. 2020)
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2.5.4.3(b) Modification of wood

There are four main approaches to wood modification: (1) impregnation modification; (2)
thermal modification; (3) chemical modification, and; (4) surface modification (Hill 2006). Wood
modification using each of the first three approaches has been the subject of studies involving X-ray
micro-CT. De Vetter et al. (2006) first used X-ray micro-CT to study the impregnation modification of
wood with organic silicon compounds. They treated beech and Scots pine samples using two different
methods: dipping and impregnating, and then scanned samples using X-ray micro-CT and visualized the
distribution of silicon compounds in the samples. They found that the compounds were mainly located
in cell lumens in the dipped samples, whereas in the impregnated samples, the compounds were in cell
walls. They also studied the samples using SEM, and the results corroborated those obtained from
tomography. Scholz et al. (2010a, 2010b) studied the impregnation of Scots pine and European beech
wood with wax. They used X-ray micro-CT to visualize the location of wax in wood and quantify wax
levels in samples. In pine wood, they observed wax in some axial and ray tracheids, while the ray
parenchyma cells and some tracheids remained unfilled. In beech wood, they found wax in some but not
all vessels. Wax was absent from rays and axial parenchyma. Their 3D images showed that air voids were
mainly located in rays and areas adjacent to wax columns. Their quantification of the volume of
different components in samples accorded with results from He pycnometry and Hg intrusion
porosimetry. Tanaka et al. (2015) modified wood with an aqueous polymer to increase its homogeneity
and dimensional stability. They impregnated hinoki wood with an aqueous solution of polyethylene
glycol and studied the diffusivity of the solution as affected by relative humidity. X-ray micro-CT was
used to image cross-sections of the samples. They also counted the number of polymer-filled cells and
found that the number was negatively correlated with the relative swelling of the samples. Kielmann et
al. (2016) used X-ray micro-CT to visualize resin in beech wood and found that the resin was mainly

located in vessel lumens.

Micro-CT of thermally modified wood was first carried out by Van den Burke et al. (2013). They
rendered 3D images of a thermally modified aspen sample and discussed the potential of X-ray micro-CT
to evaluate changes caused by wood modification. Bizkis et al. (2015) subsequently used the same CT
device as Van den Burke et al. (2013) to study the effect of thermo-hydro treatment on the
microstructure of six wood species. They scanned the samples before and after treatment. Then, they

segmented the cells and vessels from their CT data and quantified the volume of wood substrate,
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porosity, and the maximum opening of pores. They found that species with higher porosity tended to
show greater changes in wood microstructure. Another of their findings was that species with less cell
wall substrate showed increases in porosity after treatment. In subsequent work Bizkis et al. (2019) used
X-ray micro-CT to investigate density changes in Norway spruce and silver birch wood due to thermal-
hydro treatment. They found that the density profiles of both species decreased when treatment
temperature increased. They also found that density changes in earlywood and latewood in both species
varied. Spruce wood showed similar decreases in earlywood and latewood density, but density changes
in birch wood were more heterogeneous. Hamada et al. (2016) attempted to use X-ray micro-CT to
study the density changes of oak wood after it was thermally modified. However, they were
unsuccessful because they were unable to establish a correlation between mass losses and initial
density of modified wood. Wentzel et al. (2020) used X-ray micro-CT to visualize microstructural changes
in shining gum (Eucalyptus nitens [H.Deane & Maiden] Maiden) following thermal modification.
However, they were unable to find significant differences between the microstructure of treated

samples and the untreated control.

Studies on X-ray micro-CT of chemically modified wood emerged later than those on
visualization of thermally modified wood or wood impregnated with polymers. Moghaddam et al. (2017)
used X-ray micro-CT to study the wetting properties of furfurylated and acetylated longleaf pine (Pinus
palustris Mill.) and maple (Acer platanoides L.) wood. They visualized the 2D and 3D microstructure of
samples and quantified the porosity, cell wall thickness, and maximum opening of tracheids. They found
significant microstructural changes in furfurylated samples, including a decrease in porosity, increase in
cell wall thickness, and the deformation and polymer filling of tracheids or vessels. In contrast, their
acetylated samples showed no significant microstructural changes. Their results showed that
furfurylation reduced both capillary uptake and swelling while acetylation only reduced swelling. Softje
et al. (2020) studied the penetration of chemical agents in esterified Scots pine wood. They imaged their
samples at high (1 um) and low (14 um) resolution. Their 3D rendering of the lower resolution images
showed that the surfaces of the samples were highly modified. Their higher resolution images showed
that latewood was completely modified while modification of earlywood was more variable. They also

found that rays and resin canals were important pathways for chemicals to penetrate into wood.
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Figure 2.20 CT images of chemically modified Scots pine: (a) 2D transverse section of the sample, WR =
wood ray, asterisk = border of the sample; (b) 3D volume rendered image of the selected region in (a),
colored materials represent flows of chemicals; (c) 3D volume rendered image of a growth ring
boundary, blue = high X-ray attenuation regions, yellow = low X-ray attenuation regions. Adapted
with permission from {S6ftje M, Koddenberg T, Militz H, Drafz MHH, Namyslo JC, Kaufmann DE (2020)
Chemistry and spectroscopy of renewable materials, part 2: investigation of suitably esterified wood
regarding penetration and distribution of the chemically modifying reagent by means of high-
resolution 3D computed tomography. ACS Sustainable Chemistry & Engineering 8(19), 7353-7358}.
Copyright (2020) American Chemical Society

2.5.4.3(c) Naturally durable wood

Koddenberg et al. (2019a) used X-ray micro-CT to study the silica content of turpentine, which is

a silica-rich hardwood species that is resistant to attack by teredinid borers (Amos and Dadswell 1948).
They used X-ray micro-CT to visualize the distribution of silica particles in their samples and confirmed
findings from microscopy that silica particles are located in ray cells. They also quantified the silica
content of samples, but they found that result from tomography (0.51%) underestimated the silica
content when compared to that obtained from a gravimetrical method (0.60%). They listed three
possible reasons for the underestimation: firstly, their method ignored the presence of silica in cell
walls; secondly, the noise and artifacts in their CT images affected the results; thirdly, their CT method

investigated a smaller region of interest compared to the gravimetric method. They also imaged silica
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particles using SEM and found that the CT images smoothed out the details of the surface of silica
particles. Feng et al. (2020) studied another silica-rich and naturally durable wood species, satinay, using
X-ray micro-CT. They visualized silica particles in ray parenchyma cells and modified the CT data to make
it suitable for a virtual reality system. Students using this system could interact with the 3D volume-
rendered model of satinay and see silica particles located in ray cells, as well as other anatomical
features of satinay. The virtual reality system received very positive feedback from students, and they

preferred it to traditional methods of visualizing the anatomy of wood.

2.5.4.3(d) Wood coatings

Van den Burke et al. (2008) used X-ray micro-CT to investigate blue stain of pine wood coated
with either a waterborne or a solvent-borne coating. X-ray micro-CT could visualize wood, coating, and
fungal hyphae in 3D. They also quantified the porosity, thickness, and penetration depth of the coatings,
the thickness of wood cell walls, and the lumen sizes of tracheids. Subsequently, Van den Burke et al.
(2010) studied the microstructure of Scots pine and African padouk (Pterocarpus soyauxii Taub.)
samples coated with either a waterborne or a solvent-borne coating. However, they did not specify the
chemical composition of the coatings, nor the steps involved in coating application. They claimed their
study was intended to illustrate the capability of their imaging and analysis methods, rather than to
study wood-coating interaction in-depth. Nevertheless, they were able to separate coating from wood,
and quantify surface roughness of wood, as well as thickness, penetration depth, porosity, and area of
interface of the coating. Later, they displayed another segmented image of a coating on a Scots pine in

their paper on modification of wood (Van den Burke et al. 2013).
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2.6 X-ray micro-CT of wood composites

Wood composites and the sub-set of products known as engineered wood composites have
replaced solid wood in many applications. The definition of engineered wood composites is varied and
elastic. Guss (1995) described them as structural wood products made from smaller pieces of wood cut
from roundwood, or from wood residues derived from other manufacturing processes. The resulting
wood pieces are bonded together with adhesives to produce products that have specific mechanical
properties, size and performance. Composites consisting of wood veneers or lamellae can also be
interconnected with nails (Milner and Woodard 2016), dowels (Sotayo et al. 2020), or thermoplastics
(Papadopoulos 2019). In some publications, engineered wood products also include non-structural
products such as particleboard, fibreboard, and wood plastic composite (Sarfi et al. 2013, Ximenes et al.

2018, Markstrom et al. 2018).

2.6.1 Processing of wood composites
2.6.1.1 Adhesive bonding of wood

Modzel et al. (2011) studied phenol formaldehyde (PF) resin glue lines in glue-laminated timber.
They visualized glue lines using a variety of methods including synchrotron X-ray micro-CT, fluorescence
microscopy, backscattered electron imaging, SEM, and wavelength microscopy. To enhance the contrast
of resin in X-ray images, they replaced the NaOH catalyst in the adhesive with RbOH, which has similar
chemical characteristics to NaOH but has a much higher molecular weight and X-ray attenuation. The 3D
structure of PF resin was clearly visible in the volume-rendered CT images. They concluded that X-ray
micro-CT could provide a visual perspective of glue lines that other methods could not. Subsequently,
Kamke et al. (2014), Paris et al. (2014), Paris and Kamke (2015), and McKinley et al. (2016, 2018) used
the same synchrotron facility as Modzel et al. (2011) to investigate adhesive bonding of wood. They all
used iodine as a contrast agent to tag resin in wood, except Paris et al. (2014) who used three contrast
agents namely iodine, bromine, and rubidium. Kamke et al. (2014) acquired the 3D geometry of a lap-
shear test sample bonded with PF resin. They then used the 3D geometry of samples to develop a
mathematical model which simulated the stress and strain of the resin bondline under load. They

validated their model by performing a real lap-shear test using the scanned sample. They also discussed
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the limitations of their methods including the inability to detect resin in cell walls, and artefacts in
tomograms. Paris et al. (2014) compared the effectiveness of the three contrast agents mentioned
above, to highlight PF resin bondlines in synchrotron micro-CT images. They found that iodine and
rubidium enhanced the contrast sufficiently, while rubidium was not effective because it could not
attach to polymer chains in the resin. Paris and Kamke (2015) used micro-CT to study the penetration
behavior of PF, polyvinyl acetate (PVA), and polymeric diphenylmethane diisocyanate (pMDI) resin in
three species: loblolly pine (Pinus taeda L.), Douglas fir, and a hybrid poplar (Populus deltoides x Populus
trichocarpa). They were able to quantify the difference in effective penetration and weighted
penetration between different resin types and species. They also found horizontal cracks in 3D volume
rendered images of PF glue lines. McKinley et al. (2016) exposed glue-laminated samples to an
accelerated weathering process, and studied changes in the glue lines. They found cracks propagated in
latewood regions in a cross-laminated latewood-earlywood sample. They also summarized their
approaches to micro-CT of resin penetration, mechanical properties of bonding, and anatomy of bonded
samples. McKinley et al. (2018) subsequently studied PF resin penetration in Douglas fir samples using
high-resolution tomography with a voxel size of 60 nm3. It was difficult for them to control the
movement of samples during CT scanning, but they managed to detect PF resin in some of their scans
and validated the results using energy-dispersive X-ray spectroscopy and X-ray fluorescence microscopy.
Sterley et al. (2014) used conventional X-ray micro-CT to investigate polyurethane (PU) and phenol
resorcinol formaldehyde (PRF) resin in bondlines in finger-jointed wood boards. They found that PU had
deeper penetration and smaller bubbles in green wood than in dried wood, while PRF had the same
penetration in greenwood and dried wood. Their CT images also showed that joints in greenwood had
closer and more homogeneous contact than those in dried wood. Bastani et al. (2016) visualized the 3D
flow pattern of PU resin in heat-treated wood. They found it difficult to segment wood from resin
because of their similar densities, but they claimed that segmentation was still possible. Niemz et al.
(2020) used in-situ synchrotron micro-CT to validate results from acoustic analysis of the shear strength
of urea formaldehyde (UF) bondlines in wood. They observed that cracks formed along the boundary of
growth rings in a longitudinal-longitudinal lamination. Wascher et al. (2020) used helical micro-CT to
study melamine formaldehyde resin bonding enhanced by iodine in thermally modified and plasma-
treated beech wood veneers. They visualized the distribution of resin and quantified the volumes of
resin-impregnated and resin-filled parts of the samples. They found that the amount of resin that

penetrated into wood was more than doubled by plasma treatment of samples (Figure 2.21).
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Figure 2.21 3D volume rendered images showing resin penetration in beech wood veneers: (a)
control; (b) plasma-treated sample (Wascher 2020, adapted with permission granted via Creative
Commons)

2.6.1.2 Fixings

Matsubara et al. (2017) studied the relationship between the withdrawal force of screws and
the clamping force of timber joints. They used X-ray micro-CT to visualize the failure behavior of joints
during pull-out and tightening tests. They found that overtightening the screws damaged the female
threads in wood and caused splitting near the screw tips, while pulling out the screws only caused
splitting. Korte et al. (2018) studied the fixing of softwoods using wooden nails. They used X-ray micro-
CT to visualize the microstructure of the nail connections in 2D and 3D. They were able to visualize the
areas in the wooden screw that were compressed when nails were forced into wood, as well as cracks in
wood. They also quantified the porosity profile at the top and the bottom of the nail connection, and

found that the porosity peaked in the areas near the wooden screws.

2.6.1.3 Wood welding

Wood pieces can be welded together by friction using similar techniques to those used for
welding other materials (Vaziri et al. 2015). Vaziri et al. (2015) used X-ray micro-CT with a voxel size
under 1 um to study the density of the cell walls in the joints of welded wood. They found the bulk
density of the welded joint was higher than the unwelded areas, but on the contrary, the cell wall
density on the weld line was lower than that of the unwelded areas. They also found that anatomical

features of wood in the weld line were almost completely unrecognisable and the wood substance
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appeared as a compressed band, while the cells outside the weld line remained unaltered. They
subsequently used medical CT and micro-CT to study the microstructural changes of welded wood with
the addition of wollastonite (Vaziri et al. 2020). Micro-CT images showed that wollastonite was unevenly

distributed in the welding interface due to uneven degradation in earlywood and latewood.

2.6.1.4 Wood machining

Matsuda et al. (2015) used X-ray micro-CT to study surface and subsurface microstructures of
wood after slow-speed orthogonal machining with various machining parameters. They found that the
cutting path matched the wood surface during Type 0 chip formation, but that was not the case for Type
I, I, and Il chip formation because fore-splitting, compression, or tearing can occur on the wood
surface. They then used digital image correlation to evaluate subsurface damage to wood caused by
slow-speed orthogonal cutting (Matsuda et al. 2017). They used X-ray micro-CT to non-destructively
visualize the microstructure of the damaged wood. Their CT images revealed that there was a

considerable amount of residual strain in the regions close to the wood surface.

2.6.2 Composite wood products

2.6.2.1 Fibreboard

Among the different types of fibreboards, medium density fibreboard (MDF) has been the
subject of the majority of X-ray micro-CT studies. The first CT study of MDF was carried out by Walther
et al. (2006). They scanned MDF samples with a synchrotron micro-CT device and then performed 3D
visualization and segmentation of the fibres. They found that segmentation of the fibres was difficult
because false positives and over- and under-segmentation always occured. Despite these problems,
many correctly segmented fibres could still be acquired even in high density MDF. Walther and
Thoemen (2009) subsequently used synchrotron micro-CT to justify the use of quantitative analyses of
the volume and surface area of voids and fibres. They also tested iodine and barium sulfate as contrast
agents to highlight adhesive in MDF, and found that iodine was better than barium sulfate as a contrast
agent because it was more uniformly distributed. However, neither of the two labelling agents enabled
segmentation of the adhesive from the fibres due to the lack of the resolution of their CT device.

Standfest et al. (2009) in a German language publication described the use of X-ray micro-CT for density
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measurement of MDF as well as particleboard and oriented strand board (OSB). They compared the
results from CT with those from X-ray densitometry, and found that their CT results had a better fit in
the core of the samples than at the surface. Li et al. (2016b, 2016c, 2018b, 2018c) published a series of
studies of X-ray micro-CT of MDF and other types of wood composites. They used an in-situ micro-CT
device to track movement of moisture in MDF and OSB (Li et al. 2016b). They found that water could
move through large fibres and reach the interior of their samples within an hour. They also found that
water repellent additives and adhesives could slow down water absorption. They also used X-ray micro-
CT to visualize composite microstructure and map the mass loss of MDF and plywood samples during a
fungal bioassay (Li et al. 2016c). They found that the decrease of elasticity of MDF after fungal decay
was mainly due to the presence of internal cracks. A subsequent study observed local swelling in wet
MDF, which compressed the fibres in nearby regions and caused those compressed regions to have
increased water resistance (Li et al. 2018b). They also published a similar study in Chinese on moisture

absorption, which also encompassed moisture absorption of plywood (Li et al. 2018c).

X-ray micro-CT has also been used to image low density fibreboard (LDF). Badel et al. (2008)
performed an in-situ compression test of LDF. With the aid of synchrotron micro-CT, they were able to
visualize microstructures in the sample and quantify its porosity, morphology, and density before and
after compression. They found that macroscopic deformation accorded with microscopic evaluation of
compression. They also developed a model to predict local densification in compressed LDF. Tran et al.
(2013) used a similar in-situ experimental setup to study the compressive behavior of LDF. They found

that the local porosity distribution affected the mechanical response of LDF.

Although wood fibre composites have been studied using X-ray micro-CT, it is difficult to
compare results of different studies because of the lack of a standard data set. To set up a reference
data set with known “ground truth”, Wernersson et al. (2009) used computer programs to generate
synthetic fibres that represented real wood fibres in a composite. They created a data set with synthetic
fibres and performed simulated X-ray micro-CT using the same reconstruction method as real micro-CT
devices. They compared the reconstructed images to the original synthetic data set. They concluded

that their method was useful for evaluating the image analysis methods for wood fibre composites.
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2.6.2.2 Particleboard

There are fewer studies of micro-CT of particleboard compared to those of other wood
composite types. Micro-CT densitometry of particleboard as well as MDF and OSB was carried out by
Standfest et al. (2009) as mentioned above. Evans et al. (2010) used X-ray micro-CT to study the
distribution of resin in pressed particleboard and unpressed wood particle mats. They labelled the resin
with copper sulphate to enhance the contrast between resin and wood in CT images. Their labelling
method enabled visualization and analysis of all phases (air voids, wood, and resin) in samples (Figure
2.22). They found that the bottom of the board (Figure 2.22c, e) contained a higher quantity of resin
which formed a more complete network than those at the top and centre of the board. They showed
that resin migrated into cracks in the pressed board (Figure 2.22f). In the unpressed mat, the resin had
even coverage on the wood particles despite some areas that lacked resin. They used chord length
analysis to quantify the sizes of voids, particles and gluelines in the pressed board. Nelis et al. (2018)
studied the potential of kiri (Paulownia tomentosa Steud.) wood as a raw material for particleboard.
Their mechanical test showed that the strength of particleboard was positively related to the amount of
kiri particles used. They further investigated this finding using X-ray micro-CT. They found that kiri
particles had good compression and many contact points between particles. They concluded that kiri

wood was a suitable raw material for producing high strength particleboard.
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Figure 2.22 X-ray micro-CT images of resin, wood and void in particleboard: (a) 2D sectional image
showing resin (blue-green), wood (red) and void (black). Note the long thin gluelines representing
good interparticle contact; (b) 2D sectional image of an area with shorter and thicker particles, less
well-developed gluelines, and larger voids (c) 2D sectional image showing accumulation of resin at the
bottom; (d) 2D orthogonal view showing large voids and ‘spot-welds’ of resin between particles
(arrowed); (e) 2D orthogonal view accumulation of resin (arrowed); (f) 2D orthogonal view showing
resin accumulation in the splintered end (arrowed top) and resin penetration in flakes (arrowed
bottom); (g) 3D volume rendered image showing wood (brown), resin (blue) and voids (black); (h) 3D
volume rendered image showing inner structure of the volume; (i) 3D volume rendered image
showing the network of resin (blue) and voids (green). Scale bars =3 mm. (Evans et al. 2010, adapted
with publisher’s permission)
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2.6.2.3 Plywood

Van den Bulcke et al. (2011) from the Ghent laboratory in Belgium used X-ray micro-CT to
visualize fungal deterioration and moisture dynamics of plywood. They found that some of the panels
with high moisture absorption had deeper cracks than those in panels that absorbed less moisture. They
also found that thicker glue layers made the panel more moisture resistant, and cracks in glue lines
lowered the moisture resistance of the plywood. Li et al. (2014, 2016c, 2016d, 2016e) also from the
Ghent lab subsequently conducted a series of CT studies on plywood and other wood composites. They
found that the moisture dynamics of plywood was affected by wood species, cracks in and between
veneers, resin type, and grain direction (Li et al. 2014). They also observed that the plywood with grain
directions perpendicular to glue lines absorbed less moisture and was less susceptible to fungal decay (Li
et al. 2016c). They suggested that species type, presence of lathe checks, grain direction, gaps between
veneers, and type of resin are key factors affecting the moisture stability of plywood (Li et al. 2016d).
They also found that glue lines in plywood were still intact after one year of natural weathering (Li et al.
2016e). Li et al. (2018c) also published a paper in Chinese on X-ray CT of moisture absorption of
plywood, OSB, and MDF. They concluded that the internal structure of plywood made it more
dimensionally stable than MDF and OSB.

2.6.2.4 Oriented strand board (OSB)

Oh (2008) published a Korean paper about his work on the void structure of OSB. He found that
large voids between strands could be detected using a low resolution X-ray micro-CT. Smaller (micro)
voids could be detected using intermediate resolution, but they were clearer at high resolution. Evans et
al. (2015) studied the distribution of zinc borate fungicide in OSB using X-ray micro-CT. They found that
zinc borate particles were incorporated within glue lines in OSB and formed a layered structure within
the composite. They observed that zinc borate was leached from OSB when it was exposed to water.
They performed chord analysis on samples before and after exposure to water. This analysis revealed
that zinc borate layers became thinner after leaching. Li et al. (2016b, 2018b, 2018c) used X-ray micro-
CT to study the moisture resistance of OSB. They found that resin coverage and grain direction affected
moisture uptake of their samples (Li et al. 2016b). They also found that smaller strands in a board were
more resistant to moisture than large strands because they had better resin coverage (Li et al. 2016b).
The swelling of OSB was mainly caused by swelling of wood strands and detachment of glue lines
according to Li et al. (2018b). Voids could act as reservoirs that retained water (Li et al. 2016d, 2018b).
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Phenol formaldehyde resin glue lines in OSB were more prone to delamination than pMDI resin glue

lines (Li et al. 2018c).

Figure 2.23 A series of 3D volume rendered images showing a block from a leached OSB sample. A
virtual window which is transparent reveals the network of zinc borate within the OSB. Brown, wood;
blue; zinc borate; black, voids (Evans et al. 2015, adapted with permission granted via Creative
Commons)

2.6.2.5 Wood-plastic composite (WPC)

WPC is difficult to study using X-ray micro-CT because the X-ray attenuation of wood and plastic
are very similar. Thus, in CT images of WPCs the contrast between wood and plastic is low (Wang et al.
2007). Wang et al. (2007) tried to solve this problem by using gold as a contrast agent in a WPC. They
mixed gold particles with wood and plastic prior to making a WPC. They found that gold micro-particles
were better than gold nano-particles as a contrast agent because they had more uniform distribution
and less aggregation in the composite. However, neither of the particle types mixed well with the
plastic, although gold micro-particles led to acceptable visualization of wood and plastic. Muszyriski
(2009) subsequently discussed the potential of digital methods associated with X-ray micro-CT for
studies of WPCs, including digital image analysis, optical measurement of strains and deformation,

inverse problem approach, and novel modelling methods.

X-ray micro-CT has also been used to study the moisture interactions and decay of WPC. Cheng
et al. (2010) used X-ray micro-CT to study the changes in the microstructure of WPC after wetting and
re-drying. They found that the top and bottom surfaces of WPC had lower void contents than the core.
They also found that a re-dried WPC sample had 16% more voids in the core and 8.4% more voids in the
top and the bottom compared to the unwetted sample. Joffre et al. (2013) studied the elastic and
swelling coefficients of a WPC made with wood fibres and polylactic acid (PLA). They used finite element

analysis to predict swelling coefficients and compared the outcomes with results from X-ray micro-CT
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measurements. They found that the predicted and measured values were well correlated. Sun et al.
(2014) examined the capability of micro-CT and other methods to visualize decay of WPC. They found
that CT could visualize the microstructure of decayed WPC. It was particularly good at visualizing and
guantifying the voids associated with decay. Sun et al. (2016) subsequently used X-ray micro-CT and
SEM to focus on the voids in decayed WPC. They observed that voids in decayed samples were mostly
interconnected, and suggested that moisture induced swelling and fungal decay created a network that
was more complete than that in the undecayed control. Krause et al. (2017) studied the water
resistance of a WPC made with sustainably sourced short-rotation coppice and low-value beech wood
flour. They used X-ray micro-CT to visualize the inner structure of the WPC and measure the geometry of
the particles. They were able to visualize larger wood particles, but small particles were not well
distinguished due to the relatively low (7.5 um) resolution of their images and poor contrast between
wood and plastic. Krause et al. (2019) subsequently investigated calcium deposits in decayed WPC. Their
CT images clearly showed that the deposits were in voids created by fungal degradation. Apart from the
swelling and decay, X-ray micro-CT has also been used to investigate other properties in WPC. For
example, Baltazar-y-Jimenez et al. (2011) studied the properties of WPC modified with bismaleimide to
improve its physical performance and interfacial microstructure. Their 3D rendered CT images showed
that wood fibres in untreated samples tended to aggregate, whereas fibres in the treated samples had
better dispersion in the composite. They also found that samples processed at 250°C were more

uniform than those processed at 180°C.

X-ray micro-CT has also been used to quantify the geometries of wood particles in a WPC.
Miettinen et al. (2012) developed an approach for measuring the length of wood fibre in micro-CT data
sets of a WPC. They validated their method by comparing their results with those from manual
measurements. Similarly, Chinga-Carrasco et al. (2012) developed a method for length estimation of
fibres in WPC, but their method was designed for desktop scanners instead of micro-CT devices. They
only used micro-CT visualize the WPC. Joffre et al. (2014) used X-ray micro-CT to study fibre length
degradation during the manufacture of WPC. They found that the reduction in fibre length mostly
occurred during extrusion. Joffre et al. (2017) subsequently used X-ray micro-CT to study the ability of
acetylated fibres in WPC to transfer stress during crack formation. They evaluated the adhesion of wood
fibres to the plastic matrix by measuring the length of fibres that were pulled out or broke during the
formation of cracks. They found that acetylated WPC was 30% stronger in the wet state, because fibres

in this state tended to break instead of being separated from the plastic matrix and then pulled out.
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Bacaicoa et al. (2017) compared the 2D and 3D quantification of the microstructure of various materials
including WPC. They used X-ray micro-CT and 2D dynamic image analysis to quantify the size and aspect
ratio of wood particles in WPC. They found that a 2D method was inaccurate, while a 3D method yielded
acceptable information on the size and aspect ratio of wood reinforcement. Krause et al. (2018) studied
the properties of WPC made with recycled wood particles. They used X-ray micro-CT to visualize the
microstructure of their samples and quantify the dimensions and aspect ratios of the wood particles and
the composition of the samples. They found that wood particles formed a pattern following melt flow at
the surface and perpendicular to the melt flow at the core. They also found that the length and aspect

ratio of particles became smaller during the processing of the WPC.

2.6.2.6 Other wood composites

X-ray micro-CT has also been used to examine the structure of organic composites made with
wood and other bio-based materials. Wieland et al. (2013) studied the mechanical properties of a
composite made from wood and leather particles. They only used X-ray micro-CT to study the
distribution of voids because wood and leather could not be distinguished in their CT images. They
found that a composite made with 75% wet blue leather particles had fewer pores with a more uniform
distribution than a composite containing 25% leather particles. Revin et al. (2016) visualized a composite
made from sawdust, lignosulfonate, and a bacterial culture. They found that addition of lignosulfonate
and the bacterial culture reduced the number of voids and defects in samples. Goldhahn et al. (2020)
used micro-CT and SEM to visualize a membrane material made from wood and gelatin. They discovered

that meniscus-like structures formed in vessels after gelatin impregnation and subsequent drying.

X-ray micro-CT was also used to visualize composites composed of wood and inorganic matter.
Wilkes et al. (2009) visualized silicon carbide (SiC) derived from beech wood carbon and a composite
made with SiC and aluminum. X-ray micro-CT revealed the inner microstructure of pyrolyzed beech
wood, the wood-derived SiC, and the composite. They quantified the porosity and connectivity of pores
in the wood-derived SiC. Johnson et al. (2013) studied a copper-graphite composite containing graphite
derived from wood. They used X-ray micro-CT to visualize the distribution of copper in the composite,
but they could not visualize wood carbon and the air because these phases attenuated X-ray to similar
degrees. They found that copper was deposited near the surface of samples and grew over time during
an electroplating process. They also found that adding an electroplating leveler increased the level of
copper deposition, and adding an accelerator to the leveler further increased copper deposition.
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2.7 Other wood-related X-ray micro-CT studies

X-ray micro-CT is widely used in archaeology. The microtomography of archaeological objects
was pioneered by Taguchi and Saito (1991) who used a purpose-built X-ray CT device that shared many
of the features of modern micro-CT devices. Their device had a resolution of 0.3 mm which is lower than
many modern devices. As a result, they were able to study the internal structure of archaeological
objects such as a clay figure and slag from iron-making in ancient Japan. They mentioned that their
device was able to successfully image other materials including wood, although they provided few
details. More recently, archaeologists have been using contemporary X-ray micro-CT devices to study
wooden objects. Mizuno et al. (2010) used synchrotron micro-CT to identify the wood from an ancient
mask. They scanned a small piece of wood which fell off from the mask during restoration. Judging from
the tangential, radial, and transverse sectional images from the CT data set, they suggested that the
wood was Salix sp. Worle et al. (2012) studied methods for removing pesticide contamination from
wooden antiques in museum collections. Using synchrotron micro-CT, they evaluated one of the
decontamination methods which involved treating the object in a vacuum chamber with controlled
temperature and pressure. They found that the test specimen showed no significant change after the
treatment, although damage to wood cells could occur if the sample was treated at a high temperature.
Friml et al. (2014) used X-ray CT to visualize Cheb intarsia, an ancient wood decoration technique from
the Czech Republic. They scanned a replica of an antique wooden game chip and also an antique
wooden box from a museum collection. They were able to visualize the layered wood structure and

cracking in the decorated panel.

X-ray micro-CT has also been used to visualize larger archaeological wooden objects, for
example shipwrecks and waterlogged wooden items. Bugani et al. (2009) used X-ray micro-CT to study
the preservation of waterlogged archaeological wood after impregnation with polyethylene glycol (PEG)
and polypropylene glycol (PPG). They used synchrotron micro-CT to scan cuboid wood samples from
ancient shipwrecks. They observed different filling behaviours depending on the formulation. Svedstrom
et al. (2012a) studied the structure of oak wood from the sunken Swedish warship, the Vasa. They were
able to visualize the anatomical characteristics of the wood such as vessels, tyloses, parenchyma, and
fibres, but they were unable to resolve the chemical and bacterial degradation of the wood. Endo and
Sugiyama (2013) studied the effect of keratin treatment on the structure of waterlogged archaeological

wood. They used synchrotron micro-CT to evaluate the penetration of keratin into the specimens, and
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found excessive keratin in tracheids when the treatment solution contained 30% keratin. In contrast,
keratin was absent from tracheid lumens when the treatment solution contained 20% keratin. Eriksen et
al. (2016) studied the relationship between wood anisotropy and the damage to wood caused by
shipworms in underwater archaeological sites. They used X-ray micro-CT to visualize shipworm tunnels
in wood panels cut in the tangential, radial or transverse directions. They found that the panels cut in

the radial direction suffered greater damages than those cut in tangential or transverse directions.

The non-destructive nature of X-ray micro-CT makes it suitable for studying delicate antique
musical instruments. Sodini et al. (2012) used CT as a non-destructive method for the inspection of
antique violins. Initially they scanned a commercially purchased violin using a synchrotron micro-CT
device. Then, they used the same method to scan a valuable antique violin made in 1753. They were
able to observe important structural details in the violin, such as wood patches, fillers, wood
deformation, and worm holes. Fioravanti et al. (2017) used CT to identify the wood species used to
make eight antique music bows. They generated tangential, radial, and transverse sectional images, and
identified the wood species. They found that three of the bows were made of snakewood (Brosimum
guianense [Aubl.] Huber ex Ducke), one was Pau Brasil wood (Caesalpinia echinate Lam.), and four were
Manilkara (Manilkara sp.). Viljanen et al. (2020) used X-ray micro-CT to study tropical and temperate
hardwood species used as tone woods for musical instruments. They were able to visualize vessels and
rays in the samples, but were unable to visualize the structure of tension wood in some tropical

hardwood species due to their high density.

X-ray micro-CT is not only used to visualize man-made wooden heritage items, but also ancient
natural samples such as fossils. Strullu-Derrien et al. (2013) published a review article about the
hydraulic systems in plant fossils, and discussed the potential of synchrotron micro-CT to visualize the
microstructure of fossils. They provided 2D and 3D tomographical images to show the capabilities of
micro-CT for visualizing fossils and segmenting tracheid lumens. Strullu-Derrien et al. (2014)
subsequently used synchrotron micro-CT to study the earliest wooden fossils that were estimated to be
407 million years old (Figure 2.24). They visualized bifurcated rows of tracheids (Figure 2.24c) and wall
structures in different types of cells (Figure 2.24c, e). They suggested that the wood evolved from plants
that belonged to Euphyllophytina. Quantitative analyses of the samples revealed that the wood had a

high hydraulic conductivity, but a low resistance to hydraulic tension.
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Figure 2.24 X-ray micro-CT images of a 407-million-year-old wood fossil: (a) isometric view; (b)
transverse sectional image; (c) close-up image showing single rows of cells split into two rows
(asterisks), and also a single-walled ray (arrow); (d) tangential-longitudinal section; (e) close-
up image showing tracheids with double-walls in between, and a one-cell ray with single-walls
(arrowed) (Strullu-Derrien et al. 2014, adapted with publisher’s permission)

Fresh wood can also provide historical information, for example, dendrochronology is a subject
that derives historical information from the structure of tree growth rings. X-ray micro-CT is particularly
suitable to dendrochronology because of its non-destructive imaging and ability to detect density
differences in wood. Okochi et al. (2007) tested the capability of X-ray micro-CT for dendrochronology.
First, they scanned wood strips using X-ray micro-CT and conventional X-ray radiography and compared
the images. They selected X-ray micro-CT in preference to radiography to scan small wooden artistic
objects. They went on to use X-ray micro-CT to capture detailed images of tree rings in samples where X-

ray radiography was unable to provide clear images. De Ridder et al. (2011) used X-ray CT to study the

density pattern of growth rings in limba (Terminalia superba Engl. & Diels). They found that their data
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showed a high correlation with density values acquired gravimetrically. Van den Bulke (2014) used a
helical micro-CT device for dendrochronological analyses including 3D visualization, densitometry, ring
width analysis, and segmentation of vessels. De Mil et al. (2016) developed a tool chain for studying the
density of tree rings. X-ray micro-CT was used to acquire greyscale values of wood samples and convert
such values to density data. Jacquin et al. (2017) reviewed the use of X-ray densitometry, including X-ray
micro-CT, for dendrochronology. They concluded that micro-CT performed well but was more time-
consuming than other methods because of the time required for image acquisition and reconstruction.
Vannopen et al. (2017) were interested in measuring tree ring widths for evaluating tree growth. They
compared measurements obtained from 2D microscopy and X-ray micro-CT, and found that X-ray micro-
CT was less laborious and could output density data, although the resolution was lower than their 2D
method. They also found that measurements from micro-CT were not significantly different from those
acquired using a 2D method. Van den Bulcke et al. (2019) studied the capability of their X-ray micro-CT
devices to scan tree rings at multiple levels of magnification. They scanned wood cores at different
resolutions from 60 um to 0.8 um. They were able to acquire cross-sectional images, ring widths, wood
trait data, and density profiles from their samples. They concluded that X-ray micro-CT could

significantly assist research related to tree rings and the environment.

Cross-section

B

Figure 2.25 Japanese spinning top made from Japanese oak (Quercus crispula Blume): (a) photo of the
toy; (b) X-ray micro-CT cross-sectional image (Okochi et al. 2007, adapted with publisher’s permission)
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Woody biomass can be a sustainable material for biofuel. Penttila et al. (2013) studied the
ability of hot water extraction to improve the suitability of wood sawdust for the production of biofuel.
They used X-ray micro-CT to visualize the structure of sawdust and the thickness of cell walls. Cell wall
thickness decreased after treatment, but less than they were expecting. Muzamal et al. (2016) studied
steam explosion treatment of wood chips to increase their accessibility to the enzymes which are used
to convert wood into biofuel. They used X-ray micro-CT to visualize treated and untreated samples and
found that the 3D microstructure of the tracheids was altered by the steam explosion (cell walls cracked
and the edges of the samples were ruptured although the inner regions of samples were less affected).
They concluded that such structural changes could allow enzymes to easily penetrate the outer parts of
samples but not the inner parts. X-ray micro-CT has also been used to study the effect of fire on the
microstructure of wood. For example, Meincken and du Plessis (2013) used it to study the thermal
degradation of wood caused by fire. They visualized the microstructure of wood samples which were
exposed in a furnace. They also quantified volumes of the samples, the density and thickness of cell
walls, and the diameter of cell lumens after treatment. They found that the volume and cell wall density
decreased after thermal treatment. A temperature of 250 °C was a threshold beyond which the
decrease of density and cell morphology became very noticeable causing the wood to be unsuitable for
structural uses. Gilani et al. (2013) used in-situ synchrotron micro-CT to study the cracking formation in
wood during fire exposure. They found that cracking mainly formed along rays and transition zones

between earlywood and latewood. They also observed an increase in porosity of their samples after fire.
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2.8 Concluding summary

X-ray imaging methods commonly used in wood-related research are X-ray radiography, macro-
CT, and micro-CT. X-ray radiography is the earliest adopted technique of the three methods. It is used
for measuring wood density (Polge 1966), visualizing voids caused by marine borers (Oliver 1959) and
insects (Jacquiot 1961), metallic objects (Koene and Broekhuis 2017, 2019), moisture distribution
(Yamamoto et al. 1983), and native wood features in logs (Grundberg and Grénlund 1997). The main
disadvantage of X-ray radiography is that it is a 2D method. Thus, it is difficult to use it to study 3D
features in wood. In contrast, X-ray computed tomography techniques, including macro- and micro-CT,
can produce 3D images by stacking up a series of cross-sectional images. Medical CT devices were the
first to be used for wood research (Benson-Cooper et al. 1982). More recently, purpose-built X-ray
macro-CT devices designed specifically for wood were introduced to the commercial market
(Giudiceandrea et al. 2011). X-ray macro-CT has been gradually replaced by X-ray micro-CT in
applications where resolution and level of magnification are important, but X-ray macro-CT is still more

suitable for scanning larger wood objects such as logs (Section 2.2.3.4).

X-ray micro-CT was invented by Elliott and Dover (1982) and adapted for wood research by
Davis et al. (1991). In the early stage of X-ray micro-CT of wood, synchrotron X-ray sources which are
powerful, but expensive and less accessible to scientists, were often used because of the advantages in
resolution, scan time, and noise control (lllman and Dowd 1999, Mannes et al. 2009). Later, lab-based
micro-CT devices with conventional X-ray sources were adopted for wood research (Steppe et al. 2004)
and quickly developed capabilities that match those of synchrotron micro-CT devices, for example,
resolution (Van den Bulcke et al. 2009a). The image quality of lab-based X-ray micro-CT has greatly
improved since the introduction of helical reconstruction by Katsevich (2002). Synchrotron micro-CT is
still used today because of its superior image quality and scan speed. X-ray micro-CT is used in both
qualitative (Davis et al. 1991) and quantitative studies (lllman and Dowd 1999). Today, X-ray micro-CT is
widely used in wood-related research (Section 2.5) including wood products (Section 2.6), as well as

other areas such as archaeology, paleontology, and dendrochronology, as described in Section 2.7.
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Chapter 3: X-ray Micro-CT Visualization of Inorganic Materials in

Siliceous Australian Hardwood Species

3.1 Introduction

Silica is present in wood as aggregate particles in ray and axial parenchyma cells or as dense
silica in vessels and ray parenchyma cells (Scurfield et al. 1974). Silica increases the resistance of wood
against marine-boring organisms according to Amos and Dadswell (1948), but it also dulls cutting tools
and make wood difficult to machine (Darmawan et al. 2011). Some tropical wood species have high
silica contents (Fengel and Wegner 1984). For example, the tropical Australian species turpentine (S.
glomulifera) and walnut bean (E. palmerstonii) have silica contents in excess of 0.33% and 0.74%,
respectively (Swain 1928). Silica occurs in these two species as silica aggregates in ray parenchyma cells
(Bamber and Layon 1960, Richter 1980). Similarly, the tropical Australian species brush box (L. confertus)
also has silica aggregates in rays (Bamber and Layon 1960). In addition to silica, tropical wood species
also have a high total content of inorganic materials (Fengel and Wegner 1984). For example, walnut
bean has an inorganic ash content of 0.9-1.3% (Swain 1928). In contrast, pine (Pinus spp.) species have
lower ash contents of 0.2-0.5% (Pettersen 1984). However, this is not always the case since the tropical
Australian species turpentine and white beech (G. leichhardtii) have moderate ash contents of 0.367%

and 0.18%, respectively (Swain 1928).

Traditional microscopy methods such as optical microscopy (Bamber and Layon 1960) and
scanning electron microscopy (Hillis and de Silva 1979) have been used to investigate silica in wood.
These methods are capable of visualizing silica, but they have shortcomings such as complicated sample
preparation (Jansen et al. 1998), being destructive, and inability to reveal the spatial distribution of silica
(Koddenberg et al. 2019a). X-ray micro-computed tomography (micro-CT) is able to reveal the three-
dimensional distribution of silica non-destructively, because silica has a higher density (2.20 g/cm?3,
Barsan 2007) than wood cell walls (1.497-1.517 g/cm?, Kellogg and Wangaard 1969). Thus, silica and
wood can be separated based on intensity contrast in CT images. X-ray micro-CT was used by De Vetter
et al. (2006) to study the distribution of organic silicon treatments in wood, and by Koddenberg et al.
(2019a) who investigated the distribution of silica aggregates in turpentine. Therefore, | hypothesize
that X-ray micro-CT will reveal the spatial distribution of silica in siliceous wood species. | selected three

tropical Australian species which are known to be silicious: turpentine, brush box, and walnut bean;
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another tropical Australian species satinay (S. hillii) which is closely related to turpentine (Boas 1947) but
whose silica (if any) is undescribed; and a non-silicious tropical Australian species white beech for

contrast.

3.2 Materials and methods

3.2.1 Description of selected species

The selected species are described below. All of the species are no longer available commercially

although they can be grown in plantation.

3.2.1.1 Turpentine

Turpentine (S. glomulifera) is a hardwood species found in eastern Australia. Its common name
“turpentine” is due to the presence of a small amount of oleo-resin in its inner bark (Boas 1947).
Turpentine wood has good mechanical properties. It has a modulus of rupture (MOR) of 8,600-19,900
Ib/in% (59.29-137.21 MPa), a modulus of elasticity (MOE) of 2,223,000-2,387,000lb/in% (15327.04-
16,457.79 MPa), and a crushing strength of 7,480-9,900 Ib/in? (51.57-68.26 MPa) (Swain 1928).
Turpentine wood has low workability. It is difficult to machine and cut with both hand and power tools
and dulls cutting edges rapidly (Constantine 2005). It also requires careful air drying prior to kiln drying
to avoid excessive shrinkage collapse (Constantine 2005). Australian-grown turpentine is famous for its
excellent marine borer resistance. Its marine borer resistance is rated as Class 1 in Australian Standard
AS-5604, which means it can remain in service for more than 60 years in southern (colder) waters of
Australia, and 12-30 years in warmer northern waters in which marine borers are more active
(Standards Australia 2005). Turpentine’s natural marine borer resistance is thought to be associated
with its high silica content. Evidence to support this statement comes from a study by Amos and
Dadswell (1948). They found that Australian-grown turpentine which resists marine borer attack has a
higher silica content (0.59%) than Hawaii-grown turpentine (0.09%), which is not resistant to marine
borers. However, de Silva and Hillis (1980) questioned the contribution of silica to marine borer
resistance of turpentine because silica is unlikely to form a physical barrier to marine borers. They
suggested that the extractives content of turpentine confounded the correlation between silica content

and marine borer resistance. Apart from being durable in the sea, turpentine has good resistance to
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microbial attack since it is rated as Class 1 above-ground and Class 2 in-ground (Standards Australia
2005). Turpentine is also termite and fire resistant (Swain 1928). A turpentine tree can resprout after a
bushfire thanks to its fire-resistant epicormic structures (Burrows 2008). Turpentine wood is not
available now, but it was used in the past for applications that require durability and high strength, such

as wharf piles, shipbuilding, railway sleepers, fence posts, bridges, etc. (Swain 1928).

3.2.1.2 Satinay

Satinay (S. hillii) is a hardwood species mainly found on Fraser Island in Queensland, Australia.
Its common name “satinay” derives from its resemblance to satiné wood (Brosimum rubescens Taub.)
from French Guinea, while its other common name “Fraser Island turpentine” is used because of its
resemblance to its allied species turpentine (Boas 1947). Compared to turpentine, satinay has longer
leaf petioles, and also its flower hypanthia are glabrous (hairy) unlike turpentine whose flowers are
sericeous (smooth) (Bean 1995). Satinay wood can be distinguished from turpentine wood because it
has thinner fibre walls and larger pores than turpentine wood. In addition, it has bi- and tri-seriate rays
while turpentine has only uniseriate rays (Welch 1929). Satinay wood performs well in tension,
compression, shear, and hardness tests, but it lacks toughness and tends to be brittle (Welch 1929). It
can be cut cleanly and crisply, but tends to dull cutting edges quickly (Welch 1929). Satinay has excellent
natural durability. It is resistant to termites and can last in the ground for 15-25 years, above ground for
more than 40 years, and in southern seas of Australia for more than 60 years (Standards Australia 2005).
Satinay wood is very resistant to fire. Its fire resistance is twice that of the most fire-resistant American
timber redwood (Sequoia sempervirens [D.Don] Endl.), but only half that of turpentine, which is the
most fire-resistant wood species in Australia (Swain 1928). Like turpentine trees, satinay trees can

resprout after fire because the species has fire-resistant epicormic structures (Burrows 2008).

Satinay wood is no longer available commercially, but it was used for poles, fencing, building
construction, trains, high-class furniture, smaller objects such as fishing rods, tool handles, cask
headings, etc. (Boas 1947). Commercial availability of satinay was curtailed when logging on Fraser

Island was banned (Cookson and Scown 2008).

3.2.1.3 Brush box

Brush box (L. confertus, synonym Tristania conferta R.Br.) is a hardwood species from the

rainforests in New South Wales and Queensland, Australia (Bootle 1983). It has also been grown in
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plantation in Hawaii and Oahu (Skolmen 1974). Brush box has good hardness, toughness, and wear
resistance (Wallis 1970). It also has some degree of natural durability. For example, it has good termite
resistance and moderate decay resistance (Boas 1947, Bootle 1983). Cookson and Scown (2008) tested
the marine borer resistance of various wood species including brush box. They found that their brush
box samples were still intact after four years of exposure to teredo, limnoria and other marine borers.
However, most samples had moderate to moderate-heavy damage, some had light or heavy damage.
Brush box planted in Hawaii has lower density, strength, and durability compared to Australian-grown
brush box (Skolmen 1974). Brush box is difficult to cut because it is denser and contains interlocked
grain and silica (Bootle 1983). However, Hawaii-grown brush box is not abrasive to saws according to

Skolmen (1974).

Brush box is regarded as the best timber for jetty decking and bridges in New South Wales, and
was the most popular wood for flooring in eastern Australia (Wallis 1970). It has other uses such as for
general building constructions, and in the past for mallets and tram rails (Dadswell and Eckersley 1935).
Large quantities of brush box were used as acoustic panels in the Sydney Opera House (Taylor and

Claringbold 2010). Hawaii-grown brush box was used for pallets (Skolmen 1974).

3.2.1.4 Walnut bean

Walnut bean (E. palmerstonii, synonym Cryptocarya palmerstonii F.M.Bailey), also known as
Queensland walnut, is a hardwood species native to northern Queensland, Australia. Unlike its name
suggests, walnut bean belongs to the family of Lauraceae rather than true walnuts (Juglans spp., family
Juglandaceae) (Meier 2016). Walnut bean wood can have visually appealing broken-stripe or chequered
grain textures like European walnut (Juglans regia L.) (Porter 2014). It has a high crushing strength (68.6
MPa), moderate bending strength (MOR: 100.5 MPa), low stiffness (MOE: 11.42 GPa) and low shock
resistance (Porter 2014, Meier 2016). Walnut bean is a very good electric insulator since its resistance is
fifty times higher than those of most wood species (Swain 1928). Walnut bean is not durable and is
rated as Class 4 (least durable) for both in-ground durability and marine borer resistance (Standards
Australia 2005). Walnut bean wood is difficult to saw when dried because of the presence of silica. A
possible explanation is that the saw edges push the silica particles to one side, and the displacement of
silica causes resistance and blunts saw edges (Anonymous 1936). Tungsten-carbide-tipped saw blades

are recommended for sawing walnut bean wood (Porter 2014).
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Walnut bean is a good substitute for American walnut (Juglans nigra L.) for interior uses such as
furniture, premium-class cabinets, office equipment, decorative panels, etc. (Richardson 1929). Walnut
bean was widely used in Australian and British theatres, banks, halls, reception rooms, as well as luxury
ships and trains (Boas 1947). Walnut bean was also used for making visually attractive rifle stocks
(Anonymous 1959) and guitars (Evans 2006). Walnut bean is not good for exterior use due to its poor
durability (Bootle 1983). Extracts from the bark of walnut bean have the potential to treat diseases

caused by a parasite (Leishmania amazonensis Lainson & Shaw) (Monzote et al. 2014).

3.2.1.5 White beech

White beech (G. leichhardtii), also known as grey teak, is a hardwood species distributed in
Queensland and New South Wales, Australia. Its wood is soft and easy to cut (Dadswell and Eckersley
1935). White beech has good natural resistance to weathering and termites (Swain 1928). It can remain
almost intact after six years of exposure to weather and still retains prominent tyloses in vessels (Swain
1928). Boas (1947) rated its durability as Class 2 which was the same class as other durable species such
as jarrah (Eucalyptus marginata Donn ex Sm.), satinay, and yellow stringybark (Eucalyptus muelleriana
A.W. Howitt). Seasoned white beech wood has extraordinary dimensional stability. Swain (1928) stated
that it could be quite dry even after it was submerged in water for years. Swain (1928) also used the
phrase “it does not swell when wetted, nor shrink, swell, nor alter its shape when used for pattern-
making” to describe its dimensional stability. The mean shrinkage rates of white beech wood from green

to 12% moisture content are 3.6% tangentially and 1.5% radially (Greenbhill 1940).

The uses of white beech wood are due to its functionality rather than aesthetics (Swain 1928).
White beech wood was ideal for templates and patternmaking because of its high stability (Swain 1928)
and workability (Boas 1947). It was also used to make churns, and seaplane hulls and floats because of
its stability under water (Swain 1928, Boas 1947). Its decay and wearing resistance made it a common
material for internal and external floors (Boas 1947). Other uses were for shipbuilding, furniture, turned
articles, plywood veneers, match splints, etc. (Swain 1928, Boas 1947). White beech is no longer
available commercially, but there has been some interest in growing it in plantation (Nikles and Robson

2005, Gibson and Warren 2020).
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3.2.2 Anatomy of selected species

The anatomical characteristics of the selected species, which are recorded in the literature are

summarized in the following Tables 3.1, 3.2, and 3.3. The tables are formatted according to the IAWA

(International Association of Wood Anatomists) List of Microscopic Features for Hardwood Identification

(Wheeler et al. 1989). The citations are labeled as followings: [1] Ingle and Dadswell (1953); [2] Dadswell

and Eckersley (1935); [3] Bamber and Lanyon (1960); [4] Welch (1929); [5] Ogata et al. (2008); [6]

Dadswell and Eckersley (1940). Blank entries in the tables indicate that those features are not recorded

in the literature.

Table 3.1 Anatomical characteristics of the growth rings and vessels of the selected species

Anatomical features  Turpentine Satinayl4 Brush box Walnut beanl®! White beechl?]
Growth ring Indistinct or Indistinct Sometimes visible
boundaries absent(t
Porosity Diffuse-porous Diffuse-porous!®
Vessel arrangement Tendency to have Multiples in
diagonal pattern radial pattern
Vessel grouping Exclusively Exclusively solitary Exclusive solitaryl! Radial multiples of  Many solitary,
solitaryl? 2-7 some multiples
of 2-3
Solitary vessel outline Fine, distinct(2!
Vessel perforation Simplel Simplel Simple Simple
plates
Intervessel pits Smalll®] Alternate, large
Vestured pits Present!!] Intervessell®]
Vessel-ray pitting Half-bordered, Very large, semi- Small, round to Much reduced
narrow border, bordered, irregularly  ovall® borders to
simple, roundto  oval, very distinct apparently simple;
elongated!! from other vascular pits horizontal
pitting, elongated, (scalariform, gash-
scaliform like)
Vessel tangential 145 pymM 55-170 (110) pm
diameter
Vessel density 11-22M1
(No. / mm?2)
Mean length of 650-810 pum(1l 300-750 um
vessels
Tyloses Present(2 Common Occasionall! Common Common
Deposits Gummy deposits!®!
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Table 3.2 Anatomical characteristics of the fibre and parenchyma cells of the selected species

Anatomical features  Turpentine Satinayl4l Brush box Walnut bean!®! White beech!?]
Ground tissue fibres With simple
bordered pits

Septate fibres Non-septate Present
Fibre wall thickness Fibres thin- to thick-

walled
Mean fibre lengths 0.6-1.7 mm
Vasicentric tracheids Presentd]
Apotracheal Diffuse, not Diffuse Diffusel2!
parenchyma abundant!2
Paratracheal Not abundant!? Slightly vasicentric A little
parenchyma paratracheal,

Banded parenchyma

More than three
cells wide, slightly
paratracheal

tendency to be
confluent

Table 3.3 Anatomical characteristics of the rays, mineral and organic inclusions of the selected species

Anatomical features  Turpentine Satinay!4! Brush box Walnut beanl¢! White beech!?]

Ray width 1-2 cellst2 1-3 cells 1-2 cellsl 1-3 cells 1-5 cells,
commonly 3-4
cells

Ray hight <30 cells? <2100 um >1 mml2

Cellular composition ~ Weakly Body ray cells Heterogeneous!? Almost all ray cells All ray cells

of rays heterogenous, 1 procumbent with one procumbent, procumbent,

Storied structure in
rays

Oil and mucilage
cells

Prismatic crystals

Silica

to several rows of
square cells!l

Absent!!]

Silica bodies in
ray cells3]

or more rows of
upright and/or square
marginal cell

Silica bodies in ray
cellsB!

square and upright
cells at margin

Tendency for
storeying to
produce ripple
marks

QOil cells associated
with ray
parenchyma,
occasional

Present

occasionally one
row of upright
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3.2.3 X-ray micro-CT of the wood specimens

A sample of each species, measuring 14.5 cm (length) x 6.8 cm (width) x 1 cm (thickness) was
retrieved from the wood collection at the University of British Columbia. A plug cutter attached to a drill
press was used to remove cylinders with diameters of 5.8 mm or 1.9 mm from each sample. The
samples were wrapped in protective plastic film and air-bubble wrap, and then sealed in a padded
envelope and airmailed by courier to the National Laboratory for X-ray Micro-Computed Tomography at
The Australian National University (ANU). Each sample was sealed in a PEEK (polyether ether ketone)
tube and imaged using a helical cone-beam X-ray micro-CT devices designed and built in the Department
of Applied Mathematics at The ANU (Sheppard et al. 2014). Individual samples were placed on a rotating
stage while an X-ray tube projected a cone-shaped X-ray beam onto the sample. When the sample was
interacting with X-rays, a charge-coupled device captured two-dimensional (2D) projection data. The
projection data were then processed using the Raijin supercomputer located in the ANU Supercomputer
Facility to reconstruct the 3D volumes from samples. The Katservich (2002) formula and an autofocus
alignment method (Kingston et al. 2010) were used to compute the helical trajectory data and to reduce
artefacts. After reconstruction, the tomographic data sets were transferred to the University of British

Columbia for visualization.

Table 3.4 Dimensions of specimens and information on corresponding CT data sets

Species Diameter (mm) Length (mm) Voxel size (um) Spatial resolution
Turpentine 5.8 9.3 2.95 2560%x2560%x3400
Satinay 1.9 4 1.11 2480x2480%3696
Brush box 5.8 10.3 2.95 2560x2560%x3740
Walnut bean 5.8 7.3 2.95 2560x2560x2880
White beech 1.9 4 1.12 2680x2680x3600
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3.2.4 Tomographic data visualization

Each tomographic data set consisted of a 3D array of voxels which contained intensity values.
Thresholding these values allowed the selective display of materials that the voxels represented. These
materials, or more correctly, phases were air, wood and inorganics. Transfer functions that assign colour
and transparency were then applied to each phase for volume rendering. | used the volume rendering
software Drishti to explore and visualize all data sets (Limaye 2012). Volume cropping, slicing, and
shading were used to display features found in the data sets for each wood species. The volume
rendering of all tomographic data sets occurred at the University of British Columbia on a workstation
computer equipped with an octa-core processor (Ryzen 3700X, Advanced Micro Devices, Santa Clara,

CA) and a dedicated graphics accelerator (Titan RTX 24GB, NVIDIA Corporation, Santa Clara, CA).

Two viewing modes were used for rendering images: perspective view and orthographic view.
Perspective view is the natural way for a human to perceive 3D objects since it has a foreshortening
effect (closer object appear larger). For this reason, perspective view mode was used for generating
images illustrating the inner 3D structure of samples. In this view, the scalebar is precise for the central
portion. The orthographic mode projects 3D objects parallel to the viewing plane (e.g., the shadows
caused by sunlight are orthographic projections). Orthographic view mode does not have a
foreshortening effect. Thus, it was used for generating sectional images of samples. In an orthographic

view, the scalebar is precise for any portion of the image.

3.2.5 Synchrotron X-ray fluorescence microscopy

The turpentine and satinay wood blocks from which the cylindrical cores were extracted for X-
ray micro-CT were also used for synchrotron X-ray fluorescence microscopy (XFM). Three wood blocks
measuring 6.5x2.8x20 mm were hand-sawn from each parent sample. The wood blocks were placed in
individual glass beakers and submerged in ultra-pure distilled water for five days. Then, each sample was
clamped on a sliding sledge microtome (Spencer Lens Co., Buffalo, NY, USA) and radial-tangential
sections approximately 20 pum thick were sliced from the blocks using a microtome blade-holder
(Feather No. 160, Feather Safety Razor Co., Ltd., Osaka, Japan) with a fresh disposable microtome blade

(Feather Type S35). The sections were placed on clean-glass backing plates, air dried, and then stored in
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glass vials. The vials were couriered to the Australian Synchrotron in Melbourne, Australia by courier.
The sections were fixed on a Perspex sample holder using double-sided adhesive tape (Figure 3.1) and
then analysed using the synchrotron XFM beamline (Figure 3.2). A monochromatized and focused X-ray
beam was projected to the sample (Paterson et al. 2011, Howard et al. 2020), and an element
spectrometer array recorded the fluorescence of the X-ray beam (Ryan et al 2014). Elemental mappings
of the samples occurred after the XFM data were analyzed using the software GeoPIXE (Ryan et al.

1990).

Figure 3.2 Close-up image of the synchrotron XRF gun and the sample holder (circled)
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3.3 Results

3.3.1 Turpentine

Anatomical structures in turpentine such as vessels, tyloses, rays and fibres were visible at a
resolution of 2.95 um. Spherical-like silica particles (Figure 3.3 — 3.6, pink) were found in rays via
thresholding of the density profile. The distribution of silica particles resembled the outline of rays in 3D
(Figure 3.3). Close-up sectional images showed that silica had a rather even distribution across the rays

(Figure 3.4).

Another finding from thresholding was that materials denser than walls of fibres and slightly less
dense than silica were detected (Figure 3.3 — 3.6, green). Silica within the detected materials could not
be cleanly separated using thresholding due to their similarity in density. Thus, segmentation which
involved erosion and dilation of the materials was used for separation. The materials highlighted in
green matched the appearance of vessel elements and tyloses in 3D images (Figure 3.3). Sectional
images (Figure 3.4 — 3.6) also showed that these materials were localized in vessels and tyloses. The
detected materials were potentially inorganics, but their chemical compositions cannot be identified

using X-ray micro-CT. For this reason, synchrotron XRF was used to map chemical elements.

Synchrotron XRF images show the micro-distribution of inorganic elements in the radial-
longitudinal sections of turpentine heartwood (Figure 3.7, 3.8, Appendix 1). Silica inclusions are clearly
visible in Figure 3.7a and 3.8a due to the high concentration of Si element. Figure 3.7a and 3.8a also
show the presence of silica in vessels which appears as purple areas resembling the outline of vessels.
Copper had a higher concentration in the vessel walls appearing as blue bands along the outline of
vessels (Figure 3.7b, 3.8b). Copper at a lower concentration was also found in rays, which can be clearly
seen in Figure 3.8b. There is also a small amount of zinc in the vessel walls, showing as purple strips
matching the outline of vessels in Figure 3.7c and 3.8c. The micro-distribution of other inorganic

elements such as Hg, Ni, Pb, Sn are displayed in Appendix 1.
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1.00 mm

1.00 mm

Figure 3.3 3D images of turpentine: (a) isometric view. A corner is cropped to show silica and dense
materials potentially inorganics in radial, tangential, and transverse sections; (b) isometric view
showing spatial distribution of silica and dense materials in the cropped area; (c) side view in the
radial direction; (d) top view showing end grain. Brown, wood; Pink, silica; Green, materials possibly
inorganics
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Figure 3.4 Radial-longitudinal sectional images of turpentine. Brown, wood; Pink, silica; Green,
materials possibly inorganics




Figure 3.5 Tangential-longitudinal sectional images of turpentine. Brown, wood; Pink, silica; Green,
materials possibly inorganics




Figure 3.6 Transverse sectional images of turpentine. Brown, wood; Pink, silica; Green, materials
possibly inorganics
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Figure 3.7 Synchrotron XFM elemental maps of Si, Cu, and Zn in the radial-longitudinal direction of
turpentine heartwood sample: (a) distribution of Si; (b) distribution of Cu; (c) distribution of Zn
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Figure 3.8 Synchrotron XFM elemental maps of Si, Cu, and Zn in the radial-longitudinal direction
of another turpentine heartwood sample: (a) distribution of Si; (b) distribution of Cu; (c)
distribution of Zn
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3.3.2 Satinay

The higher 1.11 um resolution scan of satinay made it easier to see its cellular structure. As in
turpentine, spherical-like silica particles were found in rays (Figure 3.9 — 3.12, pink). Radial-longitudinal
images showed that silica particles were in the lumens of procumbent ray parenchyma cells, but not all
ray cells contained silica particles (Figure 3.10). Materials denser than cell walls and less dense than
silica, similar to those found in turpentine, were also found in satinay (Figure 3.9 — 3.12, green). The
higher resolution scan made it possible to cleanly separate these materials using thresholding without
the need for segmentation. The detected materials were more commonly associated with tyloses than
vessel walls. The materials were also present to a lesser extent in the walls of ray parenchyma cells
(Figure 3.10, 3.11). Nevertheless, as was the case for turpentine, the identity of these materials was not

revealed by X-ray micro-CT.

Synchrotron XRF images show bright Si spots resembling silica inclusions in satinay (Figure 3.133,
b). Silica was also present to a lesser extent in vessels and cell walls of rays (blue and purple in Figure
3.134q, b), but it was not clearly defined. As was the case for turpentine, copper was found in the vessels
and rays in satinay (Figure 3.13c, d). The horizontal purple bands resembling rays appear wavy due to
the alignment of the sample. Bright Zn particles associated with vessels and Cu particles were present in
samples. These particles can be seen in Figure 3.13e and f. Additional images of the mapping of other

inorganic elements can be found in Appendix 1.
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Figure 3.9 3D images of satinay: (a) isometric view. A corner is cropped to show silica and dense
materials potentially inorganics in radial, tangential, and transverse sections; (b) isometric view
showing spatial distribution of silica and dense materials in the cropped area; (c) side view in the
radial direction; (d) top view showing end grain. Brown, wood; Pink, silica; Green, materials possibly
inorganics
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Figure 3.10 Radial-longitudinal sectional images of satinay. Brown, wood; Pink, silica; Green, materials
possibly inorganics




Figure 3.11 Tangential-longitudinal sectional images of satinay. Brown, wood; Pink, silica; Green,
materials possibly inorganics




Figure 3.12 Transverse sectional images of satinay. Brown, wood; Pink, silica; Green, materials
possibly inorganics
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Figure 3.13 Synchrotron XFM elemental maps of Si, Cu, and Zn in the radial-longitudinal
direction of satinay heartwood samples: (a) (b) distribution of Si; (c) (d) distribution of Cu; (e) (f)
distribution of Zn
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3.3.3 Brush box

Spherical silica particles were detected in brush box at a resolution of 2.95 um. In 3D images, the
spatial distribution of silica followed the outline of rays (Figure 3.14). Close-up images showed silica
particles in most cells within rays. The silica particles showed larger variation in size than those in
turpentine and satinay (from less than 0.01 mm to approximately 0.03 mm, Figure 3.15). The variation in
size of silica particles appeared to be related to their location in the wood sample: some areas had both
large and small silica particles (Figure 3.15a, 3.16a, 3.17a), whereas other areas only had small silica

particles (Figure 3.15b, 3.16b, 3.17b).

A larger region of interest in the sample was selected to investigate the spatial variation in size
of silica particles (Figure 3.18). Silica occurred as curved bands in which the silica particles were larger
and more numerous compared to other areas (Figure 3.18b). The curved bands of silica matched the
transition zones between earlywood and latewood which were marked by an absence of vessels (Figure

3.183, c).
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1.00 mm 1.00 mm

1.00 mm 1.00 mm

Figure 3.14 3D images of brush box: (a) isometric view. A corner is cropped to show silica in radial,
tangential, and transverse sections; (b) isometric view showing spatial distribution of silica in the
cropped area; (c) side view along radial direction; (d) top view showing end grain. Brown, wood;

Green, silica
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Figure 3.15 Radial-longitudinal sectional images of brush box. (a) zone containing a large amount of
silica; (b) zone containing a small amount of silica. Brown, wood; Green, silica




0.10 mm

Figure 3.16 Tangential-longitudinal sectional images of brush box. (a) zone containing a large amount
of silica; (b) zone containing a small amount of silica. Brown, wood; Green, silica




Figure 3.17 Transverse sectional images of brush box. (a) zone containing a large amount of silica; (b)
zone containing a small amount of silica. Brown, wood; Green, silica




200 mm

2.00 mm

Figure 3.18 Silica size and distribution related to growth rings in brush box. Brown, wood; Green, silica
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3.3.4 Walnut bean

Silica was found in rays in walnut bean using the same 2.95 um resolution as that of the brush
box sample. The 3D images of silica distribution showed rather pronounced lines of silica in the direction
of rays (Figure 3.19). Close-up sectional images showed that the silica particles were mostly in upright
and square parenchyma cells at the edges of rays (Figure 3.20), while the procumbent cells in the centre
of the rays rarely contained silica particles (Figure 3.20, 3.21). There was no correlation between the

distribution of silica and growth rings, unlike that found in brush box.
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1.00 mm 1.00 mm

1.00 mm 1.00 mm

Figure 3.19 3D images of walnut bean: (a) isometric view. A corner is cropped to show silica in radial,
tangential, and transverse sections; (b) isometric view showing spatial distribution of silica in the
cropped area; (c) side view in the radial direction; (d) top view showing end grain. Brown, wood;

Green, silica
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Figure 3.20 Radial-longitudinal sectional images of walnut bean. Brown, wood; Green, silica




Figure 3.21 Tangential-longitudinal sectional images of walnut bean. Brown, wood; Green, silica




Figure 3.22 Transverse sectional images of walnut bean. Brown, wood; Green, silica




3.3.5 White beech

The high resolution (1.12 pm) micro-CT scan of white beech clearly showed cellular structures
such as parenchyma cells in multiseriate rays and fibre cells. Unlike the other species described above,
silica particles were not found in white beech. However, the high-resolution scan was able to detect
inorganic (dense) materials in the white beech sample (Figure 3.23 a, b, c). Close-up images showed that

the materials were located in the horizontal cross-walls of fibres (Figure 3.23 d, ¢, f, g).
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Figure 3.23 X-ray micro-CT images of white beech. (a) (b) (c): 3D views showing the cellular structures of white beech: (a) isometric view; (b) top view
showing end grain; (c) side view in the radial direction. (d) (e) (f) (g) sectional views: (d) (e) transverse sections; (f) radial-longitudinal section; (g) tangential-
longitudinal section. Brown, wood; Green, possible location of inorganics
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3.4 Discussion

My results partially support the hypothesis that X-ray micro-CT will reveal the spatial
distribution of silica in siliceous wood species. X-ray micro-CT successfully separated silica particles from
other substances in wood samples, and also revealed their spatial distribution. X-ray micro-CT
suggested, but could not confirm the presence of silica in other locations such as vessel elements and
walls of parenchyma cells (Scurfield et al. 1974). Although dense materials (possibly silica) were found in
the vessels and cell walls of ray parenchyma in turpentine and satinay, chemical information cannot be
acquired using the X-ray micro-CT system | used. This limitation was mitigated through the use of
synchrotron XFM. XFM confirmed that dense materials in samples were other inorganic elements in
addition to silica. Other elemental analysis, such as scanning electron microscopy (SEM) in combination
with energy dispersive X-ray analysis (EDX), can also be used to identify inorganic elements in wood. For
example, Evans et al. (2021) used SEM-EDX to examine silica particles in turpentine and found that other
elements such as P, Al, and Ti co-existed with silica particles. The combination of X-ray micro-CT and
SEM-EDX has been used for studies on wood preservation (De Vetter et al. 2006, Evans et al. 2015),
adhesion (McKinley et al. 2016), bio-deterioration (Koddenberg et al. 2020), etc. Future studies on
inorganics in wood can use a similar approach. X-ray micro-CT could be used to detect materials denser
than cell walls, and then elemental analyses like XFM and SEM-EDX can be deployed to confirm the
chemical composition of the dense materials. Alternatively, elemental analysis could be used to locate
inorganic elements in 2D and then X-ray micro-CT could be used to render their 3D distribution. The

chemical identities of the dense materials in white beech could also be revealed using these approaches.

Previous studies of silica in wood have mainly used light or electron microscopy. Bamber and
Lanyon (1960) used light microscopy to show that silica in turpentine and brush box heartwood occured
as irregular-shaped aggregates that were rounded to some extent. Richter’s (1980) SEM study found
that Endiandra spp. had aggregated silica particles. Ogata et al. (2008) also used SEM and found silica
particles in rays of Tristania spp. My results accorded with these previous studies because silica particles
mainly occured in the ray cells of turpentine, walnut bean and brush box. Additionally, X-ray micro-CT
revealed some previously undescribed features of the microstructure of silica in wood. These novel
findings are: (1) silica particles are found in the ray cells in satinay; (2) silica particles mainly occur in the
upright and square ray cells in walnut bean; (3) silica is associated with growth rings in brush box.

However, compared to the X-ray micro-CT system | used, microscopy is superior in resolution. Hence,
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the level of detail in the CT images of silica particles was not sufficient to see if they were smooth,
rough, or aggregated. Such absence of detail in CT images was remarked upon by Koddenberg et al.
(2019a) who used X-ray micro-CT to visualize silica in turpentine. This disadvantage in terms of
resolution is likely to disappear when nanometer resolution X-ray micro-CT devices become more
common. Koddenberg et al’s (2019a) X-ray CT study observed that silica particles in ray cells in
turpentine could be separated from the wood substrate. My results accord with their observations.
However, my findings suggested that silica is present in vessels and walls of ray cells of turpentine and
satinay. These findings may explain why Koddenberg et al. (2019a) found that silica content quantified

using X-ray micro-CT was lower than the value obtained using a gravimetric analytical method.

My results showed some advantages of X-ray micro-CT for studying the 3D structure of wood.
For example, the variation in the size and number of silica particles in brush box is difficult to discern
from 2D images (Figure 3.15, 3.16, 3.17). Brush box is a diffuse-porous species with growth ring
boundaries that are difficult to identify from sectional images. However, X-ray micro-CT makes it
possible to remove wood substance cleanly while retaining the position of silica particles, allowing easy
observation of their spatial distribution at growth ring boundaries. X-ray micro-CT makes it possible to
rotate samples to discover the spatial distribution of silica particles. This feature made it possible to
observe silica particles coinciding with growth rings in brush box (Figure 3.18). Similarly, it was possible
to see the presence of silica particles in walnut bean at the edges of rays because of the pronounced
sharp line patterns in 3D images (Figure 3.19). The 3D patterns of silica and other dense materials
obtained using X-ray micro-CT opens up new horizons for wood anatomy. However, the number of
species and replication in this chapter is not sufficient for my results to be used as a key for wood
identification. A broader survey using more wood species with greater replication is required to confirm

my findings.

My results demonstrate that X-ray micro-CT is an easier way to examine the anatomy of dense
siliceous wood species than microscopy. The sectioning process in traditional microscopy methods is
labour-intensive and time-consuming. Tardif and Conciatori (2015) commented that “making thin
sections of wood is not an easy task and there is a wide array of details to which the practitioner must
pay attention”. Sectioning very dense tropical silicious wood species is particularly difficult since the
commonly used chemical for softening such species, hydrofluoric acid, can cause severe injury or

fatalities when mishandled due to its high and unique toxicity (Bertolini 1992). Furthermore,
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hydrofluoric acid can alter the microstructure of wood by affecting cellulose and lignin and dissolving
silica (Prakash 1986, cited in Tardif and Conciatori 2015). Electron microscopy does not require thin
sectioning, but softening of wood is still necessary to obtain clean surfaces, plus an extra coating step is
needed to make the wood electrically conductive (Jansen et al. 1998). By comparison, X-ray micro-CT
samples can be prepared more easily (Van den Bulcke et al. 2009a, Koddenberg et al. 2019a). In
addition, post-processing steps in X-ray micro-CT can be used to section samples virtually on a computer
without going through the steps involved in physical sectioning. Lastly, X-ray micro-CT can be used to
study the 3D microstructure of wood. While this is possible in microscopy using stacking of sectional
images (Broadsen 2013), it is easier with X-ray micro-CT because continuous images in 3D are easily

produced by volume rendering software.

3.5 Conclusions

X-ray micro-CT easily detected silica particles in all four silica-rich species and revealed new
information on the silica particles and the microstructure of the four species: (1) satinay contained silica
particles and their distribution was similar to that of turpentine; (2) bands of silica particles were found
in brush box which coincided with growth rings; and (3) silica particles were mainly found in upright and
square ray cells in walnut bean. Dense materials were also found in the vessels in turpentine and
satinay, and in the cross-walls of white beech fibres, but their chemical compositions was not revealed
using X-ray micro-CT. Another limitation was that the resolution of CT scans was insufficient to show the
surface structure of individual silica particles. The former limitations can be overcome by combining X-
ray micro-CT with elemental analysis methods, as the dense materials in turpentine and satinay were
confirmed to be inorganics using synchrotron XFM, while the latter can be mitigated by improving the
resolution of X-ray CT devices. Despite these limitations, X-ray micro-CT is an effective method for
visualizing silica particles in wood in both 2D and 3D, and potentially other inorganic microstructures in
more wood species in the future, potentially leading to better descriptions of the wood anatomy of

siliceous species.
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Chapter 4: Sodium lodide as a Contrast Agent for X-ray Micro-CT of a

Wood Plastic Composite

4.1 Introduction

Wood plastic composites (WPCs) are an important class of natural fibre reinforced composites,
and in North America alone approximately 2000 Kt of WPCs are produced each year with an estimated
market value of $6 billion (Popescu 2017). WPCs consist of a commodity polymer (most commonly high-
density polyethylene, 35-45%), comminuted wood (50-60%) and various additives (5%) (Clemons et al.
2013). The wood in WPCs is a heterogeneous mix of particles that vary in size (0.1 to 2 mm in length and
0.1 to 0.6 mm in width), geometry, microstructure and chemical composition (Wang 2007). The size of
wood particles in WPCs influences composite performance, for example, WPCs containing larger
particles of wood are more susceptible to decay by basidiomycete fungi than composites containing
smaller particles (Verhey and Laks 2002). Smaller wood particles act as a filler in WPCs, but larger
particles provide reinforcement (Clemons et al. 2013). Hence, tailoring the size and geometry of
particles can improve the mechanical properties of WPCs. For example, previous studies have examined
the relationships between the initial size and length to width ratio of wood particles (measured using
microscopy), and the mechanical properties of WPCs (Stark and Rowland 2003, Chaudemanche et al.
2018). These studies have shown that when wood particles have a larger aspect ratio, ‘there is potential
for more effective load transfer between the plastic and particles leading to better mechanical
properties’ (Schwarzkopf and Burnard 2016). However, the geometry of particles changes when they are
incorporated into WPCs and, hence, measurements of particle dimensions prior to processing may not
reflect their dimensions within manufactured WPC (Krause et al. 2018). In addition and more generally,
as pointed out by Hanhan et al. (2019), prediction of the properties of polymer composites requires
accurate characterization of their microstructural features. Various techniques have been used to
characterize the microstructure of composites including light and electron microscopy, ultra-sound
imaging, NMR and IR imaging and various X-ray imaging techniques (Jezzard et al. 1992, Guild and
Summerscales 1993, Young 1997, Garcea et al. 2018).

X-ray micro-computed tomography (CT) is increasingly used to characterize the microstructure
of polymer and aerospace composites and examine either experimentally or computationally the

relationship between microstructure and bulk composite properties (Garcea et al. 2018, Naresh et al.
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2020). X-ray micro-CT has also been used to characterize the microstructure of wood composites
including wood plastic composites which can contain zinc borate as a biocide (Wang 2007, Muszynski
2009, Evans et al. 2010, 2015, Paris et al. 2014, Kamke et al. 2016, Bacaicoa et al. 2017). Characterization
of wood plastic composites using X-ray micro-CT is challenging because, as pointed out by Wang (2007)
‘plastics and wood are both weak in X-ray attenuation, and this always causes insufficient contrast in X-
ray images and inability to separate wood particles from plastic’. Wang et al. (2007) incorporated gold
nanoparticles into a WPC to improve the contrast between wood and plastic in a laboratory-made
composite, as mentioned in Chapter 2. Alternative methods used to make it easier to distinguish wood
and plastic are to reduce the wood particle fraction in the WPC or to subsample volumes and select
larger wood particles that are easier to threshold (Krause et al. 2018). Nevertheless, it is challenging to
distinguish plastic from small wood particles and discern interfacial regions within WPCs, as pointed out
by Krause et al. (2018). Hence, better methods of increasing the contrast between wood and plastic in
WPCs are needed. One obvious approach is to label either the plastic or the wood component to
increase their X-ray opacity. In previous research, Evans et al. (2010) successfully labelled the
thermosetting polymer adhesive, melamine-urea formaldehyde with copper sulphate to distinguish it
from wood in particleboard. Similarly, barium sulphate or iodine have also been used as X-ray contrast
agents for urea formaldehyde resin in medium density fiberboard, as mentioned in Chapter 2 (Walther
and Thoemen 2009). However, these approaches are only suitable for laboratory-made boards. For
commercial particleboard, Morrison (2004) took the opposite approach and labeled the wood rather
than the polymer by injecting particleboard with the halogenated, low viscosity, X-ray opaque
compound, bromoform (CHBrs). This approach was only partially successful because the bromoform did
not completely penetrate the composite (Morrison 2004). Nevertheless, in areas where wood particles
absorbed bromoform it was possible to distinguish wood from polymer (Morrison 2004). Hence, |
hypothesize that thoroughly impregnating a WPC with a halogenated fluid will be able to increase the
contrast between wood and plastic. If this approach is successful, it will allow better visualization of the
microstructure of the WPC, including the precise location of zinc borate particles in the composite and
numerical analysis of the geometry of zinc borate and wood particles in the WPC. The aim of the work
was to test this hypothesis, describe new insights into the microstructure of WPCs particularly zinc
borate, and compare my results with those of other researchers who have examined the location of zinc

borate in composites and also the effect of wood reinforcement on the properties of WPCs.
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4.2 Materials and Methods

4.2.1 Wood plastic composite sample and intial X-ray micro-CT

An uncapped sample of wood-plastic composite decking measuring 24 mm (thick) and 140 mm
square provided by Rio Tinto was air-freighted to the University of British Columbia. The WPC was
composed of a high-density polyethylene polymer, wood particles, zinc borate and other unspecified
additives. A cylindrical core, (5.8 mm [diam.] 9.68 mm [long]) was removed from the WPC sample using
a plug cutter and vertical drill press. The sample was wrapped in pliable plastic, air-bubble, packaging,
and sealed in a padded envelope, which was air-freighted by courier to the National Laboratory for X-ray
Micro-Computed Tomography at The Australian National University in Canberra. The sample was sealed
in a PEEK (polyether ether ketone) tube and imaged using a helical cone-beam X-ray micro-CT device as
described in Chapter 3. The sample was fixed to the stage of the X-ray micro-CT device. X-rays from a
cone-beam source passed through the sample to a detector where they created a two-dimensional (2-D)
radiograph of the sample’s interaction with X-rays. A series of 2880 such projections were collected over
a period of 16 h by rotating and moving the sample relative to the X-ray source. The resolution of the CT
scan was 2600 x 2600 voxels with a voxel size of 3.1 um. Projection data were used to create 3D
volumes (tomograms) of the x-ray attenuation property of the sample. Projection data was segmented

to identify discrete phases (wood, plastic, void space and zinc borate).

4.2.2 Impregnation of WPC sample with sodium iodide and X-ray micro-CT

A 0.2 mol/L aqueous solution of sodium iodide (Nal) was used as a contrast agent for the WPC
sample. Following the initial X-ray CT scan described above, the cylindrical WPC sample was placed in a
stainless-steel pressure vessel containing sodium iodide solution under 6000 psi (41.37 MPa) of
pressure. After 10 days the WPC sample was removed from the pressure vessel and sealed into a PEEK
tube, containing free Nal fluid at the bottom of the tube. This reservoir of liquid ensured that the WPC
sample did not dry out and move when it was irradiated with X-rays. The PEEK tube containing the WPC
sample was placed on the rotating stage of a helical X-ray micro-CT device (as above) for 5 h prior to
scanning. The sample was then scanned for 25 h and projection data segmented as described above for

the first scan.
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4.2.3 Visualization and numerical analysis of different phases in WPC sample

Phases in tomograms from the scans of the WPC sample before and after impregnation with
sodium iodide (Nal) were visualized using the volume rendering software Drishti as described in Chapter
3. Drishti was used to create 2D images and 3D animations of the WPC sample. A CT data set of oriented
strand board (OSB) scanned by Evans et al. (2015) was revisited to compare the zinc borate distribution
in OSB with that in WPC. Numerical analyses of volumes of different phases in the WPC sample used the
software Avizo (Thermo Fisher Scientific, Waltham, MA, USA). For the analysis of phase volumes the
central region (2.56 mm long) of the untreated cylindrical core, which had the best contrast, was
selected. The matching region within the Nal impregnated core was also selected. Both data sets were
thresholded, and the percentages of the different phases were calculated. The wood volume from the
second data set was adjusted to account for the swelling caused by Nal, as follows. The wood content in
the WPC after the second X-ray CT scan is inflated because the wood swells as a result of impregnation
with sodium iodide. The adjustment for such swelling of wood involved the following. First, calculation
of the plastic content of the WPC before impregnation, which is assumed to remain constant as a result

of labelling, is required (1):

Vpwo ——valy
Po(oh) = s (1

In which Pg is the plastic content before impregnation; Vo is the total volume before impregnation; Vewo
is the volume of plastic and wood before impregnation; Vws is the wood volume after impregnation; SW

is the swelling ratio of wood. According to Siau (1995), SV can be calculated using the equation (2):

In which Mg is the moisture content of wood at the saturation point; My is the moisture content of the
wood before impregnation; Go" is the specific gravity of wood cell wall substance. Equation 1 can then
be modified as:

Vewo Vw1
04 — _
Po (%) Vo Vo+(Ms—MoyG¥'Vy (3)

Vewo, Vo and Vw1 were obtained from the X-ray CT scan. Given that the initial moisture of wood in WPC is

~1-1.5% (Adebayo et al. 2008), | assume Ms=30%, Mo = 1.5%, Go" = 1.53. The plastic content was then
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calculated as 35.10%. The adjusted proportions of the components before impregnation are shown in

Table 4.1 in the results section below.

Avizo was used to calculate the number and sizes of the zinc borate particles before and after
impregnation of the WPC sample. A series of 760 continuous 2D tomograms were selected from the
central region of the WPC core before impregnation and a matching series of tomograms were selected
from the core after treatment. Analysis of variance was used to analyze the effect of Nal impregnation
on the number and sizes of zinc borate particles in the WPC sample. Statistical computation used
Genstat (v. 20) (VSN International, Hemel Hempstead, UK). To calculate the extent of the interconnected
void network, | used Avizo’s label analysis module which measured the percentage volume of the largest
3D object representing voids. The same module was used to calculate the percentage of wood particles

that were connected.

4.2.4 Numerical analysis of geometry of wood particles in WPC sample

A volume within the labelled WPC sample data set, measuring 4.92 mm (diameter) x 0.64 mm
(thickness), was selected using Avizo. All wood particles in this area were labeled, except those on the
edges of the volume that were cut during sample preparation. Labelling of wood particles involved
thresholding them, smoothing thresholded volumes and filling pores for easier segmentation. Secondly,
thresholded volumes were divided into small 3D segments based on the topological skeleton of wood
particles (Youssef et al. 2007). Finally, all wood particles were labelled according to the following rules:
(1) Particles which contained more than one segment (Figure 4.1, blue), were only labelled on one
segment, which was usually the central or the largest particle of wood (Figure 1, labelled in blue); (2)
Particles that were wholly separated from other particles and only contained one segment were fully
tagged (Figure 4.1, green); (3) Particles that were attached to other particles were manually labelled in
their centres (Figure 4.1, magenta). The tags were numbered, and 50 of them were randomly selected.

The selected wood particles were manually traced to obtain their complete dimensions (Figure 4.1d).
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Figure 4.1 Labelling and restoration of wood particles. (a) Original grayscale tomogram; (b)
Thresholded volume showing segments (yellow); (c) Three different types of labels: Blue, a wood
particle with more than one segment; Green, a particle with only one segment; Magenta, an
unseparated particle that shared a segment with another particle. (d) Results of the manual
restoration of labeled particles

The volume, surface area, aspect ratio, and Wadell (1935) circularity of wood particles were
measured using Avizo. | used the definition of aspect ratio from Merkus (2009), which is the maximum
Feret diameter divided by the minimum Feret diameter. Particle length (L) is the largest Feret diameter
of a wood particle; breadth (B) is the largest Feret diameter perpendicular to L; and thickness (T) is the
largest Feret diameter perpendicular to both L and B. The L:B:T ratios were calculated to obtain a shape

parameter.
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4.3 Results

4.3.1 Visualization of phases in WPC before and after impregnation with Nal

4.3.1.1 Wood, polymer and voids

Impregnation of the WPC sample with sodium iodide made it possible to clearly differentiate
wood and polymer as hypothesized. Before impregnation of the WPC sample it was possible to clearly
identify air and zinc borate, which are coloured light blue and white in Figure 4.23, c, €, respectively, but
there was a lack of contrast between wood and plastic. In particular, it was difficult to distinguish
smaller wood particles from the plastic matrix. However, larger wood particles could be seen in the
unimpregnated sample because of their cellular characteristics. As a result, it was possible to see that

the WPC contained both softwood (4.2a, arrowed) and hardwood particles (4.2c, arrowed).
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Figure 4.2 2D tomographic images of the wood plastic composite: before (a, ¢, e) and after (b, d, e)
impregnation with sodium iodide impregnation; Brown = wood; navy blue = plastic; light blue = void;
white = zinc borate
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The unimpregnated sample contained voids within and around wood particles, particularly
larger particles, whereas such voids were absent from the impregnated sample. Interfacial voids around
particles in the unimpregnated sample were connected creating a network of cracks within the WPC
(Figure 4.2e). Numerical analysis of the network revealed that 61.80% of the voids formed a single
connected network. A similar analysis revealed that almost all (99.75%) of the wood particles in the WPC
were connected. The improved contrast between wood and polymer in the impregnated sample made it
possible to see two features that were not apparent in the unimpregnated sample. Firstly, there are
areas where wood particles meet that contained little or no polymer (Figure 4.3a, b). Secondly, wood

particles in the WPC were not randomly oriented. Instead, many of the larger particles were oriented in

length in approximately the horizontal direction (Figure 4.3c, d).

Figure 4.3 Tomographic images of the wood plastic composite after it was impregnated with sodium
iodide showing wood to wood connections (a, b) and orientation of particles in the sample (c, d)
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4.3.1.2 Zinc borate

As expected, zinc borate (ZB) was easy to see in the unimpregnated sample because it is far
denser than plastic or wood. ZB occurred mainly as discrete particles between rather than within or
around wood particles (Figure 4.2, 4.4a). However, occasionally, large wood particles were encased in a
layer of zinc borate particles (Figure 4.2c, d, 4.4a). In contrast, ZB particles in OSB were mainly
aggregated along glue lines, showing interrupted lines as in Figure 4.4b. There were fewer discrete zinc
borate particles in the OSB than in the WPC. Zinc borate particles were clearly smaller and less
numerous in the WPC sample after it was impregnated with sodium iodide. Accordingly, analysis of
variance showed a highly significant (p<0.001) effect of impregnation with sodium iodide on the number
of ZB particles and their average diameter in the selected volume within the WPC. These observations
are supported by analysis of ZB particles in the entire data set, which showed that the number of
particles decreased from 1,130,639 to 512,731 as a result of labelling. Similarly, the average volume and

diameter of the ZB particles dropped from 1204.4 um3 and 10.4 um (before labeling) to 770.8 um3 and

8.8 um, respectively, after labeling.

Figure 4.4 Tomographic images of zinc borate in the WPC (a) and an OSB sample (b). A wood particle
encased by zinc borate is circled in (a). Brown = wood; navy blue = plastic; light blue = void; white =
zinc borate

119



4.3.2 Quantification of different phases in WPC following labelling with Nal

It was not possible to segment wood and plastic in the unlabeled WPC, as mentioned above, but
after impregnation with sodium iodide there was sufficient contrast to segment both phases. However,
swelling of wood particles caused by aqueous sodium iodide solution, which is obvious in Figure 4.2 (b,
d, f) altered the volumetric composition of the WPC. Therefore, quantification of the levels of wood and

plastic in the labelled WPC needs to adjust the wood content for such swelling, as described above.

Table 4.1 Volumes (mm?3) of phases in the WPC sample (percentage in parenthesis)

Composition/phases Before labeling After labeling Adjusted*
Voids within WPC 5.1 (8.5%) - 5.1 (8.5%)
Wood particles - 46.2 (65.6%) 32.2 (54.1%)
Plastic matrix - - 20.9 (35.1%)
Zinc borate biocide/fire retardant 1.4 (2.29%) 0.39 (0.56%) 1.4 (2.3%)

* Composition based on initial volumes of void and ZB contents and adjusted wood content

Finally, compositional volumes of the WPC after impregnation with sodium iodide needed to be
adjusted to reflect the natural composition of the WPC including voids and zinc borate, which were
altered by the labelling process (Table 4.1). The adjusted volumes in Table 4.1 indicate that the WPC was
mainly composed of wood (54%) and plastic (35%) in accord with figures in the literature, but the void

volume was significant (8.5%).

4.3.3 Quantification of wood particle sizes and geometry

The particles that were randomly selected in a slice within the labelled WPC sample are shown
in Figure 4.5. There is clearly great variation in the size and geometry of the particles. This was
confirmed by using Avizo software to quantify: (1) the largest Feret diameter of each wood particle
(length, L); (2) breadth (B) as the largest Feret diameter perpendicular to L; and (3) thickness (T) as the
largest Feret diameter perpendicular to both L and B. Shape was defined using a combination of L, B and
T, as mentioned above.
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Figure 4.5 Image showing the wood particles that were randomly selected from a volume within the
labelled WPC sample

All of the selected wood particles were longer than they were wide (Figure 4.6). Three particles
had an aspect ratio slightly greater than two: ie, similar to the rectangular format of films (movies) used

to depict landscapes. Four particles (8%) had needle-like aspect ratios of >5.
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Figure 4.6 Aspect ratios and sphericity of the wood particles that were randomly selected from a slice
within the labelled WPC sample
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Shape descriptions based on Ferret L:B:T values showed that most of the wood particles were
either columns or plates (Figure 4.7). None of the particles could be classified as spheres, i.e. particles
with diameter deviations within 5%, rotational symmetry, and round surfaces (Merkus 2009). The
unclassified category in Figure 4.7 is composed of particles that do not fit any of the categories

developed by Merkus (2009).

Columnar
L:B:T= (3-10):~1:~1

Plate
L:B:T =~1:~1:(0.1-0.6)

Unclassified
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Figure 4.7 Shape descriptions of the selected 50 particles based on their L:B:T ratios

4.4 Discussion

My results only partially support the hypothesis that aqueous sodium iodide is a suitable X-ray
micro-CT contrast agent to help visualize the microstructure of a wood plastic composite, and precisely
locate zinc borate in the composite. Sodium iodide labelling made it possible to: more clearly visualize
wood and plastic in the WPC; quantify the levels of different phases (wood, plastic, zinc borate and
voids) in the composite; and measure the geometry of the wood reinforcement. These outcomes of
labelling are noteworthy, but sodium iodide was not an ideal contrast agent because it altered the
microstructure of the WPC. For example, it swelled wood particles closing interfacial voids, filled any
remaining voids with liquid, and (unfortunately) dissolved zinc borate particles. Furthermore, the
labelling process was lengthy and two separate CT scans were needed to quantify the composite’s
composition and analyze the shape of wood reinforcement. Future research should seek to overcome

some of these limitations possibly by selecting a solvent for sodium iodide or an alternative halogenated
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chemical that does not swell wood or dissolve zinc borate. Wood or plastic could be labelled prior to the
manufacture of the WPC as has been done previously (Wang et al. 2007), which would eliminate the
time-consuming step of impregnating wood with the contrast agent, but this approach is not suitable for

visualizing the microstructure of commercial WPCs, which was one of the aims of this study

Previously, Evans et al. (2015) used X-ray micro-CT to visualize the distribution of the biocide
zinc borate in oriented strand board (OSB), a structural wood composite that contains high levels of
wood reinforcement and low adhesive content. OSB is manufactured using a completely different
method to that of WPC’s (Lotter and Evans 2019, Gardner et al. 2015), and zinc borate in OSB is located
within glue lines (Evans et al. 2015). The distribution of zinc borate in my WPC sample was different to
that in OSB (Figure 4.4), but in both composites zinc borate was dissolved by water, which reduced the
size of zinc borate particles. The dissolution of zinc borate in WPC and absorption or complexation of
zinc or borate ions with wood that is not fully encapsulated in plastic may explain, in part, why it is an
effective biocide for WPC'’s (Evans et al. 2015). Some of my findings also help explain other aspects of
the durability of WPCs. For example, previous studies, as mentioned above, have shown that WPCs with
larger wood particles absorb more moisture and are more susceptible to decay than composites made
from smaller particles (Verhey and Laks 2002, Steckel et al. 2007). These observations can be explained
by my finding that interfacial voids were concentrated around large wood particles and many of the
voids were connected, possibly assisting moisture ingress into the WPC as suggested by Sun et al.
(2016). In addition to the network of voids, moisture ingress would also be facilitated by the aggregation
of wood particles and the numerous wood-to-wood connections in the composite, which made shape
analysis of individual particles difficult. The absorption of moisture into WPC's is the rate-limiting factor
restricting decay of the composites (Morrell and Stark 2006), and therefore measures that reduce the
porosity of the composite improve the durability of WPC's. In practice, this is achieved in the latest
generation of ‘capped’ WPCs by extruding a layer of pure polymer over the surface of the composites
(Mankowski et al. 2015). This barrier approach is highly effective at reducing moisture ingress into
WPCs, but in areas where the protective polymer cap is absent, or breached, for example by cut ends
and fixings, some moisture absorption can still occur (Gnatowski et al. 2015). Therefore, additional
measures to reduce the porosity and durability of WPCs may be useful. My results suggest that reducing
the number of large wood particles and the interfacial voids around the particles could have the
desirable effect of reducing porosity and possibly increasing durability of WPCs. Further, research is

needed to fully test this hypothesis. Where large wood particles are required as reinforcement for WPCs
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(Chen et al. 2006), alternative approaches to reduce the formation of interfacial voids may be needed,
for example, modifying wood or plastic to make the two phases more compatible (Takatani et al. 2008,

Lin et al. 2020).

It is difficult to compare my results on the visualization of WPC with those of previous studies
because my approach to labelling the composite has not been used before. However, there is similarity
between methods | used to analyze the geometry of wood reinforcement and those of previous studies
(Chaudemanche et al. 2018, Madyan et al. 2020). Previous studies have cast doubt on the use of mesh
size as an accurate way of characterizing the sizes of wood reinforcement in WPCs. For example,
Madyan et al. (2020) pointed out that a small mesh allows the passage of long particles, overestimating
the potential of small (mesh) particles to reinforce the composite. My results support this assertion
because all the randomly selected particles in my commercial WPC were elongated (aspect ratio >2)
with a mean aspect ratio of 3.67; 28% of the particles were columnar in shape; only 30% of the particles
had a centro-symmetrical plate-like shape which would allow passage through a mesh in any direction.
Previous studies have also used particle diameter as a measure of the size of wood particles used to
reinforce WPCs. A diameter measurement is suitable for a sphere, ellipsoid, or cylinder. However, |
found that 42% of the wood particles did not fit these shape categories. Furthermore, wood particles
were not spherical because they had a mean sphericity of 0.50. Therefore, | suggest it would be better in
future to use Feret diameter measurements rather than mesh size or particle diameter to classify the
wood reinforcement used in the manufacture of WPCs. This suggestion is supported by the research of
Bacaicoa et al. (2017) who obtained Feret-based parameters from wood particles segmented in X-ray

micro-CT images.

The segmentation of wood particles in a WPC following imaging is a key step in quantifying their
shape. This was not straightforward even after my WPC sample was labelled with sodium iodide.
Automated segmentation of wood particles in a WPC was successfully used by Bacaicoa et al. (2017), but
their WPC had a lower wood content (10%) than mine (>50%) and far less overlap of wood particles.
When | tested the same automated software used by Bacaicoa et al. (2017) it was unable to find the
correct wood particle boundaries because there were numerous overlapping and irregular-shaped
particles in my WPC. On the other hand, manually segmentation was too time consuming (Strohmann et
al. 2019). These limitations of automated and manual segmentation stimulated the development of my

tagging-selecting method, which is more accurate than automated segmentation and less time-
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consuming than complete manual segmentation. Nevertheless, my approach is still slower than
automated segmentation and it would be desirable to develop an accurate and automated
segmentation method for the reinforcement in WPC'’s. One possible approach involves the use of Al-
based techniques, for example, machine learning and neural networking, which have been used to
recognize and segment objects automatically in CT images (Furat et al. 2019, Strohmann et al. 2019). |
anticipate that in the future, similar techniques could be used to develop a more advanced automated
segmentation algorithm that could recognize the contours of wood particles, so that wood particles in
commercial WPC samples could be rapidly separated and analyzed. Such developments could facilitate
better understanding of the relationships between the geometry of wood reinforcement in WPCs and

their properties, possibly leading to the development of improved composites.

4.5 Conclusions

Aqueous sodium iodide is an effective contrast agent for wood in a commercially manufactured
wood plastic composite (WPC) making it possible to clearly visualize both wood and plastic in the WPC,
guantify the amounts of wood, plastic, zinc borate and voids in the composite, and measure the
geometry of the wood reinforcement. | describe the limitations of sodium iodide as a contrast agent for
WPCs and the difficulties of segmenting or separating wood and plastic even in a labelled composite. |
suggest ways of overcoming both these limitations using, respectively, non-swelling halogenated
contrast agents, and automated machine-learning segmentation algorithms. These advances could lead
to a better understanding of the relationships between the microstructure of WPCs and their properties,

possibly leading to the development of improved wood plastic composites.
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Chapter 5: Discussion, conclusions, and suggestions for further

research

5.1 General discussion

In this thesis, | hypothesized that X-ray micro-CT could visualize inorganic materials in 3D in silica
rich Australian hardwoods and a wood plastic composite treated with zinc borate, and produce images
that show the spatial distribution of inorganics in the silica rich wood and WPC. This hypothesis is
partially supported by results in both experimental chapters in which the discrete inorganic particles
were detected and their 3D distributions were rendered using X-ray micro-CT. In Chapter 3, discrete
silica particles were found in the ray cells of the four siliceous hardwood species. The 3D rendering of
the distribution of silica particles showed different patterns in some of the species, for example arc-
shaped patterns matching growth rings in brush box and sharp lines corresponding to the upright and
square cells at the edges of rays in walnut bean. Dense materials associated with vessels and walls of ray
cells were also found in turpentine and satinay, which were not easily resolved using X-ray micro-CT.
Synchrotron XRF confirmed that these dense materials were inorganics. In Chapter 4, zinc borate
particles were found in the WPC sample both before and after labeling with sodium iodide. The zinc
borate particles were mainly discrete occurring in-between wood particles and occasionally encasing
large wood particles. However, both chapters revealed limitations of X-ray micro-CT in detecting small
inorganic particles (< voxel size). The X-ray micro-CT resolutions employed here was not adequate to
visualize aforementioned dense inorganic materials in vessels of the two Syncarpia species, or the
surface morphology of silica particles in rays. In contrast, SEM can visualize the rough irregular surface
of silica particles (Richter 1980, Koddenberg et al. 2019a). X-ray micro-CT was also unable to detect zinc
borate particles in WPC which were smaller than the voxel size, as well as any dissolved or redistributed

zinc borate particles resulting from labelling of wood with sodium iodide.

In Chapter 1 | also hypothesized that the addition of an inorganic halogenated contrast agent
could overcome limitations during X-ray imagining of WPCs resulting from the similarity in density of
wood and plastic. My results in Chapter 4 generally met this hypothesis because sodium iodide
successfully made wood in WPC clearly visible and thus enabled both qualitative and quantitative
analyses of the different components in the WPC. However, there were a few caveats which make

sodium iodide less than ideal as a contrast agent for WPC. Sodium iodide altered the microstructure of
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the WPC by swelling the wood, dissolving zinc borate particles, and filling the voids. The treatment
process was time-consuming and difficult to perform since a constant high pressure was required to
treat the WPC with sodium iodide. These findings point to the need to develop better contrast agents

for WPC and new quantitative analysis methods for different components of WPC.

Results in both of my experimental chapters on inorganics in solid wood and a WPC
demonstrated the potential of X-ray micro-CT for the study of ‘wood’ anatomy. The non-destructive
nature of X-ray micro-CT made it possible to scan the same WPC sample twice (before and after
labeling). The high degree of freedom in the 3D operation of volume rendering software allowed free
rotation and zooming of the volume to observe 3D microstructures, and micro-adjustments of virtual
slicing tool to produce sectional images similar to microscopy images, as well as virtually subtracting
wood while retaining the position of inorganics to enable unobstructed observation of the distribution
of inorganics. The computer-based analysis of CT data enabled automatic quantification of composition
of a WPC and the geometry of its wood reinforcement. X-ray micro-CT is not limited to these
applications. Results in Chapter 4 were presented in the form of animated videos (Feng et al. 2022,
video abstract, Appendix 4), In addition, some of the results in Chapter 3 was presented in a virtual
reality system (Feng et al. 2020, Appendix 2). Moreover, the 3D geometries in micro-CT data sets can be
converted into other digital formats that could be used in a large variety of applications such as
computer-assisted design (CAD) (Shammaa et al. 2007), finite element analysis (Magne 2007), 3D
printing (Shelmerdine et al. 2018), technology-enhanced learning (Feng et al. 2020, O’Rourke et al.
2020), video games (Javan et al. 2020), etc. These applications may attract a wide variety of audiences to
wood science in the future. They may also enhance future research in wood anatomy and wood

composites.

Some limitations of X-ray micro-CT also emerged in the two experimental chapters. First, the
image acquisition time for each sample was long. For example, each of the two CT scans of the WPC
took 16 hours to complete, similar to each CT scan of the wood species in Chapter 3. Secondly, the
limited resolution of X-ray micro-CT resulted in lower level of detail compared to electron microscopy. In
Chapter 3, the coarse texture of the surface of silica particles, which has been observed in SEM study of
siliceous wood species (Richter 1980), were smoothed out in X-ray CT images. Similarly, X-ray micro-CT
was not able to detect zinc borate particles which were smaller than the voxel size employed in Chapter

4. Thirdly, X-ray micro-CT is costly, since the scans in Chapter 3 and 4 each cost SAUD 500, which is a
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heavily discounted rate for staff at The ANU. There are some other limitations of X-ray micro-CT, but
these were either avoided or minimized in this thesis. For example, Paterson et al. (2014) pointed out
that the file size of a micro-CT data set is large, and storing and transferring such big files can be difficult.
These issues were solved in this thesis thanks to the array of solid-state drives installed in my
workstation at UBC, which offered a large storage space and a high transfer speed. Paterson et al. (2014)
also stated that rendering the images of micro-CT data sets is time consuming. This issue was minimized
in this thesis by employing a dedicated graphic processing unit and large graphic memory, both of which

reduced rendering times.

5.2 Conclusions

This thesis demonstrated that X-ray micro-CT is a versatile tool for studying inorganics in wood.
X-ray micro-CT revealed dense siliceous inclusions in silica-rich tropical hardwood species, and was able
to locate silica particles in rays and render their distribution patterns in 3D. X-ray micro-CT in
combination with synchrotron X-ray fluorescence microscopy identified dense inorganic materials in
vessels of the two Syncarpia spp. Therefore, | conclude that the distribution of inorganics in the four
siliceous species here are tied to horizontal xylem conduits (rays), or the 3D network comprised of
vertical conduits (vessels) and horizontal rays. X-ray micro-CT was also used to examine a WPC
containing the inorganic biocide, zinc borate. With the aid of a halogenated inorganic contrast agent,
Nal, X-ray micro-CT was able to perform qualitative and quantitative analyses on organic and inorganic
constituents in the WPC sample. However, the labeling technique was not perfect because it was time-
consuming and it altered the microstructure of WPC. Hence, | conclude that X-ray micro-CT is an
effective tool for visualizing WPC when a Nal contrast agent is used but future research should seek a

contrast agent that does not alter the microstructure of WPCs.

In conclusion, X-ray micro-CT is an attractive method for non-destructive detection of inorganics
in wood. My thesis opened up new horizons for future studies by providing examples of how X-ray
micro-CT can reveal new structural information on the microstructure of wood and wood composites.
Since the inorganics detected in both experimental chapters were all denser than other wood
constituents, future studies can use X-ray micro-CT to browse through the density profile of solid wood

or wood composites, and locate the materials at the dense end of the density profile which may
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represent inorganics. Then, the identity of these dense materials can be revealed by comparing their
visual appearance with microscopy images, or by using elemental analyses such as XRF microscopy or
SEM-EDX. The 3D distribution of inorganics and quantitative information can be acquired from X-ray

micro-CT analyses once the presence of inorganics is confirmed.

5.3 Suggestions for further research

Chapter 3 examined the distribution of silica inclusions in four silicious hardwood species. The X-
ray micro-CT device was able to detect silica particles, but was unable to acquire detailed information on
the morphology of silica particles. Higher resolution X-ray micro-CT devices (nano X-ray CT) can be used
in the future to obtain such information. Chapter 3 presented novel findings on the microstructure of
five tropical Australian hardwood species and found high-density tissues containing inorganics. Such
organic/inorganic composites only appeared in the two Syncarpia species (turpentine and satinay) and
possibly in white beech. The other species in Syncarpia spp., Syncarpia verecunda A.R.Bean, should be
examined in future to see if it has inorganics inclusions in vessels. The silica particles in brush box and
walnut bean showed sharp line patterns and rainbow-shaped patterns, respectively. Future studies
should investigate if other species in Lophostemon spp. and Endiandra spp. also have such patterns.
Furthermore, the pattern of inorganics may be used to identify wood species, but a broader survey

including more species is needed to examine the feasibility of such approach.

Chapter 4 described the use of an inorganic contrast agent (Nal) for labelling wood in a
commercially manufactured WPC. The impregnation of aqueous Nal successfully increased the contrast
between wood and plastic and enabled qualitative and quantitative descriptions of components in the
WPC. However, the Nal contrast agent also closed interfacial voids by swelling the wood, dissolved zinc
borate particles, and filled remaining voids with liquid, all of which made it less ideal as a contrast agent.
Future research is needed to find a non-swelling halogenated contrast agent for WPC. In addition, a
random selection procedure was used in this chapter for easing the difficulties of separating wood
particles, but this procedure was still time-consuming. Advanced automated segmentation methods

which are Al-based could be developed in the future for rapid segmentation of wood particles.
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In both chapters, the phases were thresholded based on visual recognition. The inorganics were
always found in the high-density regions, but the precise density values were unknown. X-ray CT can be
used to measure wood density (Lindgren 1991a). The previous studies on utilizing X-ray micro-CT for
wood densitometry were mostly related to dendrochronology (De Ridder et al. 2011, Van den Bulcke et
al. 2014, 2019, De Mil et al. 2016, Vannopen et al. 2017), which focuses on density variation between or
withing growth rings, rather than cellular structures like cell walls or inclusions. The micro-CT images in
Chapter 3 clearly show dense cellular structures in samples. | anticipate that future studies can establish
a threshold of density between inorganics and the wood substance. Future studies on wood composites
could also use X-ray micro-CT to measure density. Previous studies on micro-CT density detection of
wood composites mainly focused on the one-dimensional distribution of density across the thickness of
samples (also known as vertical density profile, VDP) (Standfest et al. 2009, Yusof et al. 2015, Han et al.
2016, Oluwafemi et al. 2021, Zuber et al. 2021), rather than 2D and 3D mapping of density. Wood
composites are not always uniform across their length and width. For example, Han et al. (2016)
measured the VDP in WPC and found that VDP curves were flatter near the edges and steeper in the
middle of the samples. The 2D and 3D capability of X-ray micro-CT may aid studies of the density
distribution in wood composites, possibly facilitating the development of wood composites whose

density profiles are more closely tailored to stresses they will be subjected to in-service.
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Appendices

Appendix 1: Synchrotron XFM elemental maps of turpentine and satinay
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Appendix Figure 1: Synchrotron XFM elemental maps of Hg, Ni, Pb and Sn in the radial-longitudinal
direction of turpentine heartwood samples
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Appendix Figure 2: Synchrotron XFM elemental maps of Hg, Ni, Pb and Sn in the radial-longitudinal
direction of another turpentine heartwood samples
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Appendix Figure 3: Synchrotron XFM elemental maps of Hg, Ni, Pb and Sn in the radial-longitudinal
direction of satinay heartwood samples
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Appendix 2: Video demonstrating a student using a virtual reality system to explore
silica particles in satinay (Fraser Island turpentine)

Please see the video entitled “VR and wood science (1/2) VR system demo” in the YouTube channel “The

Wood Technology Society”, or use the link below:

https://www.youtube.com/watch?v=zFrKSnkxCLE

Appendix 3: Animated video of inorganics in satinay (Fraser Island turpentine)

Please see the video entitled “VR and wood science (2/2) Fraser Island turpentine” in the YouTube

channel “The Wood Technology Society”, or use the link below:

https://www.youtube.com/watch?v=M2tdrxWw7qU

Appendix 4: Animated video of phases in WPC before and after labeling

Please see the video under the abstract section of the publisher’s webpage of the paper below:

Feng D, Turner M, Evans PD (2022) Sodium iodide as a contrast agent for X-ray micro-CT of a wood

plastic composite. Applied Sciences 12(1), 208. doi: 10.3390/app12010208

Alternatively, please use the following link: https://www.doi.org/10.3390/app12010208
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Appendix 5: Additional X-ray micro-CT images of WPC

Appendix Figure 4. 2D and 3D images showing the network of interconnected voids in the WPC before
labeling: (a) (b) (c) 2D sectional images; (d) 3D volume rendered image. Brown = wood; light blue =
void; navy blue = plastic; white = zinc borate
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Appendix Figure 5. 3D volume rendered images showing phases in the WPC after labeling. Brown =
wood; navy blue = plastic; white = zinc borate

Appendix Figure 6. 3D volume rendered images showing zinc borate particles in the WPC: (a) before
treatment; (b) after treatment. Brown = wood; light blue = void; navy blue = plastic; white = zinc
borate
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Appendix 6: Quantitative data of selected wood particles from the WPC sample

Index Volume3d EqDiameter  Area3d Length3d Breadth3d Thickness3d AspectRatio3d Sphericity
1 0.001382 0.138195 0.16946  0.327434  0.148498 0.091664 3.38301 0.354054
2 0.01775 0.323643 0.48201 0.502262 0.337885 0.229133 1.98467 0.682695
3 0.001822 0.151535 0.15463 0.34606  0.194937 0.111235 2.61354 0.466529
4 0.001205 0.132032  0.140464 0.423548 0.111835 0.094761 4.11891 0.389895
5 0.001006 0.124306  0.083624 0.331304 0.099723 0.069495 4.03114 0.580504
6 0.000186 0.070766  0.027844 0.149704  0.109735 0.040986 2.57826 0.565027
7 0.000471 0.096563 0.04316 0.230478 0.082019 0.066573 3.29537 0.678715
8 0.000221 0.075006  0.043969 0.271828  0.059649 0.043236 4.25631 0.401979
9 0.004387 0.2031 0.264033 0.591775 0.1976 0.132446 3.7599 0.490809
10 9.31E-05 0.056239  0.015481 0.126368 0.072103 0.033056 3.74163 0.641854
11 0.00041 0.092149  0.077524 0.258599  0.133641 0.057624 3.10193 0.344113
12 0.001618 0.145659  0.116889 0.255731 0.156234 0.112114 2.16047 0.570233
13 0.000754 0.112938  0.066428 0.259008  0.130328 0.06269 3.52592 0.603221
14 0.000452 0.09521 0.067796 0.291938 0.101194 0.051982 3.63231 0.420064
15 0.000158 0.067098  0.021862 0.164992 0.065474 0.044903 3.3787 0.64698
16 0.000421 0.092986  0.044036 0.268228 0.111141 0.069085 3.32641 0.616845
17 0.000464 0.09604 0.056349 0.20124  0.158737 0.03964 2.78635 0.514239
18 0.002544 0.16938 0.214521 0.487511 0.146181 0.102419 3.64142 0.42015
19 0.006272 0.228811  0.404722 0.704282  0.221139 0.130511 4.21976 0.406392
20 0.001252 0.133718  0.104367 0.328071 0.140786 0.081563 3.48581 0.53823
21 0.009004 0.258113 0.510214 0.862919 0.231175 0.142469 5.24103 0.410221
22 0.018952 0.330792 0.6736  0.671471 0.415233 0.1624 2.85368 0.510338
23 0.001725 0.148787  0.112837 0.280869  0.172316 0.101707 2.6896 0.616351
24 0.083196 0.541629 1.83299 1.23082  0.447612 0.398321 2.96772 0.502797
25 0.002591 0.170417  0.162392 0.346944  0.228864 0.089265 3.07769 0.561841
26 0.000392 0.09079 0.059894 0.293934  0.09748 0.04122 4.25576 0.432362
27 0.001048 0.126038  0.096108 0.29037  0.153757 0.055448 3.84191 0.519272
28 0.000802 0.115281  0.073767 0.323083 0.09934 0.057795 4.78373 0.565986
29 0.000662 0.10813 0.106826 0.298971 0.112388 0.077518 3.21019 0.343848
30 0.000346 0.087128  0.040256 0.218828  0.104264 0.052446 3.39034 0.592427
31 0.000387 0.090387  0.040055 0.231597 0.078577 0.059233 3.76031 0.640768
32 0.000234 0.076448  0.034524 0.266125 0.065685 0.05914 4.1028 0.531822
33 0.000465 0.096096  0.056688 0.379204 0.069131 0.06072 4.78129 0.511759
34 3.09E-05 0.038953 0.008108 0.145212  0.039329 0.021247 4.38395 0.587899
35 0.004281 0.201457  0.310289 0.681639  0.208231 0.089978 5.61258 0.410909
36 0.002166 0.16054 0.204329 0.414289  0.192875 0.093367 3.95868 0.396266
37 0.000184 0.070507  0.030846 0.191307 0.085635 0.033832 4.53325 0.506304
38 0.001483 0.141486 0.12796  0.330098  0.142942 0.11006 2.88717 0.491474
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Index Volume3d EqDiameter  Area3d Length3d Breadth3d Thickness3d AspectRatio3d Sphericity
39 0.002888 0.176675 0.167545  0.46281 0.151431 0.117956 3.4285 0.585285
40 0.001108 0.128398 0.094508 0.373754  0.131597 0.061353 4.05685 0.548027
41 0.011709 0.281736 0.558882 0.513433 0.41615 0.178728 2.63017 0.446185
42 0.000984 0.123394 0.098886 0.270065 0.163007 0.066508 3.15577 0.483729
43 0.012708 0.289527 0.503435 0.659218 0.275186 0.1607 3.04499 0.523099
44 0.000522 0.099908 0.069724 0.244296 0.111701 0.063171 3.72013 0.449744
45 0.006197 0.227887 0.449276 0.722803 0.280725 0.170688 3.6884 0.363141
46 0.004608 0.206455 0.446354 0.766375 0.187042 0.096968 6.27994 0.3
47 0.000775 0.113941 0.080523 0.191345 0.151645 0.085726 2.11216 0.506517
48 0.006507 0.231631  0.287172 0.542026  0.18994 0.150257 3.25428 0.586948
49 0.000482 0.097285  0.081932 0.439559  0.093515 0.047436 6.51316 0.362906
50 0.000267 0.079906 0.047055 0.256133  0.083562 0.036291 4.13168 0.426291
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Appendix 7: Studies in wood density using X-ray techniques and a Joyce Loebl
autodensidater (Nyakuengama 1991)

1.

Studies in wood density using x-ray

techniques and a Joyce Loebl autodensidater

Preparation of standard wood samples:

There are three species involved: radiata pine (Pinus_radiata),

alpine ash (Eucalyptus delegatensis) and Atlantic cedar (Cedrus atiantica)

-

The procedure was as follows:

One or more trees of each species were felled and sample discs

about 5 cms thick were removed as required.

Blocks roughly square in section were sawn from each disc passing
through the centre of the pith from bark to bark.

The blocks were dried in an oven at 40°C.

A piece was sawn from each block, 10mm x 10mm in section, the
length depending on the dimater of the original disc. Each
piece again passed through the centre of the pith.

Some of the radiata pine pieces were extracted with benzene
alcohol (2:1) in a Soxhlet apparatus.

A1l pieces were placed in a closed desiccator over saturated
solution of sodium dichromate for at least 2 days to equilibrate.
This brings the wood to an equilibrium moisture content of 8%.

The piece were reduced to 6.9 * 0.04mm in the longitudinal grain
direction, using a Black and Decker router modified to act as a
spindie moulder. These are the final samples.

The samples were returned to the disiccator wuntil ready to x-ray
but at least overnight.

X-Ray Procedure:

CAUTION: (a) There is always risk when dealing with x-rays if
you do not follow the procedure meticulously.
(b} ensure you are wearing a radiation badge.
¢) ensure that if the red light is flashing you
do not enter the dark room
(d) ensure an aluminium plate is taped over the
x-ray tube aperture.

~— s

WARMING UP:

1. Ensure kY switch points to 50kV
2. Switch on the machine at the wall and turn operating
switch to "stand-by" (P).

174



CAUTION :

The green and yellow lights should come on. If they don't, do
not proceed.

3. You may switch on normal ceiling lights at this stage.

4. Check that lead plate in darkroom is correctly positioned
by switching on the position lights on the X-ray source
head. The diagonal lines 'should divide the plate up symmetrically.

5. Turn on the cooling water in the dark room. The yellow Tight on
the control panel should go out when sufficient water is flowing.

6. Leave dark-room, close lead lined door and warm up the x-ray
unit:

(a) Check timer is set to 7 minutes

(b) Turn operation switch from "stand-by" (P) to "On"
and (1) and press red button on time switch simultaneously.

(c) Wind up the kV and mA knobs with the kV slightly ahead of
the mA until 20 mA is registered. Complete the adjustment
by turning the kV knob to 23 (top side) and re-adjusting
the mA to 20.

CAUTION:

Beware of exceeding 20mA; The needle must be kept out of the red
area otherwise you will cause severe thumping in the control box.

(d) Flashing red light denotes that x-rays are being produced.

(e) Machine cuts off x-rays after 7 minutes, then turn switch
back to (P), wind kV back to 0 but leave mA alone.

(f) If green light only is “on" you may re-enter the x-ray
room.

X-RAYING

1. Your sample or samples should be placed within the inner border-
Tine of the cardboard sheet provided along with 2 step wedges
and lead identification numbers as per log book record.

The sequence in which the samples are placed on the sheet
should be recorded.

2. The cardboard and samples should be placed immediately adjacent
to the lead plate on the floor of the dark room so that transfer
of the samples, wedges and numbers from the cardboard to the
Tead can be accomplished in the red safelight only.

3. Place box of x-ray films adjacent to lead plate.

CAUTION: The X-Ray box must not be opened yet.
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4. Switch off all overhead lights, close both deors, and crouch
aown in the corner of the dark roca near the sirk so that you
can see what you are abcut to do.

5. Remove one x-ray film from the box and then close the box.

o

Remove the paper cover from the X-Ray film and align it on
the Tead plate so that it is within the taped border.

' . *
7. Place the samples, 2 step wedges and identification number
on the lead plate in the same sequence as they were on the
cardbecard.

8. Leave the dark room taking the box fo unexposed x-ray film
with you. Ensure the box is Tight-tight.

9. Close the lead-lined door.

10. Open the door into the corridor and x-ray the samples as for
warming-up procedure turning up the kV to 23 and re-adjusting
the mA ro 20. Make sure the mA remains at 20 throughout
Xx-raying. '

11. Re-enter the dark room when the green light is on after closing
the outside door,

12. Close the lead-lined door, remove samples and place -x-ray film
in the light-tight bag provided for carrying to the photographic
darkroom.

13. Turn all dials to O and switches to “"OFF"

15. Turn off Tights and water.

Developer Stop Batl Fixer
5 mins > 30 secs. > 5 mins
longer is old
Wash for 3 an hour

Dry.

* The step wedges are cellulose acetate working standards of known
optical density. The optical density figures derived by Rudman
(1969) will be used. These are:

3

)

Step Density level (g/cm
229

N e+
(1

.344
.468
.592
17
.867

NOYO DS W
QOO0 O O
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Developer -~ 200 mis of develeper
800 mls of water

Stop Bath - 13 mls of glacial acetic acid in 1 litre of water.

Fixer - If mixed use as in bottle
If new must be mixed as follows:

200 mls of fixer
20 mls of hardener
800 mls of distiiled water

After developing the negatives should be checked. If they are not
clear-cut or if there are any shadowing effects, they should be rejected,
Otherwise each print should be stored between 2 pieces of paper until
ready for use. : F

4. Operation“éf the Joyce-Loebl Autodensidater

4.1 Introduction

" These notes are not comprehensive instructions for the Autodensidater;
they are only a brief guide to the use of this instrument in this practical,
and should not be used without prior demonstration or reference to the Joyce-
Loebl instruction manual.

The Autdensidater can be used in many application other than measuring
wood density. This versatility is achieved by varying such features as the shaj
and intensity of the measuring beam, the sensitivity of the pen respense
system and the ratio of trace size to specimen size. These controls have
been set on this instrument for the measurement of wood density, and must
not be tampered with.

4.2 Switching on
4.2.17 Switch on machine at power point

4.2.2 Press on 'Supply' at base panel and switch on ‘supply’
at point panel of instrument.

4.2.3 Switch on 'Lamp’ at instrument Allow 15 mins. for
instrument to warm up.

4.3. Aligning Specimen Beam

4.3.1 Turn focussing knob until red spot is focussed on viewing
screen '

4.3.2 Turn vertical and horizontal adjustiment knobs until white
slit is exactly covered by black line on viewing screen.
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4.4

4.

[

Setting base-line position

4.4.1

4.4.

(35

4.4.3

4.4.4

Setting
4.5.1

4.5.2

Place & nega*ive on the specimen table. and arrance so

that the Tight spot falls just off one and of & step

wedge image. Orientate the negative until you can scale the
Tong axis of the image by manually sliding the specimen
table.

Switch on 'pen’ switch. 17 the pen immediately moves to
the outer Timit of the pen carriage, prccede LQ 4.4.4,
If not, foilow 4.4.3.

The pen control motor is out of phase. Correct this by
changing switch 'pen synch',

Scan wedge image by manualiy sliding specimen tabie, and
watch position of pen carriage. This should move in seven
definite steps as the wedge steps are scanned.

4.4.4-1 1If there are less than seven steps the base-line
is set tooc high. Adjust base-line control until pen
carriage moves in seven stages.

4.4.4-2 1f pen carriage tends to move to the exireme inside
of its travel, the base-line is set too low. Adjust
base-line controcl until pen moves in 7 stages
without contacting inside limit of travel.

up specimen and paper.

Align negative so that the 1ight beam will scan the long
axis through the centre of the specimen. The specimen
table moves from left to right, so the 1ight spot must be
positioned on the left end of the specimen.

Place paper on recording table and clamp dewn. Use fine
grade plain or graph paper.

The recording tables moves from right te left, so it must
begin the trace from the extreme right of its travel.

Switch drive motor switch to "raeverse" until table reaches
end of travel and stops. Then switch off motor manuaily.

Insert filled pan into holder so that it clears the paper
when up, contacts it firmly when down. Switch 'pen' on.
Lower pen on to paper.

Clamp specimen table to ratio arm with lock clamp at Jeft
end of specimen tab]e. The specimen table and recording
table are now locked together, and will move synchronously
in the ratio set on the ratio arm (1:5 in this work).
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4.6. Making the record
4.6.1 Switch motor switch to "fwd ncvmal", [ spacimen trace is
completed before table reaches end of travel, switch motor
of ‘off', raise pea, switch ‘pen' off and remove paper
from record table.

4.6.2 If record table reaches end of travel before specimen scan
is'comp1eted, proceed as follows.

4.6.2-1  Switch motor to 'stup'.
4.56.2-2 Switch motor to “"reverse" momentarily, then

back to off. This wiil provide a smail overlap

to allow correct joining to the next chart record.
4.6.2-3 Raise pén and remove last record. Insert new paper.

4.6.2-4 Release specimen table from ratio arm be releasing
- lock clamp.

4,6.2-5 Return recording table to start position by switching
motor to 'reverse' then to 'off' when tablie stops. Be
careful not to move specimen table.

4.6.2-6 Clamp specimén table back onto ratio arm, lower pen
and resume trace by switching motor to 'fwd normai’.

4.6.2-7 When specimen scan is completed, switch motor to

‘off', raise pen, switch pen to ‘off' and remove
paper. ' '

4.6.3 Record the next specimen proceeding as for steps 4.5 and 4.6.
A step wedge trace must be made for each new negative. It may
be necessary tc re-set the base line when changing to a new
negative.

4.7 Switching off.
4.7.1 Remove pen from Holder, dismantle pen and soak clean in water.

4.7.2 Switch off 'lamp', 'instrument supply', ‘instrument supply'.
‘main supply' in that order.

4.7.3° Switch off at mains and remove plug.

4.7.4 Replace cover on instrument.
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5. Some Theoratical Aspects of tha X-ray Technique for examinaticn

of wood density.

5.1 INTRODUCTION

Because of the variability of wood, Investigations aiming to clarify
causes of variation in density as a function of various factors of forest
production, must be cased on a great number of samples to permit statistical
interpretation.

Al1 methods of determination used must be rapid as well as non-
destructive. Small samples taken with a mortising chain fulfill both
objectives, since sampling is carried out on living trees and allows careful
selection of individuals in various age classes and locations. Since more
than one sample may be taken and because samples may be taken later from
the same tree, data may be verified, added to and complemented.

The method gives satisfactory accuracy limited only by the quality
and clearness of the x-ray photographs obtained.

5.2 THECRETICAL ASPECTS

The samples are X-rayed in groups; the variations in the density
of the negative are then automatically recorded with an auto-densidater.
There is a relationship between the density of the wood and the density
of the x-ray film.

5.2.1 Relation between the dose of radiation and the dose
transmitted by the sample:

X-ray absorption by the material takes place according
to an exponential law of simple form:
{ & T a0

0

i

where 1 intensity of radiation after passing through a
sample of thickness x.

To

i

Initial intensity

u The characteristic absorption coefficient of

the material scanned.

Coefficient u increases with density p of the abserbing material
in such a way that the ratio § remains practically constant, so that, if
the thickness does not vary, the intensity of radiation after passing
through a sample depends solely on variations in density.

5.2.2 Relation between the dose transmitted by the sample and
density of the film:

The relation between the intensity of a beam of light
transmitted by the film in a section not exposed to x-rays
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(]0) to the intensity transmitted by an exposed section (1)
is calied the opacity of a radio-graphic film. The optic
density (d) of the secticn is given by the following formula:

d = ]Og]0~- ]0
..T_

If for very low capacities the optic density of an x-ray
photograph is proportional tc the exposure, i.e. the product
of beam intensity by time, the otpic density is, for high

~values, proportional to the logarithm of the exposure.

If the intensity received is an exponential function of the
density of the sample scanned, .then for a given range of
optic densities, a linear relation exists between the optic
density of the x-ray photograph and the density of the sample
at the corresponding point. Since the:exponent of the x-ray
absorption formula is negative, the optic density of the x-ray
film decreases as the density of the wood increases and the
relationship is linear. It is therefore sufficient to record
the variations in optic density across an x-ray photograph

of a radial sample to obtain directly the variations in the
density of the wood. ’ ’

5.3 PRACTICAL APPLICATION

5.8.1

The x-ray apparatus:

The absorption coefficient of x-rays increases with the density
of the material scanned. The constitutents of wood, mainly
cellulose and lignin, are based on three elements only; carbon,
oxygen and hydrogen, of relatively low atomic mass and are
transparent to x-rays. Radiation of low energy (so-called
"soft-rays") will pass through these. The penetration of the
x-rays depends on the speed of the electrecns projected on to
the anode, and this depends on the potential difference applied
across the terminals of the tube. Apparatus destined for x-ray
photography of wood must be designed so that it will emit long~
wave radiation at low petential differences since wavelength is
inversely proportional to the energy of radiation.

The medical apparatus, these long wave radiations are blocked by

. the glass wall of the emission tube which consists of high atomic

mass, notably sillicon. When photographing thin ‘wood sections

- with x-rays, tubes with a beryllium window are used since this

metal has a lTow atomic weight, and is transparent to long wave
radiations; while able to resist differences in pressure between
the outside air and the vacuum inside the tube even in very

thin sectijons.

Since exposure times are long, overheating of the filament is
prevented by a continuous circulation of celd water,
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5.3.2 The Autodensidater

This gives readings of optic densities and not opacity, as
only the former is inversely proportional to the density
of the wood scanned by radiation.

Since the linear relationship between wood density and cptic
density is valid only if the thickness of the scanned sample is
constant, it is necessary to scan the sample along an axis of
precise thickness. An instrument is therefore required which
posssesses high resolution, is collimated, and has a film
‘holding stage which can be aligned with the axis of the image
even when this is not absoiutely rectilinear.

To ensure this method remains accurate and reproducible, the
readings of the instrument must be independent of fluctuations
in the input current or the aging of the light source.

‘These conditions lead to the selection of a double beam auto-
densidater whose principle is as follows:

A single source of 1ight passes through a number of prisms and
“is split into the two beams. One passes through the optical
" system associated with the x-ray image to be scanned, the other
“through an adjustable optical wedge of variable density
consisting of an opaque material increasing uniformly in
thickness from end to end, inserted between two sheets of
glass. Its opacity increases at an exponential rate and its
optic density increases linearly with the thickness traversed.
"A single photo-multiplier which receives the light from each
beam at the rate of 100 pulses/sec. produces a signal which is
- proportional to the difference in the light intensities of the
two beams. This signal contrcls a servomotor which displaces
the optical wedge in such a way the two beams scan regions of
the same optical density, one in the film and the cther in the
wedge. During this displacement a pen fitted to the wedge
records the profile of the density variations.

"The scale of distance from pith (x-axis) can alsc be extended
by using an optical wedge which has a low variation in density
from end to end, if there is insufficient contrast.

5.3.3 Special precautions

5.3.3-1 The Sampie:

The sémp]e should be thicknessed very accurately since the
entire system depends on the uniformity of thickness scanned
by the x-rays.

5.3.3-2 Exposure:

If we assume all annual increments are paraliel to each other,
there is only one annual increment for which the alignment
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between the boundary of the growth rings and the radiation
emitted from a point source is perfect. For the others
the growth boundaries do not appear on the image in a
linear form but in the form of ellipses, more or less
flattened according to their displacement with respect to
the beam axis, causing blurring in the radiograph and
affecting the accuracy of the readings.

To reduce this blurring as much as possible, the distance
between source and sample should be increased. A distance
of 2.438 m. has been allowed between source and film, which
for agrowth ring of 5mm diameter and an eccentricity of 10cms
with respect to the axis of radiation, corresponds to a
maximum width of blut of 0.2mm. This, in most cases, is
acceptable.

Another important reason for having a large distance between
emission source and sample is related to the film. It is
important the dose of radiation received should be ag
uniform as possible from one end of the sample to the other
and between the different x-ray samples on the same film in
order to speed up and facilitate the densitometric analysis.
Xhe dose received varies inversely with the square of the
distance between source and film, which may, even for a small
size films, be translated into perceptible differences from
one end of the negative to the other if distance from source
is too small. With the adopted istance, however, a simple
calculation shows that the maximum difference in the dose
received between points on a film of 18 x 24cms is about one
in a thousand, i.e. practically negligible.

Where, for any reason, radiation received on the film is not
contained between two isodosic curves sufficiently close
together, it would still be pessible to carry out quantitative
densitometric measurements, but it would be necessary to
include on the recorded graph a plot of the optical density
profile of the film taken at a point close to the image of

the specimens (i.e., the background prcfile of the radiograph)
alonside the density profile corresponding to the specimen
itself. The density of the wood at a given point would then
no longer be directly obtainable from the optic density of the
corresponding point on the negative, but would be proportional
to the difference between the latter and the background optic
density of the nearest point.

While increasing source-film distance has the advantage of
reducing blurring of the x-ray photographs and of rendering
the radiation dose received by them more uniform, it requires
rather long exposure times; e.g. 7 minutes for radiation of
20 mA and 23 kV.

183



5.4 ADVANTAGES OF THE METHCD

5.4.1 Speed

The average time needed for taking x-ray photographs, e.g.
of a series of 15 samples, is about 15 minutes, including
preparation. Developing the negative 1tself takes about
15 minutes also.

In densitometric analysis, it takes about 45 saconds to scan
a sample 15 cms long. Total time for obtaining a density
variation curve is less than 2% minutes. The method is
particularly fast and makes it possible to study a large
number of samples. This, combined with the fact that it

is non-destructive, is a valuable advantage in smapling.

5.4.2 Accuracy
Accuracy may be affected in three ways.

5.4.2-1 Blurring caused by several factors (e.g., sampling
not perpendicular to wood grain, radiation not
parallel to the boundaries of the growth rings):

5.4.2-2 Diffusion of radiation between zones of different
density:

5.2.2-3 By the size of the slit used in the optical scanning.

One single wood characteristic makas it possible to
integrate these causes of inaccuracy and to define

the level of resolution of the method, namely the
sharpness of transition of late wood to early wood

for forest species of the temperate zone with

clearly differentiated annual rings. In fact, no
transition zones exist in these timbers between

the last thick walled cells with small cavities

of the Tatewood and the first thin-walled cells with
large lumens of the early wood after this. The density
of the wood decreases instantaneously from its maximum
value to its minimum value, and an ideal method should
supply density variation curves in which the transit-
ion of orie yearly increment to the next appears on the
graph as a straight line parallel to the density axis.

Densitometric analysis of x-ray negatives does not
achieve this ideal accuracy, but is, nonetheless
satisfactory. In current work on conifers the
boundaries of growth rings appear as straight lines
slightly inclined with respect to the density axis
with a maximum difference between top and bottom
of these straight lines for a density change from
0.8gms/cc at the end of the late wood to 0.3gms/cc
at the beginning of the early wood, of about 2mm
with a magnification of x5, corresponding to an
accuracy of about 0.4mm.
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12.

5.4.3. Linearity

The method depends eatirely on the linear relationship
between optical density and the density of the woed.

The expected linearity of the relationship has been
verified (with an error of plus or minus 5%) within a range
of densities between 0.3gms/cc and 0.8 gms/cc which is
suitable for the majority of trees in the temperate zone.
These specimens were then exposed to parallel radiation
in the radial direction in order to integrate density
variations within the various growth rings as much as
possible. The expected linearity of the relationship
was again verified (with an error of plus or minus 5%)
again within a range of densities between 0.3gms/cc and
0.8gms/cc.
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