Mechanical behaviour of hardwoods - effects from
cellular and cell wall structures

Ingela Bjurhager
Department of Fibre and Polymer Technology,
Royal Institute of Technology (KTH),
SE-100 44 Stockholm, Sweden
May 5, 2008

1

TRITA CHE-Report 2008:42
ISSN 1654-1081
ISBN 978-91-7178-984-6
KTH School of Chemical Science and Engineering
SE-100 44 Stockholm
SWEDEN
Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan
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Abstract
The aim of this work was to investigate the mechanical properties of different
hardwood species and relate the properties to the structure at the cellular
and cell wall level. The species examined were European aspen (Populus
tremula), hybrid aspen (Populus tremula x Populus tremuloides) and European oak (Quercus robur). The Populus species, including the fast-growing
hybrid aspen, are used in a large number of projects using transgene technology, which also has raised the demand for a more extensive determination of
mechanical properties of the species. Oak have been a popular construction
material for thousands of years, resulting in a vast number of archaeological findings. Preservation of these often includes dimensional stabilization
by polyethylene glycol (PEG), an impregnation agent which affects the mechanical properties. To which extent is not properly investigated, however.
The study on European and hybrid aspen included development of a
method for tensile testing of small, juvenile specimens in the green condition,
where strain was measured using the digital speckle photography (DSP)
technique. Mechanical performance of the species in terms of longitudinal
tensile stiffness and strength were of special interest. Inferior mechanical
properties of hybrid aspen corresponded well to mean values of density,
which were lower for the hybrid aspen compared to European aspen.
Oak was examined in the swollen state, where swelling was induced by
PEG with molecular weight 600. Longitudinal tensile stiffness and strength
as well as radial stiffness and yield strength in compression were compared.
Longitudinal and radial strain was measured using video extensiometry and
DSP, respectively. Additional characterization of the material included
imaging from scanning electron microscopy (SEM), X-ray microtomography and determination of microfibril angle using wide angle X-ray scattering (WAXS). Tensile stiffness and strength in the axial direction were only
slightly affected by PEG-impregnation. WAXS measurements showed that
microfibril angles were close to zero which implicates that cell wall properties
are strongly dependent on the microfibrils, and only marginally influenced
by the plasticization effects from PEG on the lignin/hemicellulose matrix.
In the radial direction, on the other hand, mechanical performance was
strongly decreased by PEG-impregnation. This was believed to originate
from softening of rays.
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Sammanfattning
Syftet med den här avhandlingen var att undersöka mekaniska egenskaper
hos olika arter av lövträd, och koppla egenskaperna till cell- och cellväggsstrukturen i materialet. Arterna som omfattades av undersökningen var
Europeisk asp (Populus tremula), hybridasp (Populus tremula x Populus
tremuloides) och ek (Quercus robur). Arterna inom familjen Populus, inklusive den snabbväxande hybridaspen, har på senare tid kommit att användas
inom ett stort antal projekt inom genforskningen. Det har i sin tur ökat
behovet av noggrannare bestämning av mekaniska egenskaper hos dessa
arter. Ek har sedan tusentals år tillbaka varit ett populärt konstruktionsmaterial; något som har resulterat i ett stort antal arkeologiska ekfynd.
Konservering av dessa inkluderar ofta dimensionsstabilisering med hjälp av
polyetylen-glykol (PEG); en kemikalie som man vet påverkar de mekaniska
egenskaperna. I vilken utstäckning detta sker är däremot inte helt klarlagt.
Studien på euoropeisk asp och hybridasp inkluderade utveckling av en ny
metod för provning av små juvenila prov i grönt tillstånd. Töjningsmätningar gjordes med hjälp av digital speckelfotografering (DSP). Axiell dragstyvhet och draghållfasthet var av speciellt intresse. Sämre mekaniska egenskaper hos hybridaspen korrelerade med medelvärden på densitet, som var
lägre för hybriden än för den Europeiska aspen.
Ek undersöktes i svällt tillstånd, där svällningen inducerades med hjälp
av PEG (molekylvikt 600). Axiell dragstyvhet och draghållfasthet samt
radiell tryckstyvhet och flytspänning undersöktes. Töjningsmätningar i axiell riktning gjordes med hjälp av videoextensiometer, medan töjning i radiell
riktning gjordes med hjälp av DSP. Övrig karakterisering av materialet
inkluderade scanning electron microscopy (SEM), röntgenmikrotomografi
och wide angle X-ray scattering (WAXS) för bestämning av mikrofibrillvinkel. Axiell dragstyvhet och draghållfasthet påverkades bara marginellt
av PEG-behandlingen. WAXS-mätningarna visade att mikrofibrillvinkeln
i materialet var mycket liten. Därigenom blir de mekaniska egenskaperna
i axiell riktning till stor del beroende av mikrofibrillerna, vilket samtidigt
minimerar den mjukningseffekt som PEG-impregneringen har på cellväggsmatrisen. De mekaniska egenskaperna i radiell kompression påverkades däremot starkt negativt av impregneringen. Detta antogs bero på den försvagande och uppmjukande effekt som PEG:en har på de radiellt orienterade
märgstrålarna i veden.
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1
1.1

INTRODUCTION
General context of the thesis

Wood have played an important role throughout the history of mankind.
Until the beginning of the 19th century most attention was paid to the
material primarely as a source of energy. Hardwoods and softwoods as construction materials were valued equally and outgoing from their mechanical
performance mainly. This was however soon to be changed with the development of the modern pulp and paper industry, which favoured softwoods
to hardwoods as a raw material. One reason was the abundance of softwood
in the surroundings close to the paper mills and industries, while morphology of species has been claimed as another. In softwoods 90% or more of
the volume is comprised of softwood fibres, tracheids. Wood cells such as
tracheids are often preferred from a paper mechanics point of view, since
these long and slender fibres contribute to the strength of the paper. The
percentage of fibres in hardwood (called fibre tracheids and libriform fibres)
is much lower, and instead hardwoods display a large variety of cell types.
The use of softwoods in the pulp and paper industry has resulted in
a vast number of studies on softwoods including mechanical properties of
the tracheids and chemistry of the wood constituents, but also models on
the mechanical behaviour. The structure of hardwoods are generally more
heterogenous due to the diversity of cell types, and modeling of hardwoods
are therefore more complicated. However, the increasing demand for new
rawmaterials have put focus on new species and the research on hardwoods
has been intensified during the last decades. Hardwood species are once
again gaining on softwood species in popularity and use.

1.2

Aspen (Populus sp.)

Aspen species belong to the genus Populus within the family of Salicaceae.
Characterizing for all the members of the family are their vegetative propagation, and dioic structure, i.e. male and female flowers are located on separate plants. The Aspen species, including a large number of cross-breeds
between different lines of species, are one of the most abundant tree species
in the world [1].
Populus species have come to play an important role within the field of
genetics and are used as a major model tree for a number of reasons [2].
The Populus species have a relatively small genome and are easily crossbred and genetically transformed. The fast growth of the species, the almost
infinite access to cloned material (due to the vegetative propagation), and
the fact that Populus are common almost all around the world are three
more reasons.
Hybrid aspen (Populus tremula x Populus tremuloides) is a fast growing cross-breed of the European aspen (Populus tremula) and the American
7

aspen (Populus tremuloides); two species with similar features, mechanical properties and densities [3]-[8]. The hybrid aspen is used in a large
number of projects using transgene technology involving down- or up regulating mRNA1 availability, with purpose of studying for instance secondary
growth [9], tension and reaction wood formation in stems and lignin content.
Aspen wood is considered a low-performance material and is not preferred in load-carrying elements in large constructions, but can readily be
used in smaller applications e.g. pallets, boxes, and fences. Aspen wood is
also used for production of chop-sticks, lolly sticks and wooden cutlery since
the wood is almost odour free and tasteless. Finally, aspen pulp is used to
a certain extent within the pulp and paper industry.
The wood is homogenous and diffuse porous, and no transition from
earlywood (EW) to latewood (LW) can be distinguished. Vessels and rays,
which are small and only can be seen in a light microscope, constitute approximately 30% and 10% of the total wood volume, respectively [10].

1.3

European oak (Quercus robur)

Oak species belong to the genus Quercus within the family of Fagaceae. All
family members are characterized by growing unisexual flowers and fruit
in the form of cupule nuts, i.e. nuts are held by a cup-shaped involucre.
The European oak (Quercus robur L.) is native in Europe, but the species
can also be found in the northern and western parts of Africa and Asia,
respectively.
Oak wood has been highly valued as a construction material for thousands of years. The wood is used in many high-performance applications
intended for long-time usage such as floors, stairs, furnitures, barrels and
spokes, just to mention a few [11]. Oak wood has also been a popular material in larger architectural constructions such as churches and cathedrals,
boats and ships [12]. The fact that wood, stored under the right conditions,
is highly resistant to abrasive forces, fungi and bacterial attacks, has resulted
in many well-preserved archaeological oak findings.
Oak is a ring porous hardwood species. The material is characterized
by its porous earlywood which contains large vessels easily identified with
the naked eye, while the latewood is much denser with vessels only visible
in a light microscope. The transition from early- to latewood is abrupt,
and density of the latewood is approximately 2-3 times higher than in the
earlywood. One of the characteristics of oak wood is the abundance of larger
and smaller rays in the radial direction which are constituting approximately
20% of the wood volume [13].
1

mRNA - messenger ribonucleic acid; a molecule of RNA carrying coding information
from a DNA template to the ribosomes which are responsible for the protein synthesis
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1.4

Objective

The purpose of this study was to investigate the relationship between structure and mechanical properties of different hardwood species. Two levels
were of special interest, namely:
a) The cellular structure and morphology of the wood
b) The structure of the cell wall
The hardwood species examined were European aspen (Populus tremula),
hybrid aspen (Populus tremula x Populus tremuloides) and European oak
(Quercus robur).
Examination of European and hybrid aspen included development of a
method for tensile testing of small, juvenile specimens in the green condition. Mechanical performance of the species in terms of longitudinal tensile
stiffness and strength were of special interest.
European oak was examined in the swollen state, where swelling was
induced by polyethylene glycol (PEG). The influence of PEG-impregnation
on mechanical properties was of interest, and longitudinal tensile stiffness
and strength as well as radial stiffness and yield strength in compression
were investigated.

9

2

Mechanical properties of wood

Mechanical properties of wood, e.g. stiffness, strength, toughness etc., are
depending on a number of parameters where density, microfibril angle (MFA)
and moisture content (or rather the swelling induced by moisture) are the
three most important. Density and moisture content (MC) can be determined from simple methods, while more advanced equipment and techniques
are required in the case of MFA. In the following sections density, MFA, and
MC and their impact on mechanical performance of wood are discussed more
in detail.

2.1

Wood density

Density has a large impact on mechanical properties of both soft- and hardwood. This is a consequence of density being the measure of the fraction
of solid material in the wooden material. The relationship of density and
mechanical properties can roughly be considered as linear, and mechanical
performance of wood with low density are inferior to that of wood with high
density [7]. Variations are found within species, populations and even within
a single tree. Density in softwoods, for instance, is decreasing with increasing width of annual rings, while density is maintained or increased with ring
width in ring porous hardwoods. Finally, in diffuse porous hardwoods no
conclusions about density can be made from ring width [7][14].

2.2

Microfibril angle

The orientation of microfibrils in the cell wall in relation to the fiber axis,
i.e. the microfibril angle, is another important parameter known to influence
the mechanical properties of wood. A smaller MFA implies that microfibrils are more aligned along the fiber axis. Axial loading of a sample with
small MFA implicates instant loading of cellulose chains, resulting in a more
elastic and brittle mechanical behaviour followed by an abrupt failure. In a
sample exhibiting larger MFA loading is instead inducing shear deformation
in the interfibrillar matrix resulting in a fracture process where the sample
is plastically deformed before failure. Tensile stiffness and strength in both
hardwood and softwood with small MFA are known to be higher compared
to samples with large MFA [14][15].

2.3

Moisture content and swelling of wood

The hygroscopy of wood is an important property from a mechanical point
of view, since the swelling induced by moisture uptake will in turn affect
properties such as stiffness and strength. The hygroscopic nature of wooden
materials originates from their chemical composition. The three most abundant polymer types in wood (celluloses, hemicelluloses and lignin) have more
10

or less affinity to water, due to the polarity of hydroxyl groups which are
mostly abuntant in cellulose and hemicellulose. When moisture is introduced
in a wooden material, attraction forces between hydroxyl groups in the cell
wall and water molecules will lead to formation of strong hydrogen bonds
(i.e. secondary bonds) between these groups. Hydrogen bonding between
the wood constituents themselves is at the same time gradually decreasing.
The distance between cellulose molecules in the amorphous regions and in
microfibril crystallites increases and the wood starts to swell, allowing more
water molecules to enter the cell wall. Swelling will continue until cell walls
are fully saturated (i.e. the fiber saturation point), and water molecules
may thereafter enter the cavities and voids of the material without affecting
the dimensions further.
Mechanical properties of water swollen wood are inferior to those of dried
wood, but as soon as moisture content changes below the fiber saturation
point, stiffness and strength are increased due to re-formation of secondary
bonds between the wood constituents [7].
2.3.1

Swelling of wood from polyethylene glycol

Although swelling of wood will result in reduced mechanical properties, it
is in some cases even desired to keep the material in this state since drying
is known to result in heterogeneous shrinkage of the material; a behaviour
which usually leads to cracks and distortion. The process is even more
pronounced in archaeological wood, where drying will result in collapse of
cells causing severe deformation and loss of mechanical integrity. In this case
water is not an ideal swelling agent, and other substances with the ability
to keep the cell wall in a swollen state are used instead. Polyethylene glycol
(PEG) with different molecular weight (MW) is a chemical often used for
preservation of both ancient and recent wood.

Figure 1: Chemical structure of polyethylene glycol
Characteristic for PEG types with various MW is the non-branched
structure, including one hydroxyl group at each end of the molecule (Figure
1). The hydroxyl groups are highly polar, but the ether bonded carbons in
the repeating unit also possess some polarity [16].
Pre-swelling in water is usual before the wooden material is immersed
in the PEG solution. Because of the difference in PEG concentration inside
and outside the wood, PEG molecules will diffuse into the material. Once in
the cell wall, PEG will substitute the water molecules and hydrogen bonds
are formed between the hydroxyl groups in the PEG molecules and the
11

amorphous wood polymers. The MW of PEG plays an important role during
impregnation. Polarity will decrease with increase of MW, which reduces
the affinity of PEG to the polar wood constituents. A higher MW is at
the same time implicating an icreased size of the molecules, and large PEG
molecules will not enter the cell wall at all but instead deposit in cavities,
voids and at the surface of the wood.
(The effect of swelling from PEG on mechanical properties of oak is
discussed in Paper II.)
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3

Wood mechanics

In this chapter a simple model of the cell wall is discussed along with the
mechanical behaviour of wood during loading in two different directions
(axial tension and radial compression). The intention is only to introduce
the reader to the basic concepts, since a more general investigation of wood
mechanics would be too extensive for this thesis, but details can be found
in any handbook on solid mechanics or in the following references.

3.1

Modelling of cell wall stiffness

Over the years, several models for predictions on mechanical properties of
wood and fibres have been attempted. Gibson and Ashby [17] presented a
model of wood based on an idealised two-dimensional honeycomb structure,
where wood is represented as an aggregate of hexagonal cells (Figure 2). All
edges are assumed to be of equal thickness t and length l and with all angles
θ equal. (tl)

Figure 2: Geometry of a honeycomb cell

3.1.1

Application of the honeycomb model

When wood is loaded in the axial direction, the only type of deformation
assumed is stretching of the cell walls in the honeycomb material. The axial
stiffness (EA ) and strength of the material is thus depending on the volume
fraction of solid material in the structure, which is given by the relative
density (ρ/ρS ) where ρ and ρS is the density of the wooden material and
the density of the cell wall, respectively. Stiffness in wood can hereby be expressed by a rule-of-mixtures type of model where the mechanical properties
scales linearly with the relative density;
EA
ρ
= C1 ∗
ES
ρS

(1)

C1 is an empirical constant meant to compensate for deviations in the
real wood material (usually set to C1 =1). The density of the solid material
ρS (i.e. the cell wall material) is almost the same for all wooden species
13

and have been estimated to ρS =1500 kg/m3 [17]. This value can be used
in combination with experimental values of tensile stiffness and strength to
estimate the cell wall stiffness ES .
The honeycomb model can serve as a useful tool to make predictions of
the cell wall structure in materials exhibiting different densities. A direct
comparison of a high and a low density material would only confirm that
mechanical properties are increasing with increase in density, while calculation of cell wall stiffness ES using formula (1) can tell whether there is a
difference in cell wall structure of the materials or not. A high value of cell
wall stiffness for instance, can be an indication of a small MFA.
(Cell wall stiffness for European and hybrid aspen was calculated in Paper I.)

3.2

Mechanical behaviour of wood

Due to the heterogeneous structure of wood, the mechanical behaviour is
expected to be different depending on the direction in which a load is applied
(longitudinally, tangentially or radially), and the manner of loading (tension,
compression, shear, bending etc). In this section, tensile loading parallel to
grain and compression loading in the radial direction are discussed more in
detail.
3.2.1

Wood loaded in tension parallel to grain

A wooden material loaded in tension parallel to grain will display a stressstrain curve, with an in all characteristic appearance (Figure 3). The curve
can be divided into two regimes; the linear-elastic regime at low stresses and
the plastic regime at higher stresses, followed by fracture.

Figure 3: Characteristic curve of wood loaded in tension parallel to grain
At low stresses the material is stretched elastically and will therefore
return to its initial length if unloaded. As the stress increases, the material reaches the plastic regime. Here, a yield behaviour is observed and the
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sample exhibits irreversible deformation, which means that some deformation will still remain even after unloading. Outgoing from the appearance
of fracture surfaces tensile failures can be divided into four categories [18];
i. Splintering tension – the specimen displays a rough fracture surface
and wood elements are sometimes drawn out of the material
ii. Brittle tension – the fracture surface of the specimen is relatively
smooth and runs right across wood fibers
iii. Combined tension and shear – the specimen displays a combination
of tension and shear fracture, where the fracture surface, by turns, runs right
across and parallel to wood elements
iv. Diagonal shear – specimen displays a shear fracture where the fracture surface is inclined to the fibers
Categories i-iv are of interest from a wood mechanics point of view, since
they can tell us more about the material at the microlevel. A sample which
contains wood material with high density (e.g. latewood) will display a combination of shear and tension failure (iii) exhibiting characteristic splinters
(i). Tissues are often separated along the middle lamella, but failure can
also follow the S2 fibrillar angle in the S2 layer. Brittle tension (ii) is instead
common in wood material with low density (for instance earlywood), where
the separation occurs across the fiber walls. Diagonal shear (iv), finally, is
common in samples which have not been loaded straight along the grain.
By simple characterization of fracture surfaces using a light microscope,
an initial division of materials is easily done, where samples can be divided
in high- or low density and late- or earlywood. (This was done in Paper I.)
3.2.2

Wood loaded in radial compression

The behaviour of wood loaded in radial compression is quite different from
wood loaded in tension parallel to grain, and a radial compression stressstrain curve reflects the mechanical deformation behaviour of the honeycomb
structure in the material during loading (Figure 4). The compression curve
can be divided into three regimes, namely the linear-elastic regime at low
stresses, followed by the collapse regime displayed as a flat plateau, and the
final densification regime where the stress rises steeply.
When wood is subjected to moderate compression stress in the radial
direction, elastic bending of cell walls in areas with lower density (i.e. the
earlywood zone) is initialized and displayed in the linear part of the stressstrain curve. Areas with higher density will not remain totally unaffected,
but since high-density cell walls are primarely subjected to stretching [19],
15

Figure 4: Characteristic curve of wood loaded in radial compression
deformation in high-density zones are therefore much smaller. When stress
is increased, cell walls will start to yield and deform irrevesibly which leads
to an abrupt failure in one of the earlywood cell layers. This is often seen
as a sharp peak in the stress-strain curve, but failure is not always distinct
and can also take the form of a more prolonged plateau. When the material
is compressed to large strains the honeycomb structure becomes more and
more densified until opposing cell walls eventually touch. The solid cell
wall material itself is now compressed, leading to a steep increase in the
stress-strain curve (not displayed).
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4

Methods

Investigation of wood from a materials point of view includes mechanical
testing, but a number of additional methods for characterization of the material at different structural levels are also used. The following sections
include a brief description of the more elaborative methods used in Paper
I and Paper II, since basic comprehension of the methods can ease the understanding and interpretation of the experimental results.

4.1

Mechanical testing

The principle of mechanical testing is to examine the behaviour of a material
exposed to external forces. Basic laws of solid mechanics are related to loads,
deformations and specimen dimensions. Accurate measuring of these three
parameters are therefore essential in order to produce reliable results on
mechanical properties of materials.
Modern universal testing machines often provide internal logging of load
and deformation. However, additional measuring of displacement using external equipment is commonly used for a number of reasons;
a) Testing of smaller samples requires higher accuracy during deformation measurements; something which cannot always be provided by a universal testing equipment.
b) Deformation is theoretically homogeneous throughout a loaded sample, while in practice heterogeneous deformation patterns are instead frequently occuring. These might be of special interest, since local deformation can provide information concerning microstructure, yield and fracture
behaviour etc. Universal testing equipment can usually estimate global deformation only, and hence useful information is lost.
c) During clamping and fixing of samples in the testing device, external
loads are necessarily applied on the sample before the test even has begun;
loads which in the worst case will lead to deformation artefacts influencing
the final test result in a negative way.
One of the ways to deal with these problems is the application of strain
gauges directly on the sample. Optical methods provide yet another alternative. The advantage of these is that no testing device has to be mounted
directly on the sample; something which might be suitable for small and/or
delicate samples.
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4.1.1

Digital speckle photography

The digital speckle photography (DSP) technique is a widely used nondestructive method for measuring two- (2D) or three-dimensional (3D) surface deformations in materials such as wood. The procedure is to visually
identify a natural or artificially applied pattern on the surface of a sample. Images of the surface are captured before and during displacement, and
strain calculations can hereby be made by correlation of the surface patterns
in the unstrained and (to different degree) strained stages [20].
Local displacement in such a heterogeneous material as wood tends to
be very different, depending on where in the sample measurements are done.
The DSP technique provides a number of possibilities, such as estimations
of local and global strains in different directions in relation to the loading
direction, calculation of Poisson’s ratio etc. When used in the 3D-mode the
DSP equipment can also measure displacements out of the plane of a sample
during loading.
The DSP technique was used for calculation of strain (in 2D) on small
aspen samples loaded in tension parallel to grain (Paper I) and small oak
samples loaded in radial compression (Paper II).
4.1.2

Video extensiometry

Video extensiometry is a second optical method for external measuring of
surface deformations. As in the case of the DSP technique, markings (natural or applied) on the specimen surface are identified and captured before
and during displacement. Strain is thereafter calculated by correlating of
the surface patterns in the unstrained and strained stages. Video extensiometry is, compared to the DSP technique, a more simple method since
the equipment only operates in two dimensions. Estimation on deformations
out of the plane are thus excluded.
The video extensiometry technique was used in Paper II for calculation
of (global) strain on oak samples loaded in tension parallel to grain.

4.2

Dynamical vapour sorption

The principle of dynamical vapour sorption (DVS) is gravimetrical measurement of uptake/loss of mass of samples in dependence of time and
relative humidity at specific temperatures. The results are presented as
sorption isothermes which provide information about the materials adsorption/desorption behaviour. Weight of samples is usually small, at the most
a few grams. This is a necessary prerequisitue for reaching moisture equilibrium in the sample during a reasonably short period of time.
Moisture uptake in wood is an important feature, since it induces swelling
of the material which changes the mechanical properties. The efficiency of
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chemical treatments aiming at dimensional stabilisation and/or higher hydrophobicity of the wood material can also be estimated from DVS measurements, where the equilibrium moisture uptake of a treated sample is
compared to that of a non-treated reference.
The DVS technique was used to measure the moisture uptake in references and samples treated with PEG (Paper II).

4.3

Scanning electron microscopy

The scanning electron microscopy (SEM) technique is a widely used method
for examination of surfaces and determination of surface structures. SEM
is an excellent tool for investigation of cell walls and structures in wood,
since the technique allows scanning at the micro level, and produces highquality images which somewhat reflects the three-dimensional surface of the
material. In principal, a high energy beam of electrons are focused onto a
sample. A variety of signals from the interaction of the incident electrons and
the sample’s surface can be detected. The signal collected from the beamspecimen interaction varies from one location to another, and intensity is
detected by an electron detector, displaying difference in signal intensity as
a contrast image [21].
The SEM technique was used in Paper II to examine the surface and
thickness of cell walls before and after impregnation by PEG.

Figure 5: SEM picture of latewood in oak. (With courtesy of L. Wallström)

4.4

X-ray microtomography

X-ray microtomography is used for non-destructive examination of the inner structure of different materials. In combination with further computer
manipulation, the technique can also render 3D images of the examined
material. X-ray microtomography is based on the tomography technique,
where X-rays are used for generation of three-dimensional images of an object. The beam is focused onto a sample and the signal from the beam is
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collected by an X-ray detector, which creates a two-dimensional contrast
image of the sample cross section. The sample is thereafter moved slightly
into a new position and another image is produced. In this way a large
number of 2D images are produced, which can be put together to generate
a 3D image of the material including its internal structure. In the case of
microtomography images produced are at the microscale.
X-ray microtomography was used in Paper II to examine the internal
structure of oak samples and compare it to the surface structure of manually
cut samples.

4.5

Wide angle X-ray scattering

The wide angle X-ray scattering (WAXS) technique is a useful tool for studying the micro- and nanostructure wood, and the method can be used for a
number of applications such as determination of crystallinity and size of cellulose crystallites. Moreover, WAXS can readily be used for determination
of the MFA which also was done on oak in Paper II. Cellulose chains in the
microfibrils are higly ordered at the nanoscale and form lattice planes. An
X-ray beam which hits a lattice plane will deflect from its path at a specific
deflection angle θ, which is unique for each group of planes. An X-ray detector fixed at this angle can measure the X-ray intensity, which will vary
as the sample rotates step-wise around the rotation axis. The intensity is
thus plotted as a function of the rotational angle. Gaussian functions can in
an additional step be fitted to this curve to determine the mean MFA and
standard deviation (Figure 6a and b) [22].

Figure 6: Results from WAXS measurements and fitting of a least square
curve. Intensity as a function of rotational angle Φ for a sample with a)
small MFA and b) large MFA (observe the different scalebars)
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5

EXPERIMENTAL

Three wood species were examined in this study: European aspen (Populus tremula), hybrid aspen (Populus tremula x Populus tremuloides) and
European oak (Quercus robur). The following section is written with the
intention to summarize the materials and methods used for mechanical testing and additional characterization of the materials. (For details, see Paper
I and Paper II in this thesis.)

5.1
5.1.1

Materials
Juvenile European and hybrid aspen

Wood samples for tensile tests originated from saplings of European aspen
(approximately 15 months old) and hybrid aspen (approximately 2 months
old), which were cut and stored under damp conditions. Saplings were
microtomed, and small dog bone shaped specimens were prepared from the
microtome sections and thereafter placed in deionized water. Special care
was taken to keep the specimens in green condition until tensile testing.
5.1.2

European oak

Wood samples for tensile and compression tests were obtained from two large
pieces of European oak. From the first piece dog-bone shaped specimens
intended for tensile tests parallel to grain were planed and successively cut.
From the second piece cubes of oak intended for compression tests were
produced using the same production technique as for tensile test specimens.
After manufacturing, specimens intended for impregnation were immersed
in deionized water at room-temperature until fully swollen, and thereafter
submerged in solutions with different concentrations of PEG (MW 600). All
samples were finally conditioned at a relative humidity (RH) of 55% and a
temperature of 23 ℃ to reach equilibrium before mechanical testing.

5.2
5.2.1

Mechanical testing and additional characterization of materials
Juvenile European and hybrid aspen

Experiments on juvenile European and hybrid aspen focused on measuring
Young’s modulus (ELt ) and tensile strength (σLt ) in tension parallel to grain.
Tensile tests were performed with a device developed for testing of small
samples (MiniMat 2000 with a 20N loadcell). Accurracy of strain within
the testing device was limited, and therefore strain was measured separately
using the DSP technique.
Density (ρ) based on oven-dry mass and volume, was measured on aspen
specimens deriving from the same populations as the specimens used in
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tensile tests. Characterization of fracture surfaces according to division of
tensile failures (previously described in section 3.2.1) was performed using
light microscopy. Additionally, theory of stiffness in honeycomb structures
(section 3.1.1) was used to evaluate cell wall stiffness in European and hybrid
aspen samples.
5.2.2

European oak

The project on European oak focused on measuring Young’s modulus (ELt )
and strength (σLt ) in longitudinal tension (Lt), and Young’s modulus (ERc )
and yield strength (σRc ) in radial compression (Rc). Mechanical tests were
performed using Instron universal testing machines (a 10 kN loadcell in tension and a 5kN loadcell in compression) during controlled climate conditions
(RH 55%, t 23 ℃).
Density of oak samples was determined from two different methods,
namely Archimedes’ principle using limonene as fluid of immersion (applied on tensile test samples) and conventional measuring of dimensions
and weight (applied on compression test samples), respectively.
PEG-content in tensile test samples was determined from (oven-dry)
weight of samples before and after impregnation. In compression test samples PEG was instead extracted by Soxhlet-extraction using chloroform as
a solvent. Thereafter, PEG-content was determined as the weight of the
evaporated extraction in percent of the extracted (oven-dry) specimen.
Sorption experiments were performed using a Surface Measurement Systems Plus II Oven DVS. The analysis included microtome sections from five
specimens with different PEG content (18%, 33%, 44%, 50%), one reference
sample (0%) and pure PEG. Equilibrium moisture content (EMC) in samples was measured at 0% RH and RH was thereafter raised in 12 steps up
to 95% RH.

Figure 7: Experimental setup for wide angle X-ray scattering (symmetrical
transmission mode)
Investigation of swelling of cell walls and deposition of PEG in the oak
material were performed with SEM. Specimen surfaces had previously been
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cut using laser cutting technique. X-ray microtomography was performed on
small samples of oak to examine the internal structure of the oak material.
Values of microfibril angle (MFA) were measured using the wide angle Xray scattering technique in a Siemens θ-2θ diffractometer. Equipment setup
was arranged according to the symmetrical transmission mode (Figure 7).
The sample was rotated around its normal and intensity was measured as
a function of the rotation angle Φ. For evaluation of the results, Gaussian
functions were fitted to the experimental curves.
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6
6.1

RESULTS AND DISCUSSION
Juvenile European and hybrid aspen

Tensile tests on microtome sections of juvenile aspen samples were sucessful
due to the use of full-field strain measurements, which provided an advantage
with respect to the quality of data since high resolution of small areas are
implied using the DSP technique. Table 1 shows Young’s modulus ELt
and tensile strength σLt for juvenile European aspen and hybrid aspen in
the green state. Average moduli span the range 5.9-6.6 GPa for European
aspen and 4.8-6.0 GPa for hybrid aspen, while tensile strength is in the range
of 45-49 MPa for European aspen and 32-45 MPa for hybrid aspen. These
results are in line with a study on one-year old (air-dry) American aspen
samples, which presented values on Young’s modulus and tensile strength of
8.2 GPa and 41.3 MPa [23].
The lower mechanical properties for hybrid aspen corresponded well to
mean values of density (ρ) which was lower for the hybrid aspen (211 kg/m3 )
compared to European aspen (284 kg/m3 ). In this context, previous studies
examining density and mechanical properties of American, European and
hybrid aspen are of interest (Table 2). Values on Young’s modulus and density of the Amercan aspen are in the same range as the European aspen.
Moreover, values on both tensile strength and density of the European aspen are higher compared to the hybrid aspen. This confirmes the strong
relationship between inferior mechanical behaviour and lower density which
have been shown previously for European aspen alone [24], European aspen in comparison to hybrid aspen [25], and hybrid aspen in comparison to
transgenic hybrid aspen [26].
Table 1: Wood properties of juvenile European and hybrid aspen in green
condition
Species
European aspen

average
hybrid aspen

average

Sample No.

Young’s modulus Tensile strength
[GPa]
[MPa]
1
6.6 (1.1)
49 (3)
2
5.9 (1.2)
46 (8)
3
6.1 (1.6)
45 (13)
6.2 (1.3)
47 (9)
1
5.4 (0.9)
45 (7)
2
6.0 (1.1)
39 (10)
3
4.8 (0.6)
34 (3)
4
5.6 (0.9)
32 (5)
5.5 (0.9)
38 (8)
(standard deviation in parentheses)

An investigation concerning the mechanical properties in relation to position in the sample, i.e. distance from marrow (r), revealed that Young’s
modulus and tensile strength increased with r. The indication of increas24

Table 2: Mechanical properties and density of American, European, and
hybrid aspen listed in literature
Species

Young’s modulus
[GPa]
8.9[18]
8.3, 8.7[3]

Tensile strength
[MPa]
64-103[4]

Density
[kg/m3 ]
American aspen
380(ad)[7]
European aspen
460(ad)[7] , 376(bd)[5] ,
423(ad)[6] , 440(ad)[6]
[4 ]
hybrid aspen
58-93
363(bd)[5]
References: [4] Heräjärvi H (2007), [5] Heräjärvi H, Junkkonen R (2006),
[7] Tsoumis G (1991), [18] Bodig J, Jayne BA (1993), [3] Kufner M (1978), [6] Säll
H, Källsner B, Olsson A (2007); (ad) – air-dry density; (bd) – basic density

ing mechanical properties with distance from marrow in one specific growth
ring can once again be related to density, since density have been shown to
increase from the inner to the outer part of the growth ring in a number of
diffuse porous species including American aspen [27].
Concerning characterization of specimen fracture surfaces, the result was
striking; 50% of the European samples had failed in splintering tension,
commonly observed for samples containing thickwalled latewood cells (corresponding value for the hybrid aspen was 5%). In hybrid aspen brittle
tension was instead the most common fracture behaviour (70%), indicating failure in thinwalled earlywood cells (corresponding value for European
aspen was 37%).
The stress-strain curve in Figure 8 displays the typical mechanical behaviour of European and hybrid aspen loaded in tension. Both species are
initially dominated by elastic behaviour followed by a plastic deformation
region before fracture. Stress-strain curves revealed lower values of strainto-failure for hybrid aspen. Moreover, DSP images showed a less uniform
strain field pattern for the European aspen (Figure 9).
For calculation of cell wall stiffness ES values of oven-dry density ρ and
cell wall density ρS in dry material had to be converted [28] since axial
stiffness was measured on green material. A moisture content of 28% in the
samples and a value of 1300 kg/m3 of green cell wall material were assumed.
Calculations resulted in approximate values on cell wall stiffness ES of 24
GPa and 27 GPa for European and hybrid aspen, respectively. Values were
fully comparable with a number of hardwood species, for which ES span the
range of 17-36 GPa [18][29][30]. The result confirms the usefulness of the
honey-comb model, but the most interesting result is, however, the values of
cell wall stiffness for European aspen and hybrid aspen. Recall from section
2.2 that stiffness in the longitudinal direction to a large extent is depending
on the microfibril angle. The small difference in calculated values of ES
indicates that the cell wall structure and values of microfibril angle of the
species are similar.
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Figure 8: Representative stress-strain curves for juvenile European aspen
(capitals) and hybrid aspen (lower cases). Capitals and lower cases refer to
corresponding strain stages in Figure 9.

Figure 9: DSP strain fields at different stages of global strain; a) juvenile
European aspen, b) juvenile hybrid aspen

6.2

European oak

Results from the impregnation of tensile and compression test samples are
displayed in Table 3. Treatment with 23% and 38% (w/w) PEG in solution
rendered an average uptake of 14.7% and 23.7% for samples tested in tension, while treatment with 30% and 60% in solution for samples tested in
compression resulted in an uptake of 14.3% and 27.3%. The chemical uptake is reflected in the density difference of un-impregnated and impregnated
samples.
One interesting result is the moisture uptake, which did not differ much
between references and impregnated samples within each group (tensile and
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Table 3: Results for samples for longitudinal tension (Lt) and radial compression (Rc); Chemical treatment, PEG content, density (dry) after impregnation, and moisture content after conditioning
Name
of group
Lt References 1
Lt References 2
Lt PEG 600, 23%
Lt PEG 600, 38%
Name of
samples
Rc Reference:1
Rc Reference:2
Rc PEG 600, 30%:1
Rc PEG 600, 30%:2
Rc PEG 600, 60%
Rc PEG 600, 60%

Treatment (w/w)
PEG/water [%]
23
38

PEG content
[%]
14.7 (1.8)
23.7 (1.5)

30
15.3
30
13.3
60
23.5
60
31.1
standard deviation in parentheses

density
[kg/m3 ]
704 (33)
726 (26)
747 (25)
805 (23)

Moisture cont.
[%]
6.8 (0.1)
6.8 (0.1)
5.8 (0.1)
5.8 (0.1)

666
725
827
790
891
920

10.5
10.6
10.4
10.1
10.3
10.3

compression samples). This is due to the hygroscopic nature of PEG previously discussed in section 2.3.1. The influences of PEG on moisture uptake
of impregnated wood is displayed in Figure 10 which shows the equilibrium
moisture content (EMC) at different RH for reference wood, PEG-treated
wood and pure PEG 600. At RH values below 50% moisture adsorption is
lower for impregnated wood compared to non-treated wood and pure PEG,
which is an indication of hydrogen bonding between the wood polymers
and the impregnation agent [16][31]. However, secondary bonding between
wood and PEG is only slightly decreasing the hygroscopy of the chemical
and at RH ∼55% equilibrium moisture content for impregnated and nontreated samples is almost equal. For higher RH values, moisture uptake of
PEG-impregnated samples increases rapidly. The highest moisture uptake
is displayed by pure PEG 600, which reaches a maximum EMC of more than
100% at RH 95%.
Since the goal of impregnation by PEG is dimensional stabilization,
shrinkage of specimens is of interest. Radial and tangential shrinkage (calculated as change in dimensions from maximum swollen to vacuum-dry wood)
of specimens for tensile testing were up to three times lower for PEG-treated
specimens compared to references. However, shrinkage of specimens treated
with 38% PEG solution was only slightly lower compared to samples treated
with 23%. This is indicating that cell wall bulking of oak is restricted and
that PEG molecules at higher concentrations are instead deposited elsewhere, which also was confirmed during the SEM study. Figure 11 displays
the microstructure of the surface of an oak sample before and after impregnation (containing 30% PEG). Thickness of fibre tracheid walls is larger
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Figure 10: Equilibrium moisture content as a function of relative humidity.
(Legend indicates content of PEG in oak samples, reference and PEG 600).
Recessed figure shows enlargement of the region RH ≤ 60%
after the treatment (Figure 11f) than before (Figure 11e) indicating that
swelling has ocurred, but images also revealed deposition of the impregnant
agent on cell walls and in vessels and voids (Figure 11b and Figure 11d).
(Comparison of SEM images and images from the X-ray microtomography
study confirmed that creation of artefacts was small during application of
the laser cutting technique for preparation of sample surfaces.)
Values of Young’s modulus parallel to grain (ELt ) and tensile strength
(σLt ) for specimens tested in tension parallel to grain are presented in Table
4. Difference in ELt and σLt between impregnated and reference groups were
small, and no significant difference in Young’s modulus and tensile strength
could be established between the two PEG treated groups. Specimens tested
in radial compression displayed a different behaviour (Table 5). Values for
both Young’s modulus (ERc ) and yield strength (σRc ) were strongly reduced
for the PEG-treated samples compared to the references. Impregnation by
30% PEG rendered a reduction in stiffness and yield strength with approximately 40%, while the corresponding value for samples treated with 60%
PEG in solution was 50%.
Relative values of Young’s modulus, tensile strength and compression
yield strength in relation to chemical uptake in samples are displayed in
Figure 12. Difference between samples tested in tension and samples tested
in compression is apparent. While stiffness in the longitudinal direction
is only slightly affected from chemical uptake, stiffness in compression is
decreasing heavily (Figure 12a). For stress values, the trend is even more
pronounced (Figure 12b).
Results from tensile and compression experiments can be explained from
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Figure 11: Microstructure in oak before (a, c, e) and after (b, d, f) treatment
with 38% PEG/water; a), b) Latewood cells, c), d) Earlywood cells, e), f)
Display of the cell wall (enlargement of the square areas in c) and d))
the microstructure of oak itself. PEG is known not to affect the microfibrils
but instead reducing the cell wall matrix stiffness in the same way as a
plasticizer [32][33]. For larger MFA values, this would facilitate shearing
deformation between microfibrils, and thus lower the tensile stiffness and
strength. In this case, WAXS measurements showed that mean values of
MFA were within the range of 0.40-1.79° (Table 6). The results were in line
with a study on oak performed by Lichtenegger et al. [34]. This implies that
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Table 4: Mechanical properties of samples tested in tension parallel to grain;
Young’s modulus and tensile strength
Name
Young’s modulus Tensile strength
of group
[GPa]
[MPa]
Lt References 1
10.75 (1.59)
75.33 (15.50)
Lt PEG 600, 23%
9.52 (1.36)
76.08 (12.91)
Lt References 2
10.93 (1.47)
70.92 (12.23)
Lt PEG 600, 38%
9.40 (1.73)
69.30 (9.42)
standard deviation in parentheses

Table 5: Mechanical properties of samples tested in compression; Young’s
modulus and Yield strength
Name
Young’s modulus Yield strength
of sample
[GPa]
[MPa]
Rc Reference:1
1.64
18.7
Rc Reference:2
1.69
19.6
Rc PEG 600, 30%:1
1.11
12.6
Rc PEG 600, 30%:2
0.97
11.5
Rc PEG 600, 60%:1
0.67
9.3
Rc PEG 600, 60%:2
0.88
9.7
standard deviation in parentheses

Figure 12: Mechanical properties as a function of PEG content; experimental
values (∗) and fitted curves. a) Relative stiffness for samples tested in tension
(dotted line) and compression (solid line), b) relative strength for samples
tested in tension (dotted line) and compression (solid line)
cellulose chains in tensile samples were instantly stretched without almost
any shear in the adjacent lignin/hemicellulose matrix during axial loading.
Hence, influence from PEG on mechanical properties in the axial direction
is therefore small.
Properties in the radial direction of oak are more influenced by the impregnation, and the answer is once again to be found from the microstructure
of the material. Mechanical properties of oak in the radial direction are, in
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Table 6: Microfibril angle for seven oak samples previously tested in tensile
testing (standard deviation in parentheses)
samples (from tensile testing)
Lt References 1:1
Lt References 1:2
Lt PEG 600, 23%:1
Lt PEG 600, 23%:2
Lt References 2:1
Lt PEG 600, 38%:1
Lt PEG 600, 38%:2

mean MFA [ °]
1.79 (7.7)
0.93 (8.2)
0.41 (7.7)
0.54 (7.5)
0.40 (9.0)
0.70 (7.7)
1.26 (8.2)

spite of low-density earlywood layers with large vessels, superior to the tangential direction. This has been ascribed the radially oriented rays [35][36],
which constitute about 20% of the oak volume [13]. A study on pine treated
with PEG 1500 indicated that the impregnation agent was mostly located
in resin channels, lumen and rays [37], and therefore softening of rays with
microbuckling at lower stresses as a result is also believed to be the main
mechanism behind the inferior radial properties of impregnated oak in this
study.
Studies on PEG’s influences on mechanical properties of wood are scarce
in literature. Kreicuma and Svalbe [38] reported on a 20% decrease in
tensile strength for pine containing 15% of PEG 1000. The discrepancy
between their results and those presented in this report can be explained
from the lower density and larger MFA (approximately 10-15° in mature
wood [22][34]) in pine, which facilitate impregnation and shearing in the cell
wall matrix with softening and reduced mechanical properties as a result.
When it comes to radial stiffness and strength, Ljungdahl and Berglund
[39] found that radial stiffness and yield strength of Vasa oak was reduced
by more than 50% for PEG contents around 20%. Recent wood exhibits a
similar behaviour, and a study [40] on radially compressed ethylene glycolsaturated pine showed that the mechanical behaviour was very similar to
that of water saturated references (at compressive strains <10%).
A final and more general comparison between the present and previous
results [41] shows that the mechanical behaviour of PEG-impregnated and
water saturated wood is in fact similar; longitudinal tensile properties are
only slightly affected, while compression properties are highly influenced.
However, impregnation by PEG is still not homologous to water absorption and decrease in mechanical properties of PEG-impregnated wood is
not only a question of chemical uptake, but instead depending on swelling
induced by the impregnation agent in combination with the microstructure
and deformation mechanisms of the material itself.
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7

CONCLUSIONS

Mechanical properties of wood are depending on a number of variables of
which density, microfibril angle and swelling induced by moisture (or other
swelling agents) are the three most important. This was also confirmed during the experiments, which included longitudinal tensile testing of juvenile
European and hybrid aspen, and longitudinal tensile and radial compression
testing of European oak.
Young’s modulus and tensile strength for hybrid aspen were inferior to
corresponding values of European aspen. The lower mechanical properties
corresponded well to mean values of density, which were lower for the hybrid
aspen compared to the European aspen. Moreover, mechanical properties
in both European and hybrid aspen increased with distance from marrow
within a single growth ring. This could once again be related to density,
which has previously been shown to increase from the inner to the outer part
of growth rings in diffuse porous species. Finally, values of density, tensile
stiffness, and cell wall density were used in combination with a honeycomb
model for evaluation of cell wall stiffness. The small difference in cell wall
stiffness between species indicated that cell wall structure and microfibril
angle of European and hybrid aspen are similar.
Young’s modulus and tensile strength for European oak were only slightly
affected by PEG-impregnation. Measurements showed that mean values of
microfibril angle were close to zero. This implicates that cell wall properties are strongly dependent on the microfibrils, and less influenced by the
plasticization effects from PEG on the adjacent lignin/hemicellulose matrix.
In the radial direction, mechanical performance was strongly decreased by
PEG-impregnation. This was believed to originate from softening of rays.
Moreover, the study also showed that decrease in mechanical properties not
only was a matter of chemical uptake, but rather depended on the effect of
swelling induced by the swelling agent in combination with the microstructure and deformation mechanisms in different loading directions of the material.
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också få med:
Pappa, tack för att du alltid har trott på mig och uppmuntrade mig att gå
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