AYS Wi
A= UnicFSit5 ! sl

sion'of, this ih esisnis
rary of the fienna
[ ]

DOCTORAL THESIS

Micromechanical modeling and experimental
characterization of sound and degraded wood cell walls

submitted in satisfaction of the requirements for the degree
Doctor of Science in Civil Engineering
of the Vienna University of Technology, Faculty of Civil Engineering

DISSERTATION

Mikromechanische Modellierung und experimentelle
Charakterisierung von intakten und abgebauten Holzzellwinden

ausgefiihrt zum Zwecke der Erlangung des akademischen Grades eines
Doktors der technischen Wissenschaften
eingereicht an der Technischen Universitdt Wien, Fakultit fiir Bauingenieurwesen

von

Leopold Wagner
Matr.Nr.: 0425856
Leitermayergasse 50/9, 1180 Wien, Osterreich

Gutachter:

Assoc. Prof. Dipl.-Ing. Dr. techn. Karin de Borst
School of Engineering
University of Glasgow
Glasgow G12 8LT, Schottland, Vereinigtes Konigreich GrofB3britannien und Nordirland

Univ. Prof. Dipl.-Ing. Dr. techn. DDr.h.c. Josef Eberhardsteiner
Institut fiir Mechanik der Werkstoffe und Strukturen
Technische Universitdt Wien
Karlsplatz 13/202, 1040 Wien, Osterreich

Univ. Prof. Dr. Ingo Burgert
Institut fiir Baustoffe/Wood Materials Science
Eidgenossische Technische Hochschule Ziirich
Stefano-Franscini-Platz 3, 8093 Ziirich, Schweiz

Wien, im Juni 2014






Acknowledgements

This thesis is based on my work performed as a research assistant at the Institute
for Mechanics of Materials and Structures (IMWS), Vienna University of Technology,
during the last three and a half years. It would not have been possible without the help
of numerous people of whom I would like to address the most important ones in the
following.

First of all, I would like to thank Dr. Karin de Borst for opening up the opportu-
nity to pursue a PhD thesis at the IMWS and for her continuous guidance and support
throughout the last years - especially after she had left Vienna and she had to do it via
Email and Skype.

I am deeply indebted to Dr. Thomas K. Bader for his guidance during this thesis
and especially for being there on a daily basis. It was a pleasure to work with him for
the last years, and his patience and encouragement helped me through the tough times -
although there were hardly any.

Prof. Josef Eberhardsteiner, dean of the Faculty of Civil Engineering and former
head of the IMWS as well as the current head of the IMWS Prof. Christian Hellmich
are thanked for their support as well as for creating a positive working environment.
Prof. Ingo Burgert (ETH Ziirich, Switzerland) is thanked for serving as co-examiner of
this thesis.

I am thankful to my current and former colleagues in the ”wood group” DI Christoph
Wikete, DI Michael Schweigler, DI Georg Kandler, DI Wolfgang Lederer, DI Georg
Hochreiner, DI Markus Lukacevic, Dr. Josef Fiissl, Dr. Stefan Gloimiiller, Dr. Johannes
Eitelberger and Dr. Michael Dorn as well as to DI Viktoria Vass. Gabriele Ostrovski,
Astrid Schuh and Mag.(FH) Martina Poll are thanked for the smooth and quick handling
of all administrative issues.

It was a pleasure to cooperate with Dr. Karin Fackler and DI Thomas Ters (Insti-
tute of Chemical Engineering, Vienna University of Technology) within the “Innovative
Project 2010: Microstructural and chemical characterization of softwood degradation
by basidiomycetes and its effects on the mechanical behavior”. The Vienna University
of Technology is acknowledged for the financial support of this research project. Dr.
David Auty (Département des sciences du bios et de la foret, Université Laval, Quebec,
Canada), DI Clémence Bos (currently Institute for Applied Materials, Karlsruhe Insti-
tute of Technology, Germany) and Dr. Lauri Rautkari (Department of Forest Products
Technology, Aalto University, Helsinki, Finland) are also thanked for their cooperation.

The European Cooperation in Science and Technology (COST) is thanked for sup-
porting a Short Term Scientific Mission (STSM) to the Max Planck Institute for Colloids
and Interfaces, Potsdam-Golm, Germany, via the COST Action FPO802 “Experimen-
tal and Computational Micro-Characterization Techniges in Wood Mechanics” (special
thanks go to Dr. Michaela Eder, the host of the STSM).

Finally I want to thank Martina for her restless support. Without her, completing
this thesis would not have been possible.






Abstract

Wood is a natural composite material. Its mechanical properties are determined by
its inherent hierarchical microstructure. These so called structure function relationships
are only beginning to be understood. The microstructure and composition of wood, and
in consequence also its mechanical properties, show great natural variability, which is
further enhanced by water uptake and fungal decay. The aim of this thesis is to improve
the current understanding of structure function relations of wood. Investigations on the
cell wall scale enable ruling out the dominant effect of mass density — and its variations
— on the macroscopic mechanical behaviour of wood. Thus, experimental assessment
as well as micromechanical modeling of the cell wall stiffness represent the main focus
herein.

Wood cell wall stiffnesses are experimentally assessed by means of nanoindentation.
Although this method has become a common tool in wood science, effects of sample
preparation are a subject of ongoing discussion. A contribution to this discussion is
presented, in which effects of individual steps involved in sample preparation are inves-
tigated, and a protocol for the assessment of different cell wall layers is proposed. Using
this protocol, the effects of (1) water uptake during wood moisture changes, (2) of nat-
ural microstructural variability and (3) of wood modifications by decay fungi on wood
cell wall stiffnesses are experimentally assessed. In order to identify structure function
relations, the microstructure and composition of wood cell walls has to be determined
as well. For this purpose, a broad variety of methods is discussed and applied.

The mechanical characterization of wood cell walls reveals common trends of cell
wall softening upon moisture uptake across wood species, distinct trends of cell wall
stiffness within annual rings, as well as cell wall stiffness changes upon fungal degra-
dation.

Linking the micromechanical to the microstructural and compositional data can be
performed using multivariate data analyses, revealing correlations between individual
characteristics. When applied to investigating effects of fungal decay, this method could
reveal correlations in a vast and highly variable set of compositional, microstructural and
micromechanical data. Another — deterministic — approach to establish these links is mi-
cromechanical modeling. Using microstructural and compositional data as model input,
predictions of cell wall stiffnesses can be compared to experimentally determined ones.
For this purpose, a multiscale mechanical model for wood cell wall stiffness, based on
homogenization methods, is presented. Using this model, statistical observations can
now be elevated to a physical level. Micromechanical modeling reveals the influence of
both microstructural and compositional variability on cell wall stiffness trends within
trees at different length scales. Micromechanical modeling of fungal degraded wood
cell wall stiffness can be used to test hypotheses of — yet unknown — effects of fungal
decay, based on the aforementioned statistical observations.






Kurzfassung

Holz ist ein natiirliches Kompositmaterial. Die mechanischen Eigenschaften wer-
den von seiner hierarchischen Mikrostruktur bestimmt. Diese so genannten Struktur-
Funktions Beziehungen werden erst teilweise verstanden. Die Mikrostruktur und Zusam-
mensetzung von Holz, und in Folge auch das mechanische Verhalten, zeigt groe Vari-
abilitit, welche wihrend der Wasseraufnahme oder des Abbaus durch Pilze, noch ver-
stiarkt werden. Ziel dieser Arbeit ist es das Verstidndnis der Struktur-Funktions Beziehun-
gen in Holz zu verbessern. Untersuchungen an Holzzellwédnden ermoglichen es, den
dominanten Effekt der Massendichte von Holz — und seiner Variabilitit — auf das mech-
anische Verhalten zu umgehen. Deshalb liegt der Fokus dieser Arbeit auf der experi-
mentellen Erfassung als auch der mikromechanischen Modellierung von Holzzellwand-
steifigkeiten.

Holzzellwandsteifigkeiten werden experimentell mittels Nanoindentation bestimmt.
Trotz der verbreiteten Anwendung von Nanoindentation in der Holzforschung sind Ef-
fekte der Probenvorbereitung nicht restlos gekldart. Eine Untersuchung von Effekten
verschiedener Schritte der Probenvorbereitung wird présentiert und Testprotokolle fiir
einzelne Zellwandschichten vorgeschlagen. Diese wurden dann auch verwendet, um
Einfliisse von (1) Wasseraufnahme bei Anderung der Holzfeuchte, (2) von natiirlicher
Mikrostrukturvariabilitit, und (3) von Modifikationen durch holzzerstorende Pilze auf
die Zellwandsteifigkeiten experimentell zu untersuchen. Um Struktur-Funktions Bezieh-
ungen zu identifizieren, miissen auch Mikrostruktur und Zusammensetzung von Holz
bestimmt werden. Zu dem Zweck wurde ein breites Spektrum an Methoden angewandt.

Generelle Trends von Zellwandsteifigkeiten wihrend des Erweichens von Holz-
zellwédnden verschiedener Holzarten durch Wasseraufnahme, Steifigkeitstrends in Jahres-
ringen, sowie Anderungen der Steifigkeiten wihrend des Abbaus durch holzzerstérende
Pilze werden gezeigt.

Zusammenhinge zwischen den mikromechanischen, mikrostrukturellen und chemis-
chen Daten zur Zusammensetzung der Holzzellwénde konnen mittels Multivariater Da-
tenanalysemethoden gefunden werden, welche Korrelationen zwischen einzelnen Vari-
ablen identifizieren. Angewandt auf von Pilzen abgebaute Holzzellwinde zeigen diese
Methoden Korrelationen in einem groflen, durch hohe Variabilitit gekennzeichneten,
Datenset. Ein anderer — deterministischer — Zugang ist die mikro-mechanische Mod-
ellierung. Mit den Daten zu Mikrostruktur und Zusammensetzung als Input, konnen
Vorhersagen von Zellwandsteifigkeiten berechnet und mit experimentellen Ergebnissen
verglichen werden. Zu diesem Zweck wird ein mechanisches Mehrskalenmodell fiir die
Zellwandsteifigkeit, basierend auf Homogenisierungsmethoden, prisentiert. Mithilfe
dieses Modells konnen statistische Beobachtungen auf ein physikalisches Niveau ge-
hoben werden. Der Einfluss der Variabilitdt von Mikrostruktur und Zusammensetzung
auf Trends von Zellwandsteifigkeiten auf unterschiedlichen Lingenskalen innerhalb
eines Baumes wird gezeigt. Mikromechanische Modellierung der Steifigkeiten von, von
Pilzen abgebauten, Holzzellwinden ermoglicht das Testen von Hypothesen zu — bisher
unbekannten — Effekten des Abbaus, basierend auf den zuvor erwihnten statistischen
Beobachtungen.
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Introduction

Motivation

Wood has always been used as building material as well as to manufacture tools. There-
fore the mechanical properties of wood have been a subject of — mainly experimental —
investigations for a long time (e.g. see early works of /Andrea| (1790) or Hel (1895)).
Even though research has nowadays gained deep insight into the mechanical proper-
ties of wood, the underlying causal relationships between the wood microstructure and
its mechanical properties, especially at the cell wall level, are only started to be un-
derstood. Thus, the aim of this thesis is to improve the current understanding of these
structure-function relationships. The main focus herein lies on the cell wall level. Spe-
cial emphasis is given to wood-water interactions, to the natural variability of wood
properties and to the effects of biodegradation and its implications on the mechanical
properties of wood cell walls.

Wood as Natural Hierarchical Material

Wood is produced by a large number of plants and has to fulfil a multitude of pur-
poses in the living organism. Next to storage and transportation of water and nutritients,
providing mechanical stability is the most important function of woody plant tissues.
Many of these plants, producing wood tissue, appear as trees and their respective tree
stems are usually utilized as construction material. The fact that living trees are continu-
ously growing enables the tree to adjust the produced wood material to meet the current
requirements given by its environment (Burgert and Jungnikl, 2004; [Weinkamer and
Fratzl, 2011). This is expressed e.g. in terms of the formation of so called earlywood
(EW) and latewood (LW) in temperate zones with growth seasons, or in the formation
of reaction wood tissue, i.e. tension and compression wood, enabling the tree to react
to external forces. To be able to efficiently accomplish these tasks, the material wood
is hierarchically structured (Cote, 1965} Lakes, 1993} Booker and Sell, [ 1998}, Burgert,
2006} [Fratzl and Weinkamer, 2007).

This hierarchical microstructure of wood constitutes at multiple levels of observa-
tion, separated by at least one length scale (Figure[I). Growth rings, formed by alternat-
ing layers of EW and LW, are still visible by the naked eye (Figure[Th). The proportion
of EW and LW within the annual rings is one of the main factors determining the overall
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Figure 1: Hierarchcal microstructure of wood: (a) cross-section of a log (Pinus pon-
derosa)'V, (b) transverse section through a softwood (Pinus sylvestris)?, (c) transverse
section through a hardwood (Fagus sylvatica)®, (d) section through the cell wall, show-
ing the primary (P) and the three secondary cell wall layers (S1, S2 and S2) as well as
the middle lamella (ML) (Picea abies)'?, (e) fibrillar structure of the S2 cell wall layer
(Pinus thunbergii)®, (f) chemical structure of lignin®, (g) chemical structure of the cel-
lulose chain®; (V.. from (2010), @...from Fengel and Wegener| (2003), @...from

Hafréen et al| (1999); reproduced from Hofstetter et al.| (2005)

mass density. These EW and LW layers are composed of individual wood cells. De-
pending on the wood species, different types of cells can be found. In gymnosperm
trees, i.e. softwood trees (Figure [Ib), mainly tracheids are found, fulfilling both tasks
of transport and providing mechanical stability (Plomion et al., 2001). In angiosperm
trees, i.e. hardwood trees (Figure [Ic), these tasks are divided to separate cell types,
where transport issues are fulfilled by vessels and the mechanical support is provided
by fibers in between the vessels (Déjardin et al., 2010). All wood cells appear as hollow
fibers, having lengths of 1-7 mm and diameters of 20-60 ym in softwood and hardwood.
The cells exhibit a multi-layered cell wall of 2-5 ym total thickness, and individual wood
cells are connected by the so called middle lamella (ML), which ensures the load trans-
fer between them (Figure[I[d). A wood cell wall consists of a primary cell wall (P layer)
and three secondary cell wall layers (S1, S2 and S3 layer). Of these layers, the S2
layer is the dominant layer by volume, comprising up to about 80% of the entire cell
wall (Coté| 1965}, [Pagel, [1976; Fengel and Wegener, 2003). These layers are built from
a composite material, consisting of cellulose fibrils embedded in a matrix composed
of hemicelluloses, lignin and extractives (Figure [Tg-g). In the S2 layer, these cellulose
fibrils are oriented in parallel and inclined to the cell axis by the so called microfibril an-
gle (MFA). The cellulose fibrils themselves contain crystalline parts, sized 30-40 nm in
length and 3-4 nm im thickness (Andersson et al., 2003; [Leppinen et al.| 2009), which
are surrounded by amouphous cellulose. The hemicelluloses are partly associated with
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cellulose (glucomannan), forming so called cellulose aggregates, and partly associated
with lignin (glucoronoxylan) (Reis et al., [1994; [Stevanic and Salmén, 2009). Due to
the parallel arrangement of the stiff cellulose fibrils, the mechanical properties of the S2
layer can be assumed to be transverse isotropic. The middle lamella is a lignified pectic
layer connecting individual cells (Hafrén et al., [2000; Terashima et al., 2012)), which is
usually very thin (< 0.5 pum) but gets thicker towards the cell corner regions. As the
cell wall polymers in the ML show no preferential orientation in space, the ML can be
assumed to be isotropic.

Wood-Water Interactions

In moist conditions water is incorporated into the whole wood cell wall. The amount of
water in the wood cell walls is related to the environmental conditions, i.e. the relative
humidity (RH) and temperature. Upon changes of these conditions, wood adsorbs and
desorbs water from completely dry stages up to the so called fiber saturation point (FSP),
where the cell wall is fully water saturated. The relation between the respective RH,
temperature and the wood moisture content (MC) is described by so called sorption
isotherms (Kollmann, 1982} Skaar, 1988}; Engelund et al., 2013]).

The mechanical resistance of wood is reduced upon increasing MC, and this issue
— together with the concurrent dimensional changes — represents a main barrier against
more intensive use of wood in engineering constructions. Next to the loss of mechanical
resistance by moisture itself, wood is also at higher risk to be affected by biodegradation
by microorganisms such as fungi at higher MC, which will be addressed in the next
section.

Wood-moisture relationships have been studied mainly experimentally on the macro-
scopic scale for a long time. The effect of MC on the stiffness and strength of wood has
been determined for different types of wood and for different directions with respect
to the fiber grain (e.g. see the review by Gerhards (1982)). The large variability of the
microstructural parameters determining the mechanical properties of wood makes it dif-
ficult to extract common moisture-related trends for different wood species. Stepping
down the hierarchical organization of wood to the cell wall scale enables to rule out
density related effects as well as effects of other microstructural characteristics, like e.g.
vessels or rays, and identify trends of cell wall properties with changing moisture con-
tents. Investigations on moisture dependent cell wall properties have been conducted
on single fibers (Kersavage, |1973}; Ehrnrooth and Kolseth, |1984) and directly on the cell
wall material (Yu et al.|[2011). Extending these approaches to testing different hard- and
softwood species, differing in composition and microstructural arrangement of their cell
walls, enables to clarify the mechanisms of the mechanical softening of wood with in-
creasing MC, and the role of the different cell wall polymers in the softening process.
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Wood Variability

The aforementioned microstructural parameters, e.g. the mass density or the MFA, are
not constants, but show great variability. This variability is expressed in (1) differences
between wood species, e.g. hardwood and softwood, (2) differences within wood of the
same tree species, e.g. caused by climatic conditions on site or fertilization, and (3) dif-
ferences within single trees. This within-tree variability of wood properties is made up
of distinct variability patterns and some random variation on top of these trends, which
trends can be observed on different levels of hierarchy. On the clearwood level, pith-
to-bark trends as well as base-to-apex trends of mass density or MFA are well known,
e.g. increasing mass density and decreasing MFA from pith to bark (Lichtenegger et al.,
1999; Donaldson, 2008}, Zhang et al., [2007; [Zhou et al., 2012; Yin et al., 2011b). One
length scale below, distinct patterns of e.g. cell geometry and MFA can be identified
within single annual rings, i.e. from EW to LW (Eder et al., 2009). Microstructural
variations can even be found within single wood cells (Sarén et al., 2001} /Anagnost
et al., 2002} Sedighi-Gilani et al., 2006). These variability patterns of microstructural
characteristics have also been identified for the mechanical properties of wood (Bendt-
sen and Senft, 1986} [Koponen et al.,[2005; Groom et al., 2002; |Cramer et al., 2005} [Y1in
et al., [2011Db).

Both the effects of silvicultural measures on mass density and MFA (Yang and
Evans| 2003; |Auty, 2011} Gardiner et al., 2011) as well as for the effect of varying
mass density and MFA on the mechanical properties of wood have been predicted using
stochastic approaches (Evans, [1999; |[Evans and Ilic, [2001; Downes et al., 2002; Hein,
2010). However, each microstructural parameter calls for its own statistical model. Fur-
thermore each model is restricted to the specific wood species, it has been developed
and validated for. This limits the applicability of such models and calls for a determin-
istic approach. While the effects of silviculture on the wood microstructure cannot be
described in sufficient detail, necessary to establish causal relationships, deterministic
links between wood microstructure and the mechanical properties of wood have been
established by means of micromechanical modeling (Salmén and de Ruvol |1985} |Astley
et al., 1997; Hofstetter et al., 2005; Qing and Mishnaevsky, 2009). Using varying mi-
crostructural data at different hierarchical levels as model input, these micromechanical
modeling approaches enable to study their influence on the mechanical properties of
wood and their respective variability at different length scales.

Biodegradation of Wood

In natural ecosystems there is an equilibrium between continuous buildup and break-
down of woody biomass. Next to some animals, e.g. termites, marine borers, or wood-
peckers, microorganisms, such as fungi and bacteria, play a major role in the decopmo-
sition of wood. Among these microorganisms decay fungi are the most efficient ones.
According to their degradation strategy, they can be cathegorized into three main types:
brown rot, white rot and soft rot fungi (Schwarze, 2007; [Schmidt, |2006). While soft
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rot decay occurs only in damp conditions, brown rot and white rot decay are of great
importance for indoor and outdoor timber constructions. White rot fungi are able to de-
grade all wood polymers and can be further cathegorized into selective white rot fungi,
which first cleave lignin to get access to the polysaccharides and then utilize them for
nutrition, and simultaneous white rot fungi, degrading all wood polymers simultane-
ously (Blanchette, |1984} [Fackler et al., 2011]). Brown rot fungi are evolutionary more
advanced (Eastwood et al., 2011)) and are able to directly utilize the wood polysaccha-
rides for nutrition, leaving behind a modified lignin (Goodell, 2003} Yelle et al., 2011}
Arantes et al., 2012).

Due to the fact that the mechanical properties of wood within a tree cross section are
highest in the outermost regions of the cross section which shows a high mass density
and a low MFA (i.e. mature wood), structural members for timber constructions are
preferably cut from these regions. However, the outermost region of a tree stem contains
the sapwood, being more vulnerable to biodegradation than the inner heartwood (Taylor
et al., 2002). Thus research on the natural durability of sapwood as well as attempts
to improve the durability have been subject of numerous studies before (Wilcox, |1978;
Winandy and Morrell, |1993; |Curling et al.,[2001; |Bader et al., 2012a,b)).

Biodegradation by fungi affects the composition and microstructure of wood. The
most striking degradation effect — which is also the easiest effect to assess — is a distinct
loss of mass and mass density (Curling et al., 2002; Bader et al., 2012b). Thus, in conse-
quence, the mechanical properties of wood are altered as well (Wilcox, 1978; [Winandy
and Morrell, [1993; Curling et al., 2002; Bader et al., 2012a). On the macroscopic scale,
i.e. for clear wood, stiffness and strength losses were observed and mainly explained as
a consequence of the well known relations between mass density and stiffness/strength
for wood (Bodig and Jayne, |1982; [Kollmann, 1982} Eberhardsteiner, [2002). However,
the underlying degradation mechanisms and their effects on the mechanical properties
at the cell wall scale are masked by the effects of mass loss and cannot be assessed
by means of macroscopic experiments. Investigations on the cell wall scale promise to
deliver deeper understanding of the involved decay mechanisms.

Micromechanics of Wood

The mechanical properties of wood are determined by the hierarchical microstructure
described above (Niklas, 1992; Salmén, 2004; |[Salmén and Burgert, [2009). These so
called structure-function relationships need to be investigated in order to deepen the
current insight into the relationships between wood microstructure and composition on
the one hand and the mechanical properties at different length scales on the other hand.

In good approximation the macroscopic mechanical properties of wood can be de-
scribed to be orthotropic (Bodig and Jayne, |1982; Eberhardsteiner, 2002)). The material
axes are oriented in a cylindrical coordinate system along the tree stem, i.e. longitudinal
direction (L), and the annual rings, i.e. radial (R) and tangential direction (T). The me-
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chanical properties of wood can be assessed by means of experiments but also by means
of material modeling.

The variability of mechanical properties of wood, originating in the variability of
the wood microstructure, has been investigated mainly experimentally (Bendtsen and
Senft, 1986; Koponen et al.,|2005; Groom et al., [2002; |Cramer et al., 2005} Zhou et al.,
2012)) by the aforementioned methods at different length scales, i.e. from single cells to
whole tree cross sections.

Accounting for the hierarchical structure of wood, experiments can be performed at
different levels of the hierarchical structure. Starting at the macroscopic scale, where
experimental test methods are nowadays described by standards (ASTM D4761, 2013}
EN 408, [2012), experiments have been performed also on EW and LW slices (Cramer:
et al., 2005) and single wood fibers (Page et al., 1971} Burgert et al., 2002). Given that
the fiber cross section is known (or measurable), the overall mechanical properties of
the cell walls from single cells can be assessed (Burgert et al., 2005a; Eder et al., 2009).
Extracting mechanical properties from the uniaxial stress state, resulting from such tests,
can be done in a straight forward manner. However, extracting single fibers from a piece
of wood is elaborate (Burgert et al., [2002)) and the fibers are prone to twisting during
drying (Groom et al., 2002; |Burgert et al., 2005b).

The direct assessment of mechanical properties of wood at the cell wall scale has
been attempted by a variety of methods (Eder et al., [2013; Burgert and Keplinger,
2013)). These include micro-compression tests (Zhang et al.,|2010) and nanoindentation
(Wimmer et al., [1997; Wimmer and Lucas, [1997; |Gindl et al., 2004} Tze et al., [2007;
Konnerth et al., 2009; |[Zhang et al., 2012). The disadvantage of relating a compressive
three-dimensional stress state underneath the indenter tip to the mechanical properties
during nanoindentation — in contrast to the again rather simple uniaxial stress state dur-
ing micro-compression tests — is compensated by a far less elaborate sample preparation
procedure (microcompression test specimens prepared from wood cell walls have to be
cut into shape using a focussed ion beam (FIB) under vacuum). Thus nanoindentation
has become popular for investigations at the cell wall scale.

Material modeling approaches take advantage of the composite-like arrangement in
of the wood microstructure in all levels of hierarchy (Cave, |1968; Salmén and de Ruvo,
1985} |Astley et al., |1998; Harrington et al., 1998 Shishkina et al., 2014). Therefore
analysis methods, well established in composite engineering, e.g. mean field methods
(Hashin, [1983)), finite element methods (Zienkiewicz and Taylor, 2000) or laminate the-
ory (EI Omri et al.,2000), can be applied.

In the following the two main methods regarding the assessment of mechanical prop-
erties of wood cell walls which were used herein are addressed in more detail, namely
the fundamentals of continuum micromechanical modeling and nanoindentation.
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Nanoindentation of Wood Cell Walls

Nanoindentation has indeed become the method of choice for investigations on the
micro- and nanometer scale. While pushing a tip of defined geometry into a flat sam-
ple surface, the applied load and the resulting penetration depth are simultaneously
recorded. Material properties, namely the indentation modulus M and the indentation
hardness H, are derived from the resulting load-penetration depth curve (see Figure [2)),
following the approach by Oliver and Pharr| (1992, 2004]):

M=YTS

=y A (1)
Pma/x
H= Ao 2)

where S is the initial unloading stiffness, P, is the ultimate load (see Figure [2) and
A¢ denotes the contact area. The latter is calculated from the contact depth h¢ by the
so called tip-area function, which — for the perfect Berkovich indenter — reads as:

Ac = 24.5h%, 3)
and h¢ is defined by:

P,
max 4
S “)

where A4, 18 the maximum penetration depth and € is 0.75 for a Berkovich type tip
geometry.

hC - hmaz — €

load P

y

penetration depthh ~ Pnaz

Figure 2: Load-displacement curve of a nanoindentation test, P,,,, denotes the maxi-
mum load, A,,,, denotes the maximum penetration depth
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This analysis approach implies several — idealized — premises, including the pene-
tration of the indenter tip into an isotropic homogeneous half-space and the assumption
of plastic behaviour in the material underneath the indenter tip, leading to either pile-up
or sink-in behaviour of the surrounding material during indentation. The indentation
modulus M of an isotropic material can be related to its elastic material constants, like
Young’s moduli and the Poisson’s ratios, in a very straight forward manner by:

1 1—v? 1-12
S i 5
i T B &)
where I/ & v and E; & v; are Young’s moduli and Poisson’s ratios of the tested material

and of the indenter, respectively (Oliver and Pharr, [1992).

However, in most applications at least one of these premises is not fulfilled, if nat-
ural materials — like wood or bone — are investigated (Zysset, 2009; Jakes et al., 2009).
While effects of nearby interfaces or edges may be neglected if sufficiently far away
from the indent (Jakes et al., 2009), the anisotropic nature of natural material repre-
sents the main challenge for the interpretation of test results. However, Vlassak et al.
(2003) presented a further developed approach, based on the work of Swadener and
Pharr (2001)), accounting for the elastic anisotropy of the indented material.

Nanoindentation was first applied to investigate the mechanical properties of wood
cell walls by Wimmer et al.| (1997), who reported M and H for the S2 cell wall layer
as well as for the middle lamella in the cell corners (Wimmer et al., [1997; [Wimmer and
Lucas, [1997). Since then, nanoindentation of wood cell walls have been conducted by
many authors, but no quantitative link between M and the anisotropic material prop-
erties of the S2 cell wall layer was established, until Jager et al.[| (2011alb)) applied the
approach by Vlassak et al.| (2003) to study wood cell walls. They presented approaches
to determine the elastic constants of a transversely isotropic material experimentally by
indenting the S2 cell wall layer in different directions (Jager et al., 2011b) and to cal-
culate M from known or predicted elastic constants of the transversely isotropic S2 cell
wall layer material (Jager et al., 2011a). The latter approach will be used herein, using
the material properties of the S2 layer, predicted by micromechanical modeling. This
enables to compare predicted indentation moduli Mprgp to experimentally determined
indentation moduli Mg x p. Althouth the ML is assumed to be isotropic, and the Young’s
modulus could be calculated from M, for reasons of consistency, Mprgp is also cal-
culated from the predicted isotropic material properties of the ML and subsequently
compared to the corresponding experimental results.

Due to the multi-layered nature of the wood cell wall, its cross section exhibits mul-
tiple interfaces, possibly inflicting edge effects (Figure|3) (Jakes et al., 2009). While the
thickness of the S2 layer is usually sufficient to place indents there and extract relaible
results, the ML can only be assessed in the cell corners, where its thickness often exeeds
1 pm (Wimmer and Lucas, [1997; Gindl et al., [2004).

Although nanoindentation has established itself as useful tool in wood science, pos-
sible effects of sample preparation on the determined mechanical properties are still a
subject of ongoing discussion. Wood samples are commonly embedded into resins, in
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Figure 3: Scanning probe microscopy image of a cross section through an embedded
wood cell wall; a...embedding material in the cell lumen, b...S2 layer, c...middle lamella;
in the S2 layer the residual imprints after indentation can be seen

order to stabilize the cell walls during preparation and testing (Wimmer et al., [1997;
Wimmer and Lucas, [1997; |Gindl et al., 2004; Wang et al., [2006; Tze et al., 2007; Kon-
nerth et al.,[2009; Yin et al., 2011al). Attempts have been made to investigate the effects
of embedding (Kim et al., 2012 Meng et al., 2013)), with partly contradictory results.
To clarify the effects of the embedding material on the measured cell wall properties,
further investigations are needed.

Micromechanical Modeling

To overcome difficulties of experimental testing and to elucidate causal relationships be-
tween microstructure, composition and mechanical properties of wood, micromechan-
ical modeling methods can be applied. Effective homogeneous material properties can
be predicted from the information on the heterogeneous microstructure at a lower length
scale (components and their respective dosages; shape, orientation and distribution of
components; properties and interaction of components) by so called homogenization
methods. Based on the microstructural information available, different methods lie at
hand:

* Representative volume element (RVE) based methods, where the microstruc-
ture is described in a statistical manner by quasi-homogeneous subdomains, also
referred to as material phases

* Repetitive unit cell (RUC) based methods, where the microstructural arrange-
ment appears in a periodic manner and the microstructure itself can be discretized

In addition to homogenization methods, Laminate theory can be used to calcu-
late effective properties if the observed microstructure appears as alternating layers of
different materials.

Micromechanical models, representing the inherent hierarchical microstructure of
wood, constitute from application of the aforementioned methods (Hofstetter and Gam-
stedt, [2009). Recent developments and extensions of a multiscale micromechanical
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model for wood stiffness (Hofstetter et al., 2005} [2007; Bader et al., [2011b|, 2012c};
de Borst and Bader, 2014) form the basis of this thesis. This model uses RVE based
homogenizaton methods (continuum micromechanics) for the cell wall material, RUC
based homogenization methods (unit cell analysis) for the effective properties of EW
and LW, and finally laminate theory for the effective properties of clearwood. As this
work is mainly dedicated to cell wall properties, only the theoretical background of con-
tinuum micromechanics is addressed here in more detail (for a mathematical description
of the unit cell approach and the laminate theory, see Appendix A in |Hofstetter et al.
(2007) and Appendix A in Bader et al. (2012c), respectively).

In continuum micromechanics, a material is understood as a micro heterogeneous
body filling a RVE (Suquet, [1987; Zaoui, 2002)) with characteristic length ¢, ¢ >> d, d
standing for the characteristic length of inhomogeneities within the RVE, and / << L,
L standing for the characteristic lengths of geometry or loading of a structure built from
the material defined in the RVE (separation of scales, Figure ). The goal is to estimate
the effective mechanical properties of the material defined on the RVE.

A
A\

Figure 4: Separation of scales (£ >> { >> d)

For this purpose, homogeneous strains E are prescribed at the boundary of the RVE,
JV, in terms of displacements &(x) (Hashin, |1983)

£(x) = E-x, (6)
with x as the position vector within the RVE (Figure [5)).

Vx € OVeyg : {(x) =E-x

.

Figure 5: Loading of a representative volume element (RVE), built up by phases »
(phase stiffness C,.): displacements &, related to a (homogenized) constant strain E, are
imposed at the boundary of the RVE; reproduced from Hellmich et al.[(2004)
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As a consequence, the resulting kinematically compatible microstrain €(x) within
the RVE can be averaged over the RVE (Hashin, [1983), giving the homogenized macro-
scopic strain E

1
E —
VRVE

/ €(x)dV = (e). 7
VrvE

Given that the RVE can be described by (quasi)homogeneous subdomains, or phases,
exhibiting the local constitutive behaviour

o, =C, €, (8)

Equation [/|can be rewritten as
E=) ef, ©)

where f; are the volume fractions of the single phases within the RVE. Similarly, for
traction boundary conditions resulting in equilibrated microstresses o (x) (divo (x)=0),
homogeneous macroscopic stresses X are related to the microstress o by volume aver-
aging as well

Y= ! / o(x)dV = (o), (10)

or again for material phases
=) o (11)

The global (macroscopic) constitutive behaviour of the whole RVE can be written as

¥ =C"":E, (12)

where the macroscopic stresses and strains 3 and E are linked by the sought homoge-
nized 4'" order stiffness tensor C"*™ of the material filling the RVE. C"*™ needs to be
linked to the stiffness of the individual phases C,.. This link is established based on the
concept of linking macroscopic strain E to the average strain within each material phase
€, by

e.=A, E, (13)

or, in analogy, linking macroscopic stresses 3 to stresses within each material phase o,

o, =B,: 3, (14)

where A, and B, ((A,) =1, (B,) = I) are the 4" order strain and stress concentration
tensors, respectively. Inserting Equation[I3]in Equation [§]and applying stress averaging
according to Equation [I0|leads to
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1

VrvE

Y= / C(x) : A(x)dV : E. (15)
VrvE

According to Equation |12} the sought C"**™ can be written as

1
Chom = / C(x) : A(x)dV, (16)
Vrve VervE
or re-written for material phases
Chom = Zﬁ"@r LA, (17)

To estimate C"*™ estimates for A, (or B,) have to be determined. A simple choice
of A, =1 or B, =1 leads to the well known laws of mixtures according to |Voigt| (1889)
and Reuss (1929). Other estimates have been derived from Eshelby’s solution of the
inhomogeneity problem (Eshelby, [1957). There an ellipsoidal inhomogeneity H with
stiffness Cp is embedded in an infinite homogeneous elastic matrix with stiffness C°.
If the matrix is subjected to a homogeneous strain EE°° at infinity, the strain field inside
H is found to be uniform and given by

e = [[+PY: (Cy—C°)] " :E>, (18)

with P%, as the 4*® order Hill tensor, accounting for the shape of the inhomogeneity H
and the elastic symmetry of the material (Eshelby, |1957; Laws, 1977} [Zaoui, 2002)). For

spherically shaped inclusions and isotropic behavior of the matrix material, ngh reads
as (Hellmich et al., 2004} Bader et al., [2011b]
P, = SPM0: Cft, (19)
S0 = apd + Aok, (20)
with
3k
= — 21
Qo 3k0 + 4/1/7«7 ( )
6(ko + 2
o = Ao + 20 (22)

 5(3ko + 4pp)”

where £y and i are the bulk and shear moduli of the matrix phase 0 with stiffness
Co; J =1/31®Iand K = I — J are the volumetric and deviatoric parts of the 4th
order unity tensor I with components I;j;; = 1/2(6;%6; + 040;1). For cylindrically
shaped inclusions and isotropic matrix behaviour, the non zero components of ngl read
as (Hellmich et al.l 2004; Bader et al., [2011b)

Pcoyl,llll = Pcoyl,2222 = 1/8<5C?111 - 36?122)/0?111/7)7 (23)
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ngl,1122 = Pcoyl,2211 = _1/8(09111 - 0?122)/09111/2)7 (24)
Pry 23931/ (8C3303), (25)
Pcoyl,1212 = 1/8(30?111 - 0?122)/0?111/1)» (26)
where
D= C'?111 - 0?122 (27)
and
Coaog = 1/2(CPi1y — Cliza)- (28)

Deriving estimates for the inclusion-based overall stiffness is done by estimating the
average stresses and strains in each phase r of the RVE, subjected to macroscopic E, as
those of an ellipsoidal inclusion with stiffnesses C,., embedded in a matrix with arbitrary
stiffness C°, subjected to E*.

Re-writing Equation [T8]for an ellopsoidal inclusion r, applying strain averaging and
resolving for E* yields

_ {Zf T+P0: (ccr_co)]-l}_le. (29)

Inserting the constitutive relationship for the inclusion 7 (Equation [§) into Equation [29]
yields

o, =C,: [1+P: (C,—C")] " :E™. (30)
Applying stress averaging to Equation and inserting E*°, according to Equa-

tion 29} a relation between macroscopic 3 and E is found

> = Zfr s I+ P2 (C, — Co)] {Zfs [I+P): (Cs—Co)| 1} - E.

(31)
A, then reads as

-1
A, = [I+P°: (C, — Cy)] {ZfSH+IP° (C,—Co)]~ 1} . (32

and finally
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Chom =3 £,C: [T+P: (C, — Co)] {Z fo[T+P2: (C,—Co)] ™"

(33)

The expression for C"**™ contains all the neccessary information about the mi-

crostructure within the considered RVE, i.e. the dosages of the individual phases as

their respective volume fractions f,, the stiffnesses of the individual phases C,, and

their morphology and shape are accounted for within ?Y. Depending on the interaction
of the phases within the considered RVE, C, can be chosen differently

* for a matrix-inclusion like arrangement: Cy = C,; — Mori-Tanaka scheme (Mori
and Tanakal, [1973]; Benveniste, [1987))

« for a polycrystalline like arrangement: C, = C"**™ — Self-Consistent scheme
(Kroner, |1958; [Zaoui, [2002]))

If a subdomain or material phase exhibits a microstructural arrangement on a lower
length scale itself, the homogenization scheme can be repeatedly applied, leading to
multiscale homogenization scheme which can account for a hierarchically structured
material (Figure [6)).

Figure 6: Multiscale homogenization scheme: the properties of the phases (charac-

teristic lengths d, ds and d3) inside the RVEs (characteristic lengths ¢, /5 and /3) are

derived from homogenization over smaller RVEs (with characteristic lengths /5 < d
and /3 < dj)
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Research Objectives and Outline of the Thesis

The research objectives of this thesis are outlined in the following. They are addressed
in terms of the objectives of the five publications, of which this thesis is composed.

Publication 1 is dedicated to clarifying how the measurement results from NI tests on
wood cell walls may be affected by the way the sample is prepared and the indentation
is carried out. Indentation data for different sample preparation techniques and inden-
tation protocols are presented, and the observed differences of the obtained indentation
moduli and hardnesses are critically evaluated. Investigations cover the effect of differ-
ent embedding materials, including testing of non-embedded cell walls, and the effect
of repeated exposure to high temperatures during harsh drying before the indentation
test. Moreover, potential edge effects are studied for indentation sizes approaching the
width of the tested cell wall layer.

Publication 2 deals with effect of water on the mechanical properties of wood cell
walls. For this purpose, wood specimens from five different hardwood and softwood
species (Norway spruce, Scots pine, Common yew, European oak and European beech)
are investigated by means of nanoindentation. The tests are performed at RH ranging
from 10% to 80% and in saturated conditions under water. Cell wall stiffness and creep
properties of the S2 layer and the ML are tested. Dynamic vapour sorption is used
to determine the sorption isotherms from very small amounts of material, close to the
position where the samples for nanoindentation have been prepared from. The cross
sections of the nanoindentation specimens, which are embedded in a resin, are checked
for their ability to swell upon MC changes by means of environmental scanning electron
microscopy. The respective stiffness changes and changes in the creep parameters are
related to the changing MC during the tests, and the individual contributions of the cell
wall polymers to the observed moisture-related effects are discussed.

In Publication 3, microstructure-stiffness relationships of Scots pine wood are exam-
ined with a focus on the effects of the microstructural variability on the elastic proper-
ties of wood at different length scales. For this purpose, microstructural data, acquired
from SilviScan-3™ (namely wood density, cell dimensions, EW and LW proportion,
microfibril angle) is augmented with local measurements of these quantities and of the
chemical composition, derived from wide-angle X-ray scattering, light microscopy, and
thermogravimetric analysis, respectively. The stiffness properties are determined ex-
perimentally by means of ultrasonic tests at the clear wood scale and by means of
nanoindentation at the cell wall scale. In addition, micromechanical modeling is ap-
plied to assess the causal relations between structural and mechanical properties and
to complement the experimental investigations. A detailed mathematical description of
the applied multiscale micromechanical model, which is not included in the original
publication, can be found in Appendix 1. Typical variability profiles of microstructural
and mechanical properties are shown from pith to bark and across a single growth ring
(from EW to LW). Furthermore, the effect of random variability, on top of the observed
variability patterns, is discussed.
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Publications 4 and S deal with the effects of fungal decay on the mechanical properties
of softwood. At the macro-scale, the occurring losses of mass and of mass density mask
effects of altered chemical composition and microstructure. Thus, it is necessary to step
down the hierarchical organization of wood to the cell wall scale in order to resolve these
changes and their mechanical impact, as detailed for each publication in the following.

Publication 4 is dedictated to the experimental assessment of fungal decay of softwood
cell walls. Fungal decay results in alterations of their composition, microstructure and
mechanical properties. It is still unclear whether the structure function relationships of
wood cell walls, which are started to be understood in sound condition, also hold for
deteriorated wood cell walls. To investigate these relationships, selected annual rings
of fungal degraded Scots pine sapwood are analyzed for their composition, microstruc-
ture and micromechanical properties by means of X-ray scattering, nanoindentation,
attenuated total reflectance Fourier transform infrared spectroscopy and wet chemical
methods. The dataset is acquired in the middle lamella and, separately for EW and
LW, in the S2 cell wall layer. Multivariate data analysis is applied to identify relation-
ships in the big dataset. Using principle component analysis and partial least squares
regression analyses, links between changes of the mechanical properties of wood cell
walls (stiffness and hardness) and altered cell wall composition and microstructure are
established.

In Publication 5 the previously established links between composition, microstructure
and mechanical properties of the S2 layer and the middle lamella are further investi-
gated. Applying a multiscale micromechanical model for wood cell wall stiffness and
using the results of the chemical and microstructural characterization of the fungal de-
graded softwood cell walls as input, enables to rise these links from a statistical to a
physical level, and therefore to identify causal relationships between composition, mi-
crostructure and mechanical properties of the S2 layer and the ML. In addition the model
allows to test hypotheses on yet unknown effects of fungal decay. The latter include the
evolution of porosity, modifications of the cell wall polymers resulting in changes of
their stiffnesses, as well as increasing cell wall crystallinity. A detailed mathematical
description of the applied multiscale micromechanical model, which is not included in
the original publication, can be found in Appendix 4.



Contribution of the Author

This thesis is a cumulative work consisting of five publications in peer-reviewed scien-
tific journals. The author’s contributions to the respective publications are as follows:

Publication 1: Nanoindentation of wood cell walls: effects of sample preparation
and indentation protocol (Wagner et al.| 2014a): The author proposed the inves-
tigated modified procedures and sample pretreatments, performed all mechanical
tests and statistical data analysis and prepared most of the manuscript.

Publication 2: Effect of water on the mechanical properties of wood cell walls
— results of a nanoindentation study (Wagner et al., |2014d): The author per-
formed a part of the mechanical tests, all data analysis and prepared a part of
the manuscript.

Publication 3: Key parameters controlling stiffness variability within trees: a
multiscale experimental-numerical approach (Wagner et al.| 2015): The author
performed all microstructural and compositional characterization, all mechanical
tests, developed a micromechanical model for calculating stiffness predictions,
and prepared most of the manuscript.

Publication 4: A combined view on composition, molecular structure and mi-
cromechanics of fungal degraded softwood (Wagner et al., 2014c|): The author
proposed the concept of the experimental outline, performed all mechanical tests
as well as the microstructural characterization and prepared a major part of the
manuscript.

Publication 5: Fungal degradation of softwood cell walls: enhanced insight
through micromechanical modeling (Wagner et al.|, 2014b): The author formu-
lated the decay-related hypotheses, performed all micromechanical model calcu-
lations to test those hypotheses and prepared most of the manuscript.
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Nanoindentation of Wood Cell Walls:
Effects of Sample Preparation and

Indentation Protocol (Wagner et al.,
2014a)

Authored by Leopold Wagner, Thomas K. Bader and Karin de Borst

Published in  Journal of Materials Science, 49(1):94-102, 2014

Nanoindentation has become a valuable tool in wood science. It enables to examine
the mechanical properties of the wood cell walls, which are polymeric, multi-layered
structures with typical thicknesses of a few micrometers. Despite the intensive use of
the method for the characterization of wood cell walls, it is not entirely clear yet how the
measurement results may be affected by the way the sample is prepared and the indenta-
tion is carried out. This manuscript contributes to clarifying these issues, by presenting
indentation data for a variety of sample preparation techniques and indentation proto-
cols, and by critically evaluating the observed differences of the obtained indentation
moduli and hardnesses. Investigations covered the effect of different embedding ma-
terials, including testing of nonembedded cell walls, and of repeated exposure to high
temperatures during harsh drying before the indentation test. Moreover, potential edge
effects were studied when the indentation size approaches the width of the individual
cell wall layers. Using different embedding materials as well as testing non-embedded
cell walls did not lead to significant changes in the measured properties. Due to dam-
age during the sample preparation, nonembedded cell walls tend to show substantially
higher experimental scatter. Repeated drying prior to embedding had no significant
effect on the resulting moduli and hardnesses. Finally, it was found that reasonable me-
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chanical properties can be extracted from the cell corner middle lamella (CCML), even
when the size of the indent approaches the diameter of the CCML.

1.1 Introduction

Over the last decades, nanoindentation, also referred to as instrumented indentation or
depth sensing indentation, has become the method of choice when investigating me-
chanical properties of materials at the micro and nanometer scale. While pushing a tip
with a specific geometry into a sample with a flat surface, load and penetration depth are
recorded simultaneously. The derivation of material properties, such as the indentation
modulus or reduced modulus M and the hardness H, from the resulting load displace-
ment curves generally follows the procedure proposed by Oliver and Pharr| (1992, 2004).
Over the last fifteen years, nanoindentation has also established itself as a useful tool
in wood science for assessing the mechanical properties of native (Wimmer and Lu-
cas, [1997; Wimmer et al., (1997} |Gindl et al., 2002; [Konnerth et al., 2009; Eder et al.,
2013} Wagner et al., 2013) and also modified wood cell walls (Gindl and Gupta, [2002;
Konnerth et al., 2010; [Yin et al., 2011a). The wood cell wall shows a layered struc-
ture. It contains the primary cell wall and three secondary cell wall layers (S1, S2, and
S3), which differ in microstructure and, consequently, mechanical properties. The S2
layer is the by far thickest and, thus, mainly responsible for the mechanical stiffness and
strength of wood (Salmén and Burgert, 2009). Individual wood cells are connected by
the middle lamella.

Despite the intensive use of the method for the characterization of wood cell walls,
it is not entirely clear yet how the measurement results may be affected by the way the
sample is prepared and the indentation is carried out. This manuscript contributes to
clarifying these issues, by presenting indentation data for a variety of sample prepa-
ration techniques and indentation protocols, and by critically evaluating the observed
differences of the obtained indentation moduli and hardnesses.

Wood samples are commonly embedded into resin in order to stabilize the cell walls
during the microtome cutting and the indentation (Wimmer et al., |1997; Wimmer and
Lucas, (1997; \Gindl and Gupta, 2002; Gindl et al., 2002; [Tze et al., 2007; Konnerth
et al., 2009, 2010; Yin et al., 2011a; [Eder et al., 2013; |Wagner et al., 2013). These
epoxy resins fill all accessible lumina. It has been proposed that their access to the
cell wall ultrastructure is limited (Kamke and Leel 2007} [Konnerth et al., [2008)), but it
remains uncertain if and to which extent the resin may penetrate the cell walls. Related
potential effects of the resin on mechanical properties are difficult to identify due to the
generally large experimental scatter.

In general, only few studies have dealt with the influence of embedding material on
nanoindentation test results (Kim et al., 2012; Meng et al., [2013). Thereby, alternative
sample preparation techniques are used that allow testing (apparently) non-embedded
cell walls not affected by potential resin penetration. This provides reference values to
which the results obtained in embedded samples can be compared to. The approaches
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used include limiting epoxy resin penetration into the cell lumina by pre-curing, which
increases the viscosity of the epoxy resin (Kim et al., [2012), or encapsulating the wood
specimen in a foil prior to embedding (Meng et al., [2013). While Kim et al. (2012)
found no significant effects of the embedding, Meng et al. (2013) reported significantly
higher values for embedded wood cell walls. These studies used material with different
microstructural characteristics, such as microfibril angle (MFA), which might have con-
tributed to these contradictory results. Also, attempts to test without any embedment
have been carried out (Jakes et al., 2008). However, all mentioned strategies prevent
penetration of any resin in the cell walls comes at the expense of a less stabilized cell
wall during microtome cutting. Therefore the testing surface might be less smooth, and
not every tracheid cross section might be suitable for indentation. This might again
spoil the indentation results. We herein analyze the influence of the sample prepara-
tion method by comparing test results for samples embedded into different embedding
materials and also for apparently not embedded cell walls.

In addition, the exposure of samples to heat during the embedment process may af-
fect the material’s response in the indentation test. This can happen either prior to the
indentation testing — for example when determining the oven-dry mass — or during the
sample preparation when curing the resin used for embedding. Typical curing tempera-
tures of embedding resins can go up to 60°C or 70°C. Although the glass transition (GT)
temperatures of the wood polymers lignin and hemicellulose are reported to be well
above 100°C in the dry state (Back and Salmén, |1982; Irvine, |1984), they are known to
decrease with increasing moisture content to just below 100°C for lignin and to around
0°C for hemicelluloses in the green state (Olsson and Salmén, |1997). During heating of
wood, not only effects of the GT may induce changes of the micromechanical properties
measured by NI, but also the formation of cracks, both macroscopic and microscopic.
In the following, we present test results obtained on samples having undergone differ-
ent numbers of wetting/harsh oven-drying cycles, in order to identify potential effects
of heating. Moreover, we investigate if the intensity of drying may result in variations
of the material properties across a small sized clear wood sample, typically used for
oven-drying, i.e. that regions close to the surface may be more strongly affected by the
heating than regions in the interior of the sample.

Finally, the size of the indent in relation to the dimensions of the investigated patch
of material may influence the indentation stiffness and hardness. In particular, the ef-
fect of interfaces to pores or other materials close to the indent could be substantial.
Such effects are commonly denoted as ’edge effects’. Based on comprehensive exper-
imental investigations, Jakes et al. (2008)) stated minimum distances from the center
of the remaining imprint of an indent in the S2 cell wall layer to the nearest interface,
which is either to the cell lumen or to the middle lamella. This distance depends on
the experimental setup, i.e. the tipshape, on the load level, and on the tested material.
The middle lamella between two adjacent cell walls is usually too narrow to keep this
required distance. Sometimes, placing indents in the cell corners can circumvent this
problem (Wimmer and Lucas| [1997; |Gindl et al., 2004), but also the extension of the
cell corner middle lamella (CCML) might be too small. We herein investigate whether
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reasonable results in the CCML can also be acquired when the minimum distance is not
fulfilled. We increase the extension of the contact area of the indenter tip with increasing
penetration depth during indentation, until it is even exceeding the width of the CCML.

1.2 Materials and Methods

1.2.1 Samples

A Norway spruce (Picea abies [L.] Karst.) tree was crosscut at the sawmill immediately
after harvesting. The boards were gently dried to a moisture content of approximately
12%. Afterwards, they were stored in a climatized room at 20°C and 60+5% relative
humidity (RH). A rod of 15x2x2 c¢m?, in longitudinal, radial, and tangential direction
(LxRxT), was cut from a clear wood section within one board (Figure [[.Th). Only
material from the same annual ring, i.e. with clear wood of the same cambial age, was
used in this study. The samples were shifted in longitudinal direction, but were all taken
at the same position in R and Tdirection. Consequently, low microstructural variability,
particularly low variability in microfibril angle (MFA) can be assumed. The rod was
cut into five consecutive cubes sized 2x2x2 cm?® (LxRxT) (Figure ). The mass of
each sample at 20°C and 60% RH was determined. The sample REF was excluded
from anyfurther treatment and served as reference for investigations of the influences of
drying (D) and embedding (E) and of edge effects (see Table ..

Figure 1.1: Sampling procedure: a) initial rod; b) five consecutive cubical samples (REF
to D4) used for drying tests; c) NI-specimen

1.2.2 Drying of Wood Samples

The 2x2x2 cm® cubes were water saturated under vacuum conditions for 48 h and then
placed in a pre-heated muffle furnace at 1034+-2°C until consecutive weighingafter 2 h
intervals revealed differences in mass <0.01% (for masses <100 g; see [EN 13183-1
(2002)). This procedure was repeated up to four times. The oven dry mass of each
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Table 1.1: Overview of sample preparation methods and specimen labels (italic) for the
different test series

Standard Procedure

Sample: REF

e Agar Low Viscosity Resin Kit (A-LV)
e 30 min vacuum

e cured at 60°C

Modified Procedures

“Drying Tests” “Embedding Tests”
Samples: DI1-D4, D4s Samples: EI & E2

o A-LV o A-LV

¢ 30 min vacuum ® NO vacuum

e cured at 60°C e cured at 60°C = EI
Drying/wetting cycles

ol x = DI o Struers EpoFix (S-EF)
o2 X = D2 ¢ 30 min vacuum

e3x = D3 e cured at room temp. = E2

o4 x = D4,D4s

sample was determined after every cycle. Then, one sample was removed from the set
each time. This resulted in a series of four samples (D1 to D4), having undergone one
(D1) to four cycles (D4) of water saturation and drying, in addition to the untreated
reference sample (REF, Figure[I.2). All samples were stored in a climate chamber after
oven drying at 20°C and 60% RH.

green A
state

FSP

MC at |- -
20 °C/
60%RH

oven dry

T O O O O

REF D1 D2 D3 D4

Figure 1.2: Drying-wetting cycles and the corresponding time series of the samples REF
to D4

1.2.3 Embedment and Preparation of NI-Specimens

Specimens for NI were prepared according to a standard procedure, which was then
partly modified to investigate the aforementioned effects. An overview of the differ-
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ent sample preparation procedures, as well as of all prepared NI-specimens is given in
Table [L.11

Standard Procedure

Small specimens of approximately 2x2.5x1.5 mm? (LxRxT) were cut, originating from
the same annual ring in each sample. The average microfibril angle (MFA) in the late-
wood of that specific ring was 12.54+4.5°, measured from dried and stained thin sec-
tions according to [Senft and Bendtsen| (1985). The location of the NI-specimens was
approximately 5 mm beneath the original surfaces (see Figure [[.Tc). The small wood
specimens were then embedded in an epoxy resin (AGAR Low Viscosity Resin Kit,
Agar Scientific, Essex, UK) and exposed to vacuum for 30 minutes. Afterwards the
embedded specimens were cured at 60°C for approximately 24 hours. The exact orien-
tation of the axes of the cells in the embedded small wood specimens was determined
after the curing by visual inspection under the microscope. A microtome (Leica Ultra-
cut, Leica Microsystems, Wetzlar, GER), equipped with a diamond knife, was used to
cut smooth the plane surface. The knife was positioned perpendicular to the respective
wood cell orientation for this purpose (for further details see e.g. Konnerth et al.| (2008)
or Wagner et al.| (2013)). Specimens were cut in R-direction, taking advantage of the
rather straight alignment of the softwood cell walls in this direction. One NI-specimen
(REF) was prepared according to this standard procedure, serving as reference for all
subsequent modified procedures.

Modified Procedures

For investigating the effects of (repeated) drying and of edge effects in the CCML, ma-
terial of the 2x2x2 c¢cm® cubes that had undergone the repeated wetting/drying cycles
was used. The cutting and embedment of the samples followed the standard proce-
dure as described in subsection Standard Procedure ("Drying Tests" in Table [I.1). To
investigate a potential depth effect of the drying, one additional NI-specimen (D4s)
was cut from the same annual ring directly from the surface of the original sample
D4 (rather than from 5 mm beneath the surface). Therefore it contained material that
had been exposed to higher gradients of temperature and moisture content (MC) during
oven-drying. To determine possible effects of the embedding procedure, two additional
specimens (E1 & E2) were prepared from the untreated reference material ("Embed-
ding Tests", Table [I.T)). Their embedding procedure was slightly modified compared to
the standard procedure outlined in subsection Standard Procedure. One NI-specimen
(E1) was embedded in the standard resin (AGAR Low Viscosity Resin Kit), but not
subjected to vacuum treatment. This results in limited resin penetration into the cell lu-
mina and in a substantial number of apparently non-embedded tracheids in the center of
the specimen. Non-embedded cells were identified by visual inspection under the light
microscope. The second NI-specimen (E2) was embedded in a different embedding
resin (Struers EpoFix, Struers A/S, Ballerup, DEN), which is cured without heating at
room temperature for approximately 20 hours. All other preparation steps (i.e. vacuum
treatment, cutting, ...) were performed as described in the standard procedure.
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1.2.4 Nanoindentation Tests

The nanoindentation tests were performed using a TriboIndenter® (Hysitron Inc., Min-
neapolis, MN, USA), equipped with a three-sided pyramid-shaped tip (Berkovich type)
in load controlled mode. Climatic conditions inside the indenter chamber were kept
constant at 20°C and 60% RH during the tests, using a RH-200 Relative Humidity Gen-
erator (L& C Science and Technology, Hialeah, FL, USA). All samples were stored in
the acclimatized chamber at least 24 hours before the actual tests, resulting in an av-
erage MC of 11% in the NI-specimens. Respective positioning of the indents in the
S2 cell wall layer or the CCML was verified using the built-in scanning probe micro-
scope (SPM). A step-wise load function was applied which consists of three consecutive
loading, holding and partial unloading steps following the protocol of Tze et al.| (2007)
for a continuous stiffness and hardness measurement. The maximum load amounted to
250 pN. The resulting imprints were inspected via the SPM. All load-indentation depth
curves were evaluated according to the Oliver and Pharr method (Oliver and Pharr,
1992). The slope of the initial unloading path S is related to the elastic material proper-
ties, namely to the indentation modulus M, by

_ VS
M = N (1.1)

with A¢ as the contact area. Division of the maximum load P,,., by the contact area
yields the indentation hardness [

(1.2)

For studying the effects of the drying procedures, 25 indents were placed both in
the S2 layer of tangential cell walls of latewood (LW) tracheids near the annual ring
border (Np §2=5x25) and in the CCML between these LW tracheids (Np ccon=5x25),
for each NI-specimen (REF, D1 to D4). The effect of different embedding procedures
was only investigated for the S2 layer. Again, 25 indents were placed in tangential
cell walls of LW tracheids near the annual ring border (Ng so=2x25) for the two NI-
specimens prepared in different manner (E1 & E2). Tangential cell walls were indented
rather than radial ones, since local MFA nonuniformities around bordered pits in the
radial cell walls (Sedighi-Gilani et al., 2006) would increase the variability of M due
to the dependence of M on the MFA (Jager et al., 2011a). In the CCML, edge effects
on M and H were studied. Since the severity of these effects strongly depends on the
indentation depth and, thus, the indenter load, a different load function was applied
here, consisting of seven-steps and reaching a final maximum load FP,,,, of 5000 uN
(see Figure[I.3] left). Twelve indents were placed in CCMLs between LW tracheids on
the reference NI-specimen REF (Npg conr=12).
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1.3 Results and Discussion

1.3.1 Edge Effects in the Cell Corner Middle Lamella (CCML)

The indentation modulus M and hardness H of the CCML at different loads were plot-
ted against the indentation depth / (Figure[1.3] right). An example of a finally remaining
imprint, exceeding the width of the CCML, is shown on the insert in Figure[I.3] left. In
this insert, the approximated sizes of the remaining imprints at all load steps are marked
and labeled from a to g. The results of step a, exhibiting indentation depths of less than
30 nm, were not considered due to possible contact problems. The indentation depth
was in the range of the surface roughness then, so that it cannot be assured that the
contact area A¢ is determined accurately. This is reflected by a higher H in step a (Ta-
ble[I.2). For the steps b to g, H did not show a distinct increase, even though the size
of the remaining indents clearly exceeded the width of the CCML during the loading
steps d to g (Figure[[.3]left). Thus, the indents had been partly placed in the adjacent S2
layer. Jakes et al.| (2009) also reported only small effects of nearby edges on their results
for hardness. The hardness even showed a slight overall decrease from 0.33+0.02 GPa
to 0.30+0.02 GPa at indentation depths from around 200 nm (step b) to around 800 nm
(step g, Figure[1.3]& Table[I.2)), which represents trends of decreasing indentation hard-
ness with increasing indentation depth, usually present in polymers at low indentation
depths, i.e. below 1 um (Briscoe et al., [1998; VanLandingham et al., 2001). Possible
origins have been discussed, like tip blunting or other inaccuracies of the tip-area func-
tion of the Berkovich tip at low indentation depths (Nix and Gao, [1998). The fact that
the CCML and the S2 layer show similar hardnesses (e.g. see Table[I.4)) may explain to
some extent that only small changes of hardness were observed with indentation depth.
Moreover, existing slight differences between hardnesses obtained for different inden-
tation depths might be masked by the generally high experimental scatter. This scatter
results to a good part from the variability of the width of the CCML (typically ranging
from 1.5 to 2.5 pm). In more detail, the indentation modulus M did not significantly
increase (p=0.01, paired t-test) from step b (h=30-200 nm: 7.10£1.18 GPa) to step c
(h=250-300 nm: 7.904-0.68 GPa), confirming the results obtained by Jakes et al. Jakes
et al. (2009), who also reported only small effects in the CCML from the nearby S2
cell wall layer at similar penetration depths. From step d (2 > 300 nm: 9.02+1.07 GPa)
onwards, significantly higher values were obtained. This suggests 300 nm as a rough es-
timate for the limit indentation depth at which edge effects in the CCML start to become
relevant. The corresponding width of the indent can be determined from the contact area
Ac, which is related to the contact depth h¢ by the so called tip-area-function Ac(h¢)
(Oliver and Pharr, [1992). For a maximum penetration depth A, of 300 nm, which is
always larger than h¢ if sink-in behavior is present (Oliver and Pharr, [2004), this yields
an upper bound of the contact area of 2.55 um?, corresponding to a side length a of ap-
proximately 1.7 pm. That means that the flanks of the Berkovich pyramid might already
touch the S2 cell wall layer at a penetration depth of 300 nm for typical dimensions of
the CCML in the NI-specimens used herein. Knowing the influence of the indentation
depth on the measurement results, the choice of a maximum load of 250 uN in the stan-
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dard indentation procedure can be checked. This load refers to indentation depths of
150 - 180 nm (a ~ 0.9 - 1.1 um), for which no edge objects were observed in the tests.
Moreover, the resulting M and H of the CCML, obtained at these indentation depths,
lie within the range of values, reported by Wimmer and Lucas (1997).

5500

5000

4500

4000

W
a
o
o

3000

2500

2000

indentation force [uN]

1500

1000 -

500

b,

[ ]
0.3[®e

[GPa]

A’&\*“A; e .:‘! !.:37 . ;:ﬁ ’

T
o
S 10
=

3*;1.'0 :£ he

0 200

400 600
indentation depth [nm]

800

a

2 S

b |

[

d e ;

f

9

0

200 400 600 800
h [nm]

Figure 1.3: Indentation in cell corner middle lamella (CCML); left: approximated re-
maining imprints of the indentation steps (bar represents 2 pum) and load-function for
the continuous indentation test; right: indentation hardness A and modulus M over the

corresponding indentation depths A (a-g) with trend lines

Table 1.2: Indentation modulus M and hardness H of the CCML with the correspond-
ing indentation depth ranges of the steps a to g (Figure [1.3)); *significant differences
(p<0.01, paired t-test) from values of step b

Step h[nm] M [GPa] H [GPa]

a <30 7.10£1.18 0.43+0.09*
b 30-200  7.35+0.82 0.3340.02
c 250-300 7.90+0.68 0.3240.03
d 350-500 8.82+1.08*  0.324+0.03
e 500-600 10.11+£1.50* 0.31+0.03
f ~700 10.74£0.88* 0.3040.03
g ~800 11.7740.90* 0.30+0.02

1.3.2 Effects of Sample Drying

A slight loss of oven dry mass occurred after repeated wetting-drying cycles. It amounted
to approximately 0.3%, 0.6%, and 0.75% after two (D2), three (D3), and four (D4)
cycles, with respect to the dry mass of the small clear wood samples after the first
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cycle (see Table[I.3)). The equilibrium moisture content (EMC), however, remained un-
changed throughout the drying cycles (Table[I.3). This indicates that no carbohydrates
were lost, and that the mass loss was most likely caused by the extraction of soluble
substances during water saturation and subsequent drying. The drying procedure was
severe enough to not only initiate macroscopic lens-shaped cracks in R-direction in the
2x2x2 c¢cm?® cubes, already after the second cycle, but also microscopic ones in the S2
cell wall layer. The latter were used to determine the microfibril angle on thin sections.
The indentation of the CCML yielded mean values of M ranging from 6.75+0.58 to
7.10£0.65 GPa for the samples REF to D4 (see Table[I.4] & Figure[I.4p). The slight in-
crease of M with increasing number of drying cycles is within the range of the observed
experimental scatter (Figure [[.4p) and was found not to be significant (p=0.01, paired
t-test). H of the CCML showed an increase from 0.29-+0.02 to 0.32+0.02 GPa for REF
to D4 (Figure[I.4b). Only D4 showed significantly increased values. Similar observa-
tions were made for the S2 cell wall layer: M did not show any significant increase or
decrease upon drying. M of sample D3 (18.55+£1.18 GPa) lay above all other measured
values (17.3241.39 GPa to 17.71£1.07 GPa, see Table & Figure [1.4k), but this
might rather be a consequence of locally smaller MFA in the first rows of LW tracheids
(Wagner et al., |2013). H in the S2 cell wall layer also showed a slight overall increase
from 0.33+0.03 GPa to 0.36:0.03 GPa for REF to D4, (Table & Figure [[.40).
The additional surface specimen D4s showed higher H (by 6%) and M (by 5%) in the
CCML than the corresponding specimen D4 from the interior of the same dried sample.
Also H and M of the S2 cell wall layer of D4s were higher than in D4, by 4% and 6%,
respectively. The slight increase of the hardness of both the CCML and the S2 cell wall
layer might be related to the extraction of soluble substances during the drying-wetting
cycles mentioned before. Such substances possibly act as plasticizing agents, which
reduce the hardness but do not affect the effective stiffness of the material. The fact that
M remains constant indicates that any possible re-arrangements of the wood polymers
during the glass transition are such that they do not alter the elastic properties of the
wood cell wall. The higher M in the specimen D4s, located at the surface of the spec-
imen, might result from a stronger effect of the extraction towards the surfaces of the
initial cubes. Moreover, again local MFA variations within the LW of that annual ring
might have contributed to the increased stiffness (Wagner et al., 2013). The observed
micro-cracks in the S2 cell wall layer apparently do not affect the mechanical properties
determined by nanoindentation. This might be because of the compressive loading of
the material during the indentation test, which results in crack closure upon loading.
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Figure 1.4: a) Indentation modulus M of the cell corner middle lamella (CCML); b)
indentation hardness H of the CCML; c¢) M of the S2 cell wall layer; d) H of the S2
cell wall layer

1.3.3 Effects of Embedding Medium

Embedding in different resins did not result in significantly different M/ and H in the
S2 cell wall layer of the NI-specimens (Table [I.5] p=0.31 and p=0.15, for M and H,
respectively, paired t-test). This indicates that neither the different stiffnesses of the
resins nor the different curing temperatures affected the indentation results. Similar
findings have been reported for trabecular bone samples embedded in epoxy resins with
stiffnesses differing up to a factor of approximately seven (from 0.54 GPa to 3.74 GPa
(Mittra et al., 2006). The mechanical properties of the two different embedding resins
used herein were assessed by NI, using the standard procedure (three-step load function,
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Table 1.3: Masses and equilibrium moisture contents (EMC) of the samples REF to D4
during repeated wetting and drying cycles, *based on a dry mass of 3.384 g determined

afterwards
Step Min;  EMCy,; Dry Dry Dry Dry Myim  EMCrp
Sample [g] [%0] #11[gl #2[gl #3[g]l #41[g]l [g] [%]
REF 3763 11.20* - - - - 3.756 10.99*
D1 3735 11.23 3.358 - - - 3.726 10.96
D2 3.507 11.33 3.150 3.141 - - 3.487 11.02
D3 3.513 11.14 3.161 3.148 3.143 - 3.489 11.01
D4 3.407 11.12 3.066 3.056 3.051 3.043 3378 11.01

Table 1.4: Indentation modulus M and hardness H of the S2 cell wall layer (S2) and cell
corner middle lamella (CCML; mean4-sd); *significant differences from REF (p<0.01,
paired t-test)

CCML S2
M [GPa] H [GPa] M [GPa] H [GPa]
REF 6.83£0.93 0.29+0.02 17.71£1.07  0.33+0.03
D1  6.93+0.68 0.30+0.02 17.35+1.39 0.35+0.02*
D2 7.06+£0.65 0.294+0.02 17.32+1.36  0.33+0.02
D3  6.75+£0.58 0.30+0.01 18.55£1.18* 0.35£0.04
D4  7.10+£0.65 0.32+0.02* 17.43£1.10 0.36£0.03*
D4s 7.44£0.45* 0.33+£0.01* 18.43+£1.92 0.37£0.03*

250 N maximum load, 25 indents per specimen) and resulted in M of 5.124+-0.07 GPa
for the Agar Low Viscosity Resin Kit (A-LV) and of 3.97£0.16 GPa for the Struers
EpoFix (S-EF), and H of 0.25£0.00 GPa for A-LV and of 0.21£0.02 GPa for S-EF.

Non-embedded LW cells in the center of the NI-specimen, did not show signifi-
cantly different M and H either, compared to both the A-LV and the S-EF samples
(Table[L.5)), p=0.76 and p=0.05, for M and H, respectively, paired t-test). However, the
standard deviations of M and H obtained for non-embedded cell walls were higher by
factors of 3 and 2, respectively, than for embedded ones. Kim et al.| (2012) tested ap-
parently non-embedded softwood (Southern pine) LW cells in the center of a specimen,
embedded in a pre-cured epoxy resin. They also found no significant differences in
both M and H between embedded and nonembedded specimens together with a higher
overall variability for the nonembedded specimens.

The higher experimental scatter observed for non-embedded samples might result
from various sources. Particularly tangential cell walls are susceptible to delaminations
and cracks within the cell wall during microtome cutting in radial direction when left
non-embedded. The cracks extend from the plainly cut surface into the underneath
material. Delamination may occur between cells in the middle lamella or between in-
dividual layers within the cell wall (Figure [I.5)), e.g. by pulling off the S3 layer from
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the S2 layer as the knife passes the interface from the cell wall to the lumen. Extending
from these delaminations in the tangential walls, cracks may occur in the radial cell
walls near the cell corners (Figure[1.3).

However, damage during cutting should not only lead to a higher experimental scat-
ter but also to a decrease of the mean values of M and H, which was not observed. It
might be that some other effects have counteracted such a decrease of the indentation
results. For example, locally higher MFAs in the non-embedded samples might have
caused an increased stiffness and hardness of the (sound) cell wall material. Another
possible origin of the higher experimental scatter might be slight random misalignments
of the specimens in tangential direction. An inclination of the sample around the radial
direction with respect to the indentation direction would lead to an apparently higher
MFA in one tangential cell wall and an, by the same amount, apparently lower MFA
in the opposite tangential cell wall of one wood cell. This might explain the observed
increased variability (SD) of the indentation moduli at equal mean values.

tangential wall S3 layer

Figure 1.5: Delamination in tangential cell wall (a) and a crack, extending from this

delamination, near the cell corner (b), induced during cutting of non-embedded cell

wall (left) and proposed delamination mechanism, i.e. S3 layer is pulled off the S2
layer during cutting (right)

Table 1.5: Indentation modulus M and hardness H of the S2 cell wall layer using
different embedding materials and techniques (mean+sd)

REF El E2
Sample  (Agar LV Kit) (no vacuum, Agar LV Kit) (Struers EpoFix)
M [GPa] 17.71+£1.07 17.674+3.06 18.234+1.36
H [GPa] 0.3340.03 0.36+0.06 0.35+0.03

1.4 Concluding Remarks

Herein, the influence of (1) potential edge effects during the indentation of the cell
corner middle lamella (CCML), (2) of heating and drying during sample preparation,
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and (3) of different embedding epoxy resins on the results of nanoindentation tests on
softwood cell walls were studied.

No differences in the stiffness and hardness of the CCML were found when the
contact area A was increased up to approximately the size of the CCML. Even slightly
exceeding this size did not cause an instant drastic increase. Thus, no edge effects, due
to interfaces between CCML and the surrounding S2 cell wall layers were observed
for indentation depths ~ up to 150-180 nm in the investigated samples. Rather, the
measured indentation moduli M and hardnesses H exhibited usual ranges and scatter.
Related contact areas approach typical sizes of the CCML between LW tracheids in
Norway spruce.

Water saturation followed by harsh drying hardly affected the measured mechanical
properties of the S2 cell wall layer and the CCML. Repeated cycles of water saturation
and severe drying, however, resulted in a slight increase of M and H in the CCML.
H also increased slightly in the S2 cell wall layer, while no changes of M could be
identified there. The observed increases might be explained by the extraction of some
soluble agents from the cell wall. Possible rearrangements of the wood polymers lignin
and hemicelluloses, in consequence of exceeding the glass transition temperature during
the curing of the resin, seem not to change the mechanical behavior of the wood cell wall
during indentation tests. Therefore, heating of the samples when curing the resin in the
embedment procedure can be expected to not influence the mechanical properties of the
wood cell walls as determined by nanoindentation.

Using different embedding materials did not result in changes of the measured
mechanical properties of the S2 cell wall layer. Also indentation of apparently non-
embedded wood cell walls did not yield significantly different M and H. Due to the
lack of support of the cell walls by an embedding material during microtome cutting,
the wood cell walls are frequently damaged, leading to a higher variability of the ob-
tained results.
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Water significantly reduces the mechanical resistance of wood. While this effect is
well analysed and quantified on the macroscale, few studies have addressed this issue
at the cell wall scale. Stepping down in length scales enables to exclude the influence
of the inevitable large variability of the cellular structure of wood, which impedes com-
parisons between samples, and to probe cell wall layers individually. Herein, we report
on a nanoindentation study on five different wood species, in which elastic and creep
properties of the S2 layer and the middle lamella were determined. Measurements were
carried out at relative humidities ranging from 10 to 80% as well as under water. In-
dentation moduli were found to decrease by about a third in the S2 layer and by about
a half in the middle lamella between relative humidities of 10% and 80%. The steep-
est decline of the indentation moduli is encountered between moisture contents of 5
and 10%, which results for some samples in a pronounced S-shape of the curve show-
ing indentation modulus over moisture content and is ascribed to the plasticisation of
hemicellulose. Immersion into water results in a further drop of the indentation modu-
lus to about 20-30% of its value at 10% relative humidity. This may be caused by the
additional softening of para-crystalline regions of the cellulose fibres.
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2.1 Introduction

Wood is a hygroscopic material and adsorbs and desorbs water in reaction to changes
of the environmental humidity. The reduction of the mechanical resistance and the di-
mensional changes upon moisture uptake are highly adverse effects from an engineering
point of view and are considered as one of the main barriers against a more intensive use
of wood for constructive purposes. In consequence, the wood-water interactions have
been studied intensively already since the early 20" century. Despite the efforts, there
is still a lot of uncertainty about the mechanisms how moisture is taken up and incor-
porated into the structure, and — in consequence — how it affects the material behaviour.

Most experimental investigations were carried out on macroscopic samples. How-
ever, wood is a cellular material, and particularly the density and the cell structure are
prone to a high natural variability. This makes it difficult to compare results obtained
on different samples and species, and to extract the common trends from influences of
microstructural variability. This motivates to assess the material properties at the cell
wall scale, where the effect of moisture can be tested more immediately, and where in-
fluences of the cellular structure and the overall mass density of wood are eliminated.
Moreover, testing at smaller length scales allows to probe different cell wall layers indi-
vidually. Their different composition and structure should deliver enhanced insight into
the effects of water on the material and its mechanical behaviour.

Being introduced into wood science by [Wimmer et al.| (1997), nanoindentation has
established itself as one of the main mechanical testing method for wood cell walls
(cf. e.g. review by [Eder et al.| (2013))). Herein, we have applied nanoindentation to
samples of five different wood species at four different relative humidities between 10
and 80% and under water. Both the S2 cell wall layer, which constitutes the by far
thickest and stiffest layer, and the middle lamella, which connects neighbouring wood
cells, were tested. In addition to the indentation modulus, also creep parameters in
terms of increased deformation under constant loading were determined. The scope of
the study in terms of moisture conditions and variety of samples goes well beyond that
of previous investigations. All samples have undergone comprehensive microstructural
characterisation (Bader et al., 2012c}, de Borst et al., 2012; Wagner et al., 2013)), which
enables a systematic comparison of the obtained results with respect to the composition
and the morphology of the individual samples. This is expected to deliver enhanced
insight into the role of specific wood polymers and their arrangement in the cell wall
layers in relation to the softening effect of water on wood.

Before the experimental campaign is outlined and discussed, we briefly review and
summarise existing test results for the elastic and viscoelastic properties of wood at
different moisture contents, as well as the current understanding of wood-water interac-
tions.
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2.2 State-of-the-art

The stiffness is commonly found to first slightly increase from the dry state up to mois-
ture contents of about 5%, from where onward the stiffness continuously drops with
increasing moisture until the fibre saturation point is reached (e.g. Gerhards| (1982);
Kollmann| (1982); Skaar (1988)). Gerhards| (1982) summarized results of a large num-
ber of studies on various wood species and arrives at a drop of the elastic modulus in
longitudinal direction by 10 to 20% between moisture contents (MC) of 12 and 20%,
and by 5 to 25% over the same moisture range in the radial and tangential direction.
Changes of similar magnitudes were measured on single wood fibres. Eder|(2007) found
that the elastic modulus of a wet spruce fibre in fibre direction was lower by 25% com-
pared to the fibre at conditions of 65% RH at 20°C, which relates to approximately
12% MC. Ehrnrooth and Kolseth| (1984) obtained ratios between 2.47 and 4.75, with a
mean of 3.07, for the elastic modulus of a spruce fibre at 50% RH and water soaked.
They observed that the content of hemicelluloses and lignin only marginally affects the
measured moduli. Kersavage (1973) tested fibres of Douglas fir at MCs between 0 and
17% and above the fiber saturation point. Compared to their highest value at 6% MC,
the modulus in the dry state was 7% lower, and the one at a MC of 17% was 11% lower.
In the wet state, it dropped to about half of the maximum. As for creep, Ehrnrooth and
Kolseth|(1984) report an increase of displacement up to about 10% over a period of 10 s,
which depends on the applied load. |Olsson et al.| (2007) observed a creep strain rate of
0.041 and 0.044%!/s in spruce fibres at stresses of 280 MPa and 440 MPa, respectively,
at a relative humidity of 80%.

Nanoindentation has already been applied to study the elastic behaviour of wood
cell walls at different MCs (Yu et al., 2011} Li et al., 2014). 'Yu et al.|(2011) reported a
linear decrease of the indentation modulus of Masson pine by 17% from a MC of 4.5%
to a MC of 13.1%. The corresponding creep rate at constant load was about 1.5-1.8
nm/s at MCs between 4.5% and 7.7%, increasing up to 2.2 nm/s at 13.1% MC. |L1 et al.
(2014) reported no significant changes of the creep rate for Masson pine cell walls in a
MC range of 5 to 8%, whereas increasing MFA lead to higher creep rates. They also
reported the indentation modulus to decrease by 6.5to 12.3% going from 5 to 11% MC,
depending on the MFA. Similar measurements by Jakes et al. (2009) found an increase
of 25% in indentation depth over 20 s on Loblolly pine samples.

2.3 Materials and Methods

2.3.1 Samples

Investigations were carried out on wood samples of three softwood species, namely Nor-
way spruce (Picea abies [L.] Karst.), Common yew (Taxus baccata L.), and Scots pine
(Pinus sylvestris L.) as well as two hardwood species, namely European beech (Fagus
sylvatica L.) and European oak (Quercus robur L.). The sample material has under-
gone microstructural and compositional characterisation (Bader et al., 2012c} de Borst
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et al., 2012; [Wagner et al., 2013), which is summarized in Table 2.1 Small wood spec-
imens (approx. 1.5x2x1mm? in longitudinal, radial, and tangential direction) were cut
from the latewood (LW) region of annual rings investigated in the mentioned charac-
terisation campaign. Following the protocol proposed by Wagner et al.| (2014a) for the
sample preparation, the specimens were embedded in a resin to stabilise the wood cell
walls. The cross sectional surface of the embedded samples was cut smooth, using a
microtome equipped with a diamond knife. The specimens were stored in ambient con-
ditions of 20+2°C and 30-40% relative humidity (RH) prior to embedding, and had to
be heated during resin curing to 60°C for 24 hours (Wagner et al., 2014a), which will
have led to partial drying of the samples. After curing, the samples were conditioned at
the same ambient conditions again as before the embedding. It has to be kept in mind
that the embedding resin might have restrained the swelling of the wood specimens dur-
ing the changes in MC and thus have induced stresses and possibly damage such as
microcracks.

Table 2.1: Microfibril angle (MFA) and composition in terms of mass fractions of cellu-

lose (weo ), hemicelluloses (wy¢), lignin (wy;¢), and extractives (wgxr) of the inves-

tigated wood samples (a...(Bader et al., 2012c), b...(Wagner et al., 2013), c...(de Borst
et al.l 2012))

sample MFA [O] WecEL W WrLig WEXT ref.
Norway spruce  12.5 49.1 244 237 28 a
Common yew 27.0 4477 208 239 106 a
Scots pine 12.7 46.6 27.1 235 25 b
European beech 7.0 49.1 250 232 27 c
European oak 3.0 40.8 322 21.0 6.0 c

2.3.2 Nanoindentation

The nanoindentation tests were carried out using a Triboindenter® (Hysitron Inc., Min-
neapolis, MN, USA), equipped with a three-sided pyramid-shaped tip (Berkovich type)
in load controlled mode. The measurement chamber of the Triboindenter® was clima-
tized to 224+1°C and in steps to 10, 40, 60, and 80% RH, respectively, using a RH-200
Relative Humidity Generator (L&C Science and Technology, Hialeah, FL, USA). For
tests under water, i.e. under fully saturated conditions, the sample was put in a small
container, which was clamped to the magnetic table of the Triboindenter® by the aid of
the small steel discs, onto which the specimens were mounted during sample prepara-
tion. To limit the variability of the results, all indents at different RH were performed
within an area of approximately 200x200 ym? within the LW region of each sample.
The position of the indents on the respective cell wall was chosen from scanning probe
microscopy (SPM) images, recorded with the in-built SPM in the Triboindenter®. For
the tests under water, the indenter tip was removed from the surface after SPM imaging
and the container was then filled with water until the sample was covered by approxi-
mately 2 mm of water. 30 min after immersion the indents were performed (Yu et al.,
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2011)). Indents were placed in the S2 layer of LW cells as well as in the middle lamella
(ML) in the cell corners between those LW cells. The applied two-step load function
consisted of loading to the half of the later applied maximum load P,,,., holding that
load level for 15 s, partial unloading to one quarter of F,,,,, reloading to F,,,,, holding
that load level for another 15 s, and complete unloading. P, was set to 200 uN for
the S2 layer and to 130 uN for the ML, respectively. These loads had to be reduced
for the tests at 80% RH and under water to 150 N (S2) and 90 uN (ML), in order to
fulfil the required distance of the indent to the nearest interface to avoid possible edge
effects (Jakes et al., 2009). The resulting load-penetration depth curves were analysed
following the approach by |Oliver and Pharr| (1992)), relating the initial slope of the un-
loading segments of the curves (initial unloading stiffness .5) to the so called indentation
modulus M by:

S
M = \/_L7 2.1)

2V A
where A¢ is the contact area. In addition the indentation creep C' was defined as follows:
hi — hg

0

C = x 100%. (2.2)

where hg and h; are the indentation depths at the start and at the end of the holding
phases (CSM Instruments, 2002). The indentation depths at half and at full load lie
within the range where no effects of the indentation depth on M, beyond the usual
experimental scatter, are to be expected (Tze et al.l [2007; Wagner et al., [2014a). Thus,
M was evaluated at half and full load together. Less is known about potential influences
of indentation depth on the creep behaviour, so that C' was evaluated separately for the
first (C'1) and the second holding phase (C'2).

2.3.3 Environmental Scanning Electron Microscopy (ESEM)

Environmental scanning electron microscopy was applied to check whether the cell
walls of the embedded wood specimen were able to shrink and swell upon MC changes.
Within the same specimen, walls of cells filled with embedding material as well as walls
of cells apparently empty were investigated by means of a scanning electron microscope
(Quanta 200, FEI, Hillsboro, OR, USA). The images were recorded at a magnifica-
tion of 15000, using 10 to 20 kV acceleration voltage and the climatic conditions were
20°C and water vapour pressures of 5 and 20 mbar, corresponding to approximately 20
and 75% RH, respectively.

2.3.4 Dynamic Vapour Sorption (DVS)

The equilibrium MCs (EMC) at the set RH were analysed from small matched wood
samples of approximately 20 mg which were prepared using razor blade. The analysis
was performed using a Dynamic Vapour Sorption Extended Temperature (DVS-ET)
apparatus (Surface Measurement Systems, London, UK). First the samples were dried
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under dry nitrogen gas flow (200 cm?/min) until a MC 0%, followed by a sorption cycle
with RH steps 0-10-40-60-80% at 22°C. The DVS-ET apparatus maintained a constant
RH until the change in the sample mass was lower than 0.002% over a 10 min period to
ensure a constant equilibrium condition after each RH step.

2.4 Results

24.1 ESEM

Figure [2.1| shows exemplary ESEM images of apparently non-embedded European oak
cell walls at 20 and 75% relative humidity, respectively. The thicknesses of correspond-
ing cell walls were measured in both states, and their expansion in relation to the values
at 20% humidity calculated. This yields a qualitative measure of the deformations of
embedded and non-embedded cell walls. Both expansion and compression of cell walls
could be detected, ranging from 3.5% compression to 14.5% expansion, regardless of
the respective species and whether the cell walls were embedded or non-embedded. This
shows the limitations of assessing overall dimensional changes from individual cell wall
measures. Similar findings of compressed cell walls with increasing MC have been re-
ported before (Sakagami et al., 2007)) and have been associated with inaccuracies of the
measurement method — which cannot be ruled out here either — and with the cell geome-
tries and the cell wall microstructure. However, no significant differences of thickness
changes between embedded and non-embedded cell walls were detected in the current
investigation. Despite the mentioned deficiencies, this observation gives confidence that
the embedding has not affected the nanoindentation results.

det spot tilt pressure W W det spot tilt pressure
GSED 20 -0° 500 mbar ] 20.00 5.3 GSED 20 -0° 2001 mbar

Figure 2.1: ESEM images of non-embedded European oak cell walls at 5 and 20 mbar
water vapour pressure, corresponding to approximately 20 and 75% RH



Publication 2 39

24.2 DVS

The equilibrium MCs of the samples, determined by means of DVS, are summarised
in Table 2.2] They will be used for the interpretation of the indentation results in the
discussion section. It should be noted that the EMCs relate to the whole wood samples,
and that the local MC in the ML and the S2 layer, respectively, will slightly deviate
from these values. Since the current study focusses on qualitative effects of moisture
on cell wall stiffness and creep, no attempt is made to determine these layer-specific
EMCs from the measured ones, based on chemical composition and component-specific
sorption capacities.

Table 2.2: Moisture contents (MC) of the five different species at the investigated cli-
matic conditions of 22°C and different relative humidities (RH), resulting from the
DVS measurements

Species 10% 40% 50% 60% 70% 80%
Scots pine 38 72 82 94 113 14.6
Norway spruce 3.5 7.0 81 95 11.5 14.1
Commonyew 3.0 47 55 64 80 10.6
Europeanoak 24 46 55 68 9.1 11.7
Commonbeech 2.7 54 64 79 102 13.1

2.4.3 Nanoindentation

The results of the nanoindentation tests are shown in Figures in terms of the
sample-specific indentation moduli and creep parameters of ML and S2, respectively,
as functions of relative humidity. Inter-species trends at a certain relative humidity can
be identified by markers of the same colour.

The indentation moduli show a pronounced decrease at increasing relative humidity
from 10 to 80% RH, followed by a further significant drop to their values in the wet
state. The observed trends are similar for the ML and the S2 layer and across all species
(Figure[2.2). Also the absolute values are quite similar, except for the moduli of the S2
layer in yew at conditions of 10 to 80% RH, which fall considerably below comparable
results obtained for other species.

The influence of moisture is even more pronounced for the creep parameters than for
the indentation moduli. Particularly in the ML, the results show a two-level behaviour
with a step change between 60 and 80% RH and only little variability of the results with
humidity otherwise. The influence of moisture is more gradual in the S2 layer. Only for
yew, the described step change is observed in the S2 layer as well.

The influence of moisture is qualitatively the same for both creep parameters. The
second creep parameter C'2 (Figure 2.4)), related to the second holding phase at the max-
imum load, is consistently about 25-30% lower than the first parameter C'/ (Figure[2.3),
related to the first holding phase at half of the maximum load. This counterintuitive
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Figure 2.2: Indentation modulus M in (a) S2 layer and (b) middle lamella (ML) at
different relative humidities (RH)

trend could be explained by the fact that the higher load causes plastic deformations and
potential micro-damage in a larger area and may reduce creep in these zones.

It is unclear why the results for the creep parameters of the ML in beech are con-
sistently lower in the wet state than at 80% RH. This may have been caused by a local
inhomogeneity of the sample at the position, where C'/ and C'2 were measured. Indeed,
while C'I and C'2 were measured at exactly the same point without moving the indenter
tip in between the measurements, the tests at different RHs could only be realised in
close vicinity to each other.

2.5 Discussion

2.5.1 Indentation Moduli

In order to further elucidate the influence of MC on the indentation results, and to allow
comparisons between the samples, relative courses of the indentation modulus over MC
were plotted (Figure [2.5), with the values at 10% RH serving as reference. Moisture
content has been chosen as independent variable rather than the relative humidity, since
it is directly characterising the physical state of the cell wall.
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Figure 2.3: First creep parameter C'/ in (a) S2 layer and (b) middle lamella (ML) at
different relative humidities (RH)

All curves show the crucial influence of moisture on the indentation results. In
the middle lamella (ML), the modulus at 80% RH is only around half of its value at
10% RH. In the S2 layer, the indentation modulus drops less, with ratios of moduli at 10
and 80% RH, respectively, of around 0.7. The variability of this ratio between species
is higher in the S2 layer than in the ML. This variability could stem from the different
MFAs of the samples. Indeed, the hardwood samples with lower MFAs exhibit higher
ratios than the softwood with higher MFAs (Table 2.T)). This is consistent with the fact
that the amorphous polymeric matrix in between the cellulose fibres is more affected
by moisture than the fibres themselves, and that it more strongly influences the overall
cell wall behaviour at higher MFA (Kojima and Yamamoto, |2005). Higher indentation
moduli at lower MFA were also measured by |L1 et al. (2014).

When immersed into water, the indentation moduli in the ML and the S2 layer level
out at rather similar values relative to the initial moduli, typically in the range of 20-
30% of the values at 10% RH. The ratios tend to be slightly lower for the ML. On the
whole, the observed trends are well in line with previous measurements on fibres and
cell walls reported in the state-of-the-art section. Due to the limited size of the data set,
the moisture sensitivity of the indentation moduli could not be definitively correlated to
the chemical composition of the samples (Table [2.1).
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Figure 2.4: Second creep parameter C2 in (a) S2 layer and (b) middle lamella (ML) at
different relative humidities (RH)

The results for the yew sample showed some peculiarities. The absolute values in
the S2 layer were considerably lower than for the other samples, which is most likely
because of the high MFA of yew. As regards the moisture influence, rather similar
relative reductions of the indentation moduli from 10% RH to 80% RH were found
in both the ML and the S2 layer, with ratios of 0.71 and to 0.8, respectively. These
ratios are moreover considerably higher than in the other samples. However, also the
moisture uptake in yew was much smaller at the same relative humidity. Its equilibrium
moisture content of only 10.6% at 80% RH clearly falls below the EMCs of 14-15% for
the other softwood samples at this RH (Table 2). This might be a consequence of the
high content of extractives in yew, which are particularly concentrated in the ML and
might have caused the observed lower moisture influence there. The results in yew at
80% RH compare well with the results in other softwood samples at 60% RH, which
relate to comparable MCs. This underlines the physical relevance of the MC rather than
relative humidity. In the S2 layer, the positive effect of reduced hygroscopicity of yew
could have been outweighed by the high MFA of the sample (Table[2.1), which increases
the relative influence of the matrix on the cell wall behaviour (Kojima and Yamamoto),
2005). Interestingly, the relative indentation moduli of yew measured under water are
well in line with the results measured on other samples. This might indicate that the
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Figure 2.5: Relative course of indentation modulus M over moisture content (MC) —
markers relate (from left to right) to 10, 40, 60, 80% RH and the wet state (these curves
still need to be edited when the data in Table 5.2 is complete)

final sorptive capacity of yew is similar to that of the other species, but that sorption
picks up only at higher relative humidities.

Most curves in Figure [2.5] exhibit the steepest descent at intermediate MCs of 5-
10%. This is particularly pronounced for the ML in pine and spruce, and for the S2
layer in spruce and oak, resulting in an S-shaped course of the modulus over MC. It
indicates that a transition occurs from a region with high moduli at low MC (<5%)
to a region of low moduli at high MC (>10-15%). Indeed, the glass transition of the
hemicelluloses has been reported to happen at moisture contents between 10 and 20%
at room temperature (Kelley et al., 1987} [Stelte et al., 2011), and could be responsible
for the observed drop. |Cousins (1978) tested extracted hemicellulose and found only a
small variation of the Young’s modulus in the range of moisture contents between 0 and
10%, but a drop by nearly three orders of magnitude above 10% up to saturation.

The glass transition of the hemicelluloses has been invoked before to explain tran-
sitions observed for the mechanical behaviour of wood: Examples include a secondary
transition in moist spruce wood at room temperature found by means of DMTA (dy-
namic mechanical thermal analysis) by Kelley et al.| (1987), and a transition at 5°C in
spruce at 9% MC measured by the same method by [Stelte et al. (2011). Salmén| (1982)
invoked the glass transition of the hemicelluloses to re-produce experimental data by
Carrington| (1922), in particular the considerable drop of stiffness at MCs between 10
and 20%, using a micromechanical cell wall model.
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The corresponding local MC in the hemicelluloses is expected to be higher than the
overall content in wood. An estimate of the MC of the hemicelluloses can be obtained
by scaling the overall MC with the concentration of the hydroxyl groups in the hemi-
celluloses and in wood, respectively, which constitute the main sorption sites for water
in wood (Engelund et al., 2013)). This yields a MC of 15% in the hemicelluloses at an
overall MC of 10% in wood.

In the in-situ state in wood, the local environment of the polymer chains affects
the segmental mobility of the polymer chains and, thus, the MC at which the glass
transition happens (Struik, [1987). This takes effect particularly in the S2 layer, where
the vicinity of crystalline areas can limit polymer mobility and shift the glass transition
to higher MCs at a given temperature than would be observed for the polymer in the
extracted state. [Salmén| (1982)) concludes for cellulose that the softening occurs over a
broad range of MCs, at room temperature ranging from 80% relative humidity to full
immersion in water. This brings about a rather gradual transition of the mechanical
properties over MC, as observed in the nanoindentation tests, rather than in a step-like
decline. It may cause that no S-shape forms at all, as is for example observed for the S2
layer of pine and beech.

The softening effect of water results from the breaking of hydrogen bonds in the
wood polymers by the water molecules entering the cell wall. The bond breaking not
only increases the polymer mobility and enables the glass transition, but also reduces
the stiffness of the polymer. It shows up in a continuous reduction of the indentation
modulus over increasing MC. This reduction is superimposed to the more rapid decline
upon the glass transition and may also mask the S-shape expected for the latter. This
might be the case of the indentation curves for the ML of oak and beech, which show
a rather gradually decreasing trend. Moreover, the lack of a backward bend in many
curves may be a consequence of investigating only relative humidities up to 80%. It is
well possible that the moduli level out again at humidities higher than those observed.
Likewise, the lack of a downward bend at low MCs might result from the existence of
softening effects from the lowest investigated relative humidity onwards. Investigations
at more extreme relative humidities will clarify this in the future.

Upon immersion in water, also the disordered regions of cellulose soften, resulting in
a larger drop of the modulus and, thus, another step change compared to the level result-
ing from the glass transition of the hemicelluloses alone (Salmén, |1982).The restraining
effect of the crystalline sections of the cellulose microfibrils can explain the lower re-
duction of the modulus at high MCs in the S2 layer compared to the ML. However, one
would expect that this also brings about a higher variability of the glass transition points
in this layer, resulting in a stretch of the transition over a broader moisture range. The
opposite is observed, namely a more gradual transition in the ML. It remains a matter
of speculation why this is the case.
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2.5.2 Creep Values

The creep parameters at half load (C'/) and at maximum load (C'2, Figures[2.6/and
show the transition at MCs between 5 and 15% more clearly. They show a distinct
upward bend, while being almost constant at lower MCs. This suggests a significant
increase of creep in the rubbery state after going through the glass transition. This
observation seems to be in contrast with L1 et al. (2014), who report no significant
influence of the MC on the creep behaviour. However, the highest relative humidity
investigated by these authors was 60% RH. In the current test series, the upward bend
of the creep parameters in the pine sample only happens between relative humidities of
60% and 80%. Thus, Li et al.| (2014) might have missed this transition.
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Figure 2.6: Relative course of first creep parameter C'/ over moisture content (MC) —
markers relate (from left to right) to 10, 40, 60, 80% RH and the wet state (these curves
still need to be edited when the data in Table 5.2 is complete)

The creep parameters only show a rather small further increase when the sample is
immersed to water in the S2 layer. In the middle lamella, they even remain more or
less constant. Different from the indentation moduli, the softening of less ordered parts
of the cellulose in addition to the hemicelluloses does not seem to cause significant
additional creep. As mentioned in the results section, the drop of the creep parameters
in the middle lamella of beech is not considered to be physically caused but rather by
the local variability of the material.

The creep parameters show similar trends in all samples, though the variability is
higher than for the indentation moduli. The transition is generally less pronounced and
more gradual in the S2 layer than in the ML, which may be a consequence of the re-
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Figure 2.7: Relative course of second creep parameter C'2 over moisture content (MC) —
markers relate (from left to right) to 10, 40, 60, 80% RH and the wet state (these curves
still need to be edited when the data in Table 5.2 is complete)

straining effect of the crystalline sections and the resulting spread of the glass transition
over a larger moisture range, as explained in relation to the indentation moduli. The
transition is most evident in the yew sample, where real step-changes are observed be-
tween RHs of 60% and 80%, respectively. Because of the higher MFA of yew, the
results show more directly the behaviour of the amorphous matrix, and reduce potential
distributing effects of the cellulose microfibrils. Again, the small data set prevents any
conclusions on the influences of the chemical composition of the samples (Table [2.1))
on the creep parameters and their dependence on the MC.

2.6 Conclusions

Nanoindentation was applied to investigate the influence of moisture on the elastic and
creep properties of wood cell walls. The S2 layer and the middle lamella of five different
wood species (spruce, pine, yew, beech, and oak) were tested at relative humidities
between 10% and 80% as well as immersed in water.

Indentation moduli were found to decrease significantly with increasing humidity.
They dropped by about a third in the S2 layer and by about a half in the middle lamella
between relative humidities of 10% and 80%. In general, variability is higher in the S2
layer, which might be a consequence of the varying microfibril angle in this layer. Con-
sistent with the stronger effect of moisture on the hemicellulose-lignin matrix compared
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to the cellulose fibres, the effect of moisture is more pronounced in the middle lamellae,
and it increases in the S2 layer with rising microfibril angle.

The steepest decline of the indentation moduli is encountered between moisture con-
tents of 5 and 10%, resulting for some samples in a pronounced S-shape of the curve
showing indentation modulus over moisture content. This indicates a transition in the
material, which is ascribed to the plasticisation of hemicellulose. Significant stiffness
losses upon the glass transition of the hemicelluloses have been observed before for
macroscopic wood samples. Immersion in water results in a further drop of the indenta-
tion modulus to about 20-30% of its value at 10% relative humidity. This may be caused
by the additional softening of para-crystalline regions of the cellulose fibres.

The creep data exhibit this transition even more clearly. In the softened state, creep
is typically 50% higher than in the glassy state. Particularly in the middle lamella, only
minor influences of changing relative humidity are observed outside of the transition
region, and also immersion in water does not cause any further increase of the extent
of creep. In the S2 layer, a further rise of about 30% is observed then, which again
indicates that further softening is happening in the cellulosic regions.
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Microstructural properties of wood vary considerably within a tree. Knowledge of these
properties and a better understanding of their relationship to the macroscopic mechani-
cal performance of wood are crucial to optimize the yield and economic value of forest
stocks. This holds particularly for the end-use requirements in engineering applica-
tions. In this study the microstructure-stiffness relationships of Scots pine are examined
with a focus on the effects of the microstructural variability on the elastic properties of
wood at different length scales. For this purpose, we have augmented microstructural
data acquired using SilviScan-3™ (namely wood density, cell dimensions, earlywood
and latewood proportion, microfibril angle) with local measurements of these quantities
and of the chemical composition derived from wide-angle X-ray scattering, light mi-
croscopy, and thermogravimetric analysis, respectively. The stiffness properties were
determined bymeans of ultrasonic tests at the clearwood scale and by means of nanoin-
dentation at the cellwall scale. In addition, micro-mechanical modeling was applied to
assess the causal relations between structural and mechanical properties and to com-
plement the experimental investigations. Typical variability profiles of microstructural
and mechanical properties are shown from pith to bark, across a single growth ring and
from earlywood to latewood. The clear increase of the longitudinal stiffness as well
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as the rather constant transverse stiffness from pith to bark could be explained by the
variation in microfibril angle and wood density over the entire radial distance. The
dependence of local cell wall stiffness on the local microfibril angle was also demon-
strated. However, the local properties did not necessarily follow the trends observed
at the macroscopic scale and exhibited only a weak relationship with the macroscopic
mechanical properties. While the relationship between silvicultural practice and wood
microstructure remains to be modeled using statistical techniques, the influence of mi-
crostructural properties on the macroscopic mechanical behavior of wood can now be
described by a physical model. The knowledge gained by these investigations and the
availability of a new micromechanical model, which allows transferring these findings
to non-tested material, will be valuable for wood quality assessment and optimization
in timber engineering.

3.1 Introduction

A major asset of wood is its natural origin. Particularly in times of increasing awareness
of environmental problems and of rising ambitions regarding a carbon-neutral, sustain-
able consumption, there has been renewed interest in the use of wood and wood prod-
ucts. Wood proves suitable for a multitude of purposes, including the application to
engineering structures. In this context, the natural origin of wood and its inherent high
variability are also the biggest obstacles to its use at a wider scale. The main competitors
for wood and wood products in the building sector — steel, concrete, and masonry — are
all man-made materials, which can be designed for a specific purpose and produced in
an industrial environment with only small fluctuations in their properties. Wood, how-
ever, has a large variability in the properties of the raw material, and it is impossible to
tailor the material behavior to the requirements of the final application. Herein, we elu-
cidate the variability of microstructural and micromechanical characteristics at different
length scales and evaluate its effect on the practically relevant macroscopic behavior
of wood. Improved knowledge about the factors controlling sawn timber performance
will help to better select, categorize, and even breed trees for particular purposes. This
will contribute to a more knowledge-based timber production, which has to date con-
centrated mainly on maximizing volume production. Traditionally, the selection and
categorization of logs has commenced in the sawmill yard, after the trees have been
harvested and without prior quality assessment. Thus, a large proportion of low-quality
material is processed, with associated costs for the timber processing industry.

There is currently a growing interest in earlier preselection of forest material and,
beyond that, in influencing the end-use properties by targeted silvicultural practices.
Many previous studies have described the relationships between silvicultural practices
— expressed for example in terms of rotation length, initial spacing, thinning, and fer-
tilization — and final mechanical performance (see MacDonald and Hubert (2002)) for a
basic review). These relationships have been commonly expressed within a framework
of statistical modeling. In such approaches, the stiffness and the strength of timber
have been correlated with tree and stand-level information obtained from forest inven-
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tories. The effect of silviculture and site characteristics on wood properties are then
interpreted through their effect on tree growth (Eriksson et al., 2006; [Makinen et al.,
2009; Moore et al., [2009; Vihermaa, 2010; Auty, 2011). However, a purely statistical
approach does not exploit available knowledge about the causal relations between silvi-
culture and wood anatomy on the one hand and between wood anatomy and mechanical
behavior on the other, which is available in forestry and mechanics. The incorporation
of such information in models is expected to enhance the significance and the predic-
tive capability of modeling approaches, since statistical correlations, which are subject
to experimental scatter and uncertainties, could be replaced by strictly deterministic
relations. Due to the hierarchical structure of wood, microstructural characteristics at
several length scales determine the macroscopic behavior of the material. Known trends
of these characteristics, e.g. from pith to bark or from earlywood to latewood, can be
retrieved in trends of mechanical properties. We thus contribute to building the neces-
sary scientific background and to enriching existing silvicultural models by mechanical
expertise, using modern methods of material science and engineering. We measure
important microstructural characteristics and stiffness properties from the macroscale
(centimeter-range) down to the cell wall scale (micrometer-range) and assess the vari-
ability of these quantities within a tree at these different scales. We build on mea-
surements of density, cell dimensions, earlywood, and latewood fractions, as well as
(ring-averaged) microfibril angle by means of SilviScan-3™ (Auty et al., 2013)) and add
(localized) microfibril angle (MFA) measurements from Wide Angle X-ray Scattering
(WAXS), and stiffness measurements in longitudinal, radial, and tangential direction
measured using ultrasound as well as nanoindentation tests. In addition, we apply mul-
tiscale modeling to mathematically formulate the investigated microstructure-stiffness
relationships (Suquet, |1987; Zaoui, 2002; Hofstetter et al., 2005; Bader et al., |2011b),
2012c). We pursue a purely deterministic approach to elucidate the causal relations
between anatomical and mechanical properties. Once established, the models and rela-
tionships can be evaluated in a probabilistic context, considering random fluctuations of
the independent model parameters. This is subject to future research activities.

Based on these investigations, this study has two main hierarchical aims:

1. To determine how anatomical and mechanical characteristics vary from pith to
bark at different length scales and to identify the key parameters controlling the
macroscopic mechanical performance of sawn timber in terms of its elastic prop-
erties. Investigations at multiple scales are conducted to identify length scale
thresholds for microscopic measurements that influence macroscopic behavior of
sawn timber.

2. To develop mathematical models linking anatomical and mechanical parameters.
Given the physical basis of these models, they might be able to predict mechani-
cal properties for non-tested tissues with higher accuracy than would be possible
using only statistical correlations. Moreover, also special tissues, such as com-
pression wood, can be treated, as long as their microstructural characteristics are
completely known. This goes beyond the scope of statistical correlations, which



52 Publication 3

are usually only reliable within the range of microstructural characteristics repre-
sented in the tested samples.

Compared with existing investigations on the variability of anatomical and mechani-
cal properties in a tree, the originality of our approach is characterized by (i) the concur-
rent assessment and joint evaluation of wood properties across several length scales on
the same samples and (i1) the application of powerful micromechanical characterization
techniques, which are not yet fully established in wood science, such as nanoindenta-
tion and multiscale modeling. As a long-term perspective, this may provide the basis
for target values of microstructural properties and limits for their fluctuations to design
silvicultural practices that fulfill wood quality requirements from a timber engineering
point of view.

3.2 Methods

3.2.1 Samples

The samples originate from a large-scale quality survey of timber grown in Scotland and
Northern England launched by the Forestry Commission Scotland. In order to incorpo-
rate a broad variation in growth conditions and, consequently, in microstructural and
mechanical characteristics, samples from four different plantation sites across northeast
Scotland were harvested. Discs at different heights were taken, from which radial sec-
tions were cut. The North-facing radial sections of the discs, cut at breast height, were
used in this study (Figure [3.Th-b). Mean tree and stand characteristics for the different
sites are shown in Table All sampling sites were mature stands, aged between 73
and 100 years, growing at yield classes of between 6 and 10 m? ha™! year™! at elevations
between 10 and 200 m above sea level. Details on growth conditions and social classes,
as well as further information can be found in (Auty, 2011)).

a) sampled disc N~ T b) radial section ¢) US-specimen d) NI-specimen
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Figure 3.1: Sampling sequence; a Disc, cut at breast height; b Northfacing radial sec-

tion, where strips for SilviScan-3™ measurements were cut from - the remaining side

part was cut into 4-11 pieces; ¢ Specimen for ultrasonic tests (US) and further use for

nanoindentation (NI), wide-angle X-ray scattering (WAXS), thermogravimetric analy-

sis (TGA) and light microscopy; d NI-specimen prepared from US test samples with 0°
ring orientation



Publication 3 53

Table 3.1: Properties of the investigated trees; DBH...diameter at breast height,
RN...number of annual rings

Sample CU88-1-N TV 72-1-N CM 100-1-N  AC 72-1-N
Site Culbin Tomvaich  Cloddymoss Achneim
Height [m] 15.8 25.6 18.1 22.4

DBH [cm] 23 52 27.4 34.7

RN 73 98 57 63

Yield class 6 10 6 10
Elevation [m] 10 220 10 90

3.2.2 SilviScan-3"™Measurements

Microstructural characterization on the radial sections was performed using SilviScan-
3™ technology (Evans, |1999, 2006) at Innventia AB, Stockholm. This instrument uses
X-ray diffraction to measure the MFA, combined light microscopy and image analy-
sis for assessing cell geometries, and X-ray densitometry to determine the wood den-
sity. The radial sections were soaked in acetone to remove extractives. Next, strips
with cross sections of 2x7 mm? in tangential and longitudinal direction (LxT) were
cut from the center of the radial sections, using a series of twin-blade circular saws
(Figure [3.1b). Prior to the measurements these strips were again extracted (Soxhlet ex-
traction in acetone) to remove any residual extractives and then conditioned at approxi-
mately 22°C and 40% relative humidity, resulting in a moisture content of the samples
of approximately 7-8%. Mass density and wood cell dimensions were evaluated over
intervals of 25 ym. The dataset was then split into earlywood (EW), transition wood
(TW), and latewood (LW) for each annual ring, based on the minimum and maximum
density of each individual annual ring. If the difference to the minimum density was
smaller than 20% of the overall difference of maximum and minimum density, EW was
assumed; if the density exceeded the minimum density by at least 80% of the overall
difference, LW was assumed; otherwise TW was assumed (Auty, 2011). Following
scanning, EW density, TW density, and LW density, as well as the overall mean density
of each annual ring were available. The MFA was determined in 5 mm intervals. The
sample was moved in the radial direction during exposure, giving average MFA over the
given interval. Taking into account the sample dimensions and the range of radial di-
mensions of pine tracheids, intervals of 5 mm represents an average over approximately
10,000-20,000 tracheids.

3.2.3 Local Microfibril Angle Measurements

In addition to the measurements by SilviScan-3™, MFA was also analyzed by means
of X-Ray diffraction (Wide Angle X-Ray Scattering, WAXS). This method provides a
more localized measurement and was applied to determine MFA specific of earlywood
(EW) and of latewood (LW). Thin sections of EW and LW with thicknesses of 50 and
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70 pm, respectively, were cut from the annual rings on which nanoindentation tests had
been carried out (Figure [3.1c). A Bruker Nanostar device (Bruker ASX, Madison, WI,
USA), working with CuK,, radiation (wavelength 1.54 A) was used. The diffraction pat-
terns were collected with a 2D position sensitive detector at a distance of 13.2 cm from
the sample during a 30 min period. Following Cave|(1966), the 2D diffraction patterns
were radially integrated between the scattering angles 2h of 20.5° and 23° (002 Reflec-
tion), and the resulting intensities were plotted over the azimuthal angle (0° to 360°).
The tangents were drawn to the flanks of each peak, and the angle between the inter-
sections of these tangents with the baseline (commonly denoted as *T-angle’) was de-
termined for each sample. Based on these data the MFA was estimated as 0.6 x T-angle
(Meylan, |1967). Taking into account the size of the beam spot on the sample of 0.5 mm,
as well as the thickness of the section, the resulting MFA represents a mean value over
only 30-50 tracheids of either EW or LW. To acquire MFA profiles over one annual ring,
with the purpose of studying the within-annual-ring variability, an optical method was
applied. For this purpose the residual parts of the US-specimens have been taken, i.e.
material adjacent to the NI-specimens (ring 17 of CM 100-1-N and ring 69 of TV 72-
1-N, see Figure [3.Tc). They were water saturated followed by harsh drying at 103°C.
This procedure induces frequent checks in the S2 cell wall layer, which are oriented par-
allel to the cellulose microfibrils. Senft and Bendtsen| (1985) proposed a method using
1odine staining of thin sections to improve the visibility of the checks. However, since
the checks were well visible in the radial sections, MFA could be determined directly
without previous staining, using light microscopy techniques. The MFAs could not be
determined directly on the NI-specimens, but were measured on an adjacent piece of
wood from the same annual ring. Thus, the MFA profile is not directly related to the
row of tracheids which was indented, but to an adjacent row of tracheids, shifted in
tangential direction by <1 mm. The applied procedure did not result in equally spaced
checks in the cell walls of the various specimens. While almost every cell exhibits visi-
ble checks in the S2 layer in ring 17 of CM 100-1-N, less checks were found in ring 69
of TV 72-1-N, even after repeated drying-wetting cycles.

3.2.4 Local Chemical Composition by Thermogravimetric Analysis

The local chemical composition of the cell wall material was studied by means of
thermogravimetric analysis (TGA) at the positions where the MFA profiles were de-
termined. In this method the weight of a material and its rate of change are determined
during exposure to a controlled heating curve over time in a controlled atmosphere.
TGA was performed using a TGA 250 (TA Instruments, New Castle, DE, USA) on
10 mg samples of ground wood (0.25 mm mesh) from specific annual rings (ring 17
of CM 100-1-N and ring 69 of TV 72-1-N). The analysis followed a method described
by |Grgnli et al. (2002)), delivering weight fractions of hemicelluloses, cellulose, lignin,
and extractives. The presence of residual extractives in the ground TGA samples results
from the incomplete removal of extractives during the first extraction procedure prior
to the SilviScan-3™ measurements. Samples were again obtained from residual mate-
rial of the specific annual rings, in particular those on which profiles of the indentation



Publication 3 55

modulus and of MFA across the annual ring had been determined (Figure [3.1c). The
chemical composition of larger samples (as used for the ultrasonic tests) was estimated
based on literature data (Fengel and Wegener, [2003)).

3.2.5 Ultrasonic Testing

Ultrasonic (US) tests were carried out to determine the elastic stiffness in the principal
material directions of wood, i.e. the longitudinal (L), the radial (R), and the tangential
(T) direction. For these tests, the remaining side parts of each radial section after the
removal of the SilviScan-3™ samples were cut into cuboidal samples with dimensions
of 15x20x10 mm? (LxRxT). This results in 4-11 cuboids, depending on the initial stem
diameter (Figure [3.1p-c). They will be referred to as US-specimens in the following.
Since the radial strips used for the US-specimens did not originate from the very center
of the initial radial sections, the annual rings were not always aligned with the edges
of the US-specimens. Thus, the measurements do not strictly represent the stiffnesses
in radial and tangential directions, but show a slight deviation. The average angular
deviation of the annual rings from the tangential direction of the cubes are listed in
Table [3.2] for all US-specimens.

Table 3.2: Angular deviation of the annual ring orientation from tangential direction

Sample Deviation angles of US-specimens [°]
CU 88-1-N  25/0/0/0

TV 72-1-N  30/15/0/0/0/0/0/0/0/0/15

CM 100-1-N  20/0/0/0/0/0

AC 72-1-N  30/15/0/0/0/0/10/10

Tests were performed at ambient conditions (20°C, 40% relative humidity) in trans-
mission mode, using a pulser-receiver (PR 5077, Panametrics Inc., Waltham, MA,
USA), a digital oscilloscope (WaveRunner 62Xi, Lecroy Corporation, Chestnut Ridge,
NY, USA), a pair of ultrasonic transducers for longitudinal pulses with a frequency of
100 kHz (Panametrics Inc., Waltham, MA, USA), honey as coupling medium, and an
auxiliary testing device to hold the transducers and the sample. A delay cylinder (alu-
minum alloy 5083, 20 mm height, resulting in 3.77 us delay time) was used to relocate
the receiver signal from the receiver disturbances. A cellophane film was used to prevent
the coupling medium from penetrating the microstructure of the wood samples, influ-
encing the resulting elastic stiffness (for further details on the method and setup, see
(Kohlhauser et al., 2009). The oscilloscope provided the time of flight of the ultrasonic
wave through the sample ¢; (i ... L, R, T). In combination with the corresponding sample
length /;, the phase velocity in the material direction 4, v; = [;/t;, was determined. The
elastic stiffness in this direction, C; gx p, is related to the phase velocity v; by

Ci,EXP =pX U? (3.1)

with p being the average mass density of the specific US-specimen at ambient conditions
(Bucur, 2006).
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3.2.6 Nanoindentation Tests

Small samples (approx. 1.5x2x1 mm?, LXxRxT) for nanoindentation (NI) were cut from
selected annual rings of the US-specimens with a 0° ring orientation (Figure [3.1d). Four
(CU 88-1-N & AC 72-1-N) to five (TV 72-1-N & CM 100-1-N) NI specimens per stem
were prepared, which resulted in 18 specimens. Prior to indentation, the NI-specimens
were embedded in an epoxy resin (AGAR Low Viscosity Resin Kit, Agar Scientific,
Essex, UK). The plane surface (RxT) was cut smooth with a microtome (Leica Ultra-
cut, Leica Microsystems, Wetzlar, GER), equipped with a diamond knife (for further
details see Konnerth et al.| (2008))). Nanoindentation tests were performed at ambient
conditions (20°C, 40 % relative humidity), using a TriboIndenter® (Hysitron Inc., Min-
neapolis, MN, USA), equipped with a three-sided pyramidshaped tip (Berkovich type)
in a load-controlled mode. Indentations were placed in the S2 cell wall layer of selected
LW and EW tracheids. The correct positioning was verified by means of the scanning
probe microscope (SPM) included in the TriboIndenter®. A five-step load function was
applied, consisting of consecutive steps of loading, holding, and unloading (to 50% of
the previous load level), reaching a final maximum load of 300 xN. The section through
an embedded wood cell exhibits multiple interfaces between the cell wall layers and
between the cell wall and the embedding material. Jakes et al.| (2009) proposed a crit-
ical distance from the center of the indent to the next interface or edge above which
edge effects can be neglected. It is calculated as the square root of the projected con-
tact area, A, times a material dependent factor (approx. 1.3 for polymers). In the
present tests, the indent and the indentation parameters yielded a minimum distance of
approximately 1 pm, thus allowing to neglect edge effects. The resulting imprints in
the cell walls were inspected through the SPM to check whether the remaining imprints
lay within this distance to the nearest interface. The load-indentation depth curves were
evaluated according to the method proposed by (Oliver and Pharr (1992), relating the
slope of the initial unloading path to the elastic material properties. This yields the in-
dentation modulus Mpgxp of the S2 cell wall layer of the selected cells. In addition,
profiles of Mpgxp in radial direction across annual rings were determined for two NI-
specimens, with indents in every third cell. Thereby, only tangential cell walls were
indented to avoid the influence of microfibril angle non-uniformities, which have been
observed in the radial cell walls around bordered pits (Sedighi-Gilani et al., [2005).

3.2.7 Micromechanical Modeling

Micromechanical modeling based on homogenization strategies provides a way to quan-
titatively link microstructural characteristics to the macroscopic mechanical properties.
We apply a model for softwood that was developed by the authors and has proven suit-
able for the prediction of elastic properties of softwood in a number of validation series
and applications (Hofstetter et al., 2007; Bader et al., |2011b, 2012c). Homogeniza-
tion methods allow the prediction of effective mechanical properties of microheteroge-
neous materials from their composition (components and their corresponding amounts),
their morphology (shape, orientation, and distribution of the components), and me-
chanical information (stiffness and interactions of components). Depending on the mi-
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crostructural morphology, different methods are appropriate. For example, continuum
micromechanics suitably describes the effective behavior of composite materials with
a random-like arrangement of the microstructural components, invoking solutions for
matrix-inclusion problems. The unit cell method, on the other hand, is the best choice
for representing materials with a regular microstructure that can be approximated by a
periodically repeating unit.

Herein, we apply a micromechanical model for softwood stiffness, as documented
in|Bader et al.| (2012c), which comprises three homogenization steps (Steps I-1II in Fig-
ure[3.2), extended by a fourth homogenization step for the annual ring structure (Step IV
in Figure[3.2p) as described by Bader et al| (2012c). The first three steps predict the ef-
fective stiffness properties of the polymer-matrix consisting of hemicellulose, lignin
and water (Step la), of partially crystalline cellulose (Step Ib), and of the cell wall ma-
terial (Step II), made up of the two effective materials introduced in Steps Ia and Ib.
In Step III, effective stiffness properties of earlywood, transition wood, and latewood
are predicted. The stiffnesses and interactions of the components are considered to be
tissue-independent. The last step of the model (Step IV) accounts for the annual ring
structure and combines earlywood, transition wood, and latewood with stiffnesses as de-
termined in homogenization Step III. Steps Ia, Ib and II are performed using continuum
micromechanical methods, while Step III employs the unit cell method, numerically an-
alyzed by means of the commercial finite element code ABAQUS. In Step 1V, laminate
theory is applied to determine the effective behavior of the layered structure, delivering
the sought stiffness properties of softwood at the macroscopic level. The discretization
of an annual ring with a continuously changing density and microstructural properties
into the different kinds of layers, i.e. earlywood, transition wood, and latewood, follows
the conventions of SilviScan-3™.

The model is applied to calculate a sample-specific stiffness for each individual
specimen from the mechanical tests. At the macroscopic level, the sample-specific clear
wood stiffness is predicted for each US-specimen. At the cell wall level, the sample-
specific cell wall stiffness of EW and LW is computed (using only Steps Ia, Ib and
IT) for each NI-specimen. An estimate of the indentation modulus obtained in the NI
tests is calculated by applying anisotropic indentation theory (Jager et al.,|2011a)), which
allows direct comparison of predicted and measured indentation moduli. The model is
also employed to predict the local cell wall stiffness properties across the two selected
annual rings. This gives access to trends of mechanical properties across selected paths
within a tree. The stiffness values that are predicted by the model are compared with
the experimentally determined values at all length scales that have been investigated.

3.3 Results and Discussion

3.3.1 Experimental

Plots of the MFA and the overall mass density determined with SilviScan-3™, pgg —
both averaged over the length of the corresponding US-specimens — over the distance
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Figure 3.2: Micromechanical model for softwood stiffness and strategy for model pre-

dictions.

a) Clear wood stiffness predicted using literature and SilviScan-3™ data

(compared with results from ultrasonic tests); b) Local EW/LW cell wall stiffness pre-

dicted using literature data (chemical composition) and results from local measurements

(MFA); ¢) Within-annual-ring variability of cell wall stiffness predicted using results

from local measurements only — b) and c¢) both compared with results from nanoinden-
tation tests
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from the pith (see Figure [3.3] top figures) brings out well-known trends of decreasing
MFA and increasing mass density from pith to bark. The MFAs decrease from 19.9-
26.9° near the pith to 10.4-14.4° near the bark for the samples CU 88-1-N, TV 72-1-N,
and AC 71-1-N. The mass densities of the samples from these three sites increase from
388-414 kg/m? near the pith to 519-615 kg/m? for the outermost US-specimens. The de-
crease of the MFA and the increase of the mass density are the most prominent in the first
15-20 annual rings (juvenile wood), while they both remain fairly constant throughout
the rest of the stem (mature wood). The US-specimen from CM 100-1-N closest to the
pith exhibits a relatively high mean MFA of 47.9° and a high mass density of 596 kg/m?,
compared with the respective samples of the three other sites. This indicates the pres-
ence of compression wood near the pith in this specific tree. The longitudinal elastic
stiffness, C', gx p, shows an increase from pith to bark by a factor of approximately two
(see Figure [3.3] bottom figures). This increase can be explained by the simultaneous
increase of the mass density and the decrease of the MFA over this stretch. These trends
in MFA and mass density are well known (Cave and Walker, 1994} Zhang et al., |2007;
Kollmann, 1982)), and their relationship to the dynamic or the static longitudinal stiff-
ness has been shown several times for various softwood species (Koponen et al., [2005;
Alteyrac et al., 2006; Bader et al., 2012c). The strong curvature of the annual rings
near the pith results in large angular deviations of the annual ring orientations from the
edges of the US-specimens near the pith. It therefore does not allow for measurement of
the transverse elastic stiffnesses Cr pxp and Cr gxp of these US-specimens. Rather,
a mixed stiffness in the transverse direction is obtained, which is difficult to interpret.
Nevertheless, these data points are included in the plots of Cr pxp and Cr gxp over
the distance from the pith (see Figure [3.3] bottom figures) and show a higher Cr pxp
than Cg gx p, which contrasts the findings at larger distances from the pith. Except for
the data from the innermost US-specimens, the Cr pxp and Cr gxp show only minor
variations from pith to bark with no clear increase or decrease. This can be explained by
the opposing effects of increasing mass density and decreasing MFA with respect to the
transverse stiffness. The transverse elastic stiffness of wood has not been thoroughly
investigated, and few data are available on the variation of transverse elastic stiffness
from pith to bark (see Figure [3.3] bottom figures). Koponen et al.| (2005) observed sim-
ilar trends of rather constant radial and tangential stiffness over the stem cross section.

The indentation modulus is related to the local microstructure of the wood cell. It
therefore crucially depends on the MFA of the wood cell which has been indented. The
WAXS measurements provide such a local measure of the MFA of EW and of LW of
the individual annual rings and are therefore used for the plots of Mgxp and MFA over
the distance from the pith in Figure [3.4] Considering the huge number of individual
cells along a radius of a cross-section, Mg x p and MFA only provide snapshots of local
cell wall properties. Since the results refer to the local conditions and do not necessar-
ily reflect trends on a larger length scale (i.e. radial variability from pith to bark) no
trend lines are shown in Figure Mpgxp is in a range 14.1-22.5 GPa for LW and
12.3-22.6 GPa for EW tracheids. The typical coefficients of variation (CV = standard
deviation divided by mean) of 6-25% result from indenting the tangential and radial cell
walls in each tracheid. The presence of bordered pits just beneath the surface (Sedighi-
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Figure 3.3: MFAs and mass densities (top figures) as well as elastic stiffnesses C'y, Cg,
and C'r as measured in US-tests (bottom figures) from pith to bark

Gilani et al., [2005)) of the NI-specimens and small sample tilts, which cannot be avoided
(Konnerth et al., 2009), lead to these relatively large coefficients of variation.

The indentation moduli and the MFA show no common trend over the radial distance
from pith to bark (3.4] bottom figures). While in three trees (CU 88-1-N, TV 72-1-N
& CM 100-1-N) Mgxp seems to increase, a decrease of Mpxp from pith to bark is
observed for the NI-specimens from AC 72-1-N. The MFA seems to increase in tree
TV 72-1-N and to decrease in AC 72-1-N, while in CU 88-1-N and CM 100-1-N no
overall trend is obvious. Despite the overall variability of Mgyxp and MFA within a
particular tree, the moduli and MFA obtained for EW and LW in the same ring closely
follow each other and show similar trends across the different radial measurement posi-
tions in the individual trees. The MFA is consistently lower in LW than in EW for two
trees (TV 72-1-N & AC 72-1-N), while the other two trees (CU 88-1-N & CM 100-1-N)
do not show such patterns (see Figure top figures). Mpgxp in LW is not found to
be consistently higher or lower than in EW at the level of individual trees. Half of
the overall EW-LW couples show higher moduli in the LW, while the other half has
higher moduli in EW. Given the local nature of the measured Mg x p, natural variations
of the MFA at the length scale of a single cell, which are encountered on top of the
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Figure 3.4: MFAs determined by WAXS (top figures) and Mg x p (bottom figures) over
distance from pith

general trends from pith to bark and from EW to LW, dominate the resulting variability
of M EXP-

Table[3.3|shows a comparison of MFAs determined by SilviScan-3™ and by WAXS,
respectively, for EW and LW of two specific annual rings (TV 72-1-N ring 69 and
CM 100-1-N ring 17). Using the 5 mm averaging intervals, SilviScan-3™ is not able
to resolve the differences between the MFAs in EW and LW, which are captured in
the WAXS measurements. However, the pith-to-bark variability of the MFA and of the
cell wall stiffness cannot be detected by the small number of WAXS measurements and
nanoindentation tests since these influences are overridden by the within-annual-ring
variability. In conclusion, variability of Mgy p is dominated by effects at annual ring
scale.

The variability of the nanoindentation modulus Mg x p across a single annual ring is
investigated further since the measurements of individual tracheids in one annual ring
did not yield common trends from EW to LW. More indents are placed radially across
single annual rings in the tangential cell walls for this purpose. The measured courses
for ring 69 of TV 72-1-N and for ring 17 of CM 100-1-N are shown in Figure[3.5] where
the mean values as well as bands around the means, indicating the standard deviations
of the test results, are marked. Also the corresponding MFA profiles are shown there.
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Table 3.3: Comparison of different MFA measurement methods at different length

scales
NI-specimen MFA [°]
SilviScan-3™ WAXS Light microscopy

min-max
TV 72-1-N ring 69 EW 15.0 23.0 14.9-27.2
TV 72-1-N ring 69 LW 15.0 12.7 8.1-23.4
CM 100-1-Nring 17 EW  26.7 22.5 21.1-28.9
CM 100-1-Nring 17 LW  27.5 21.1 18.1-23.6

For the NI-specimen prepared from ring 69 of TV 72-1-N, the cutting edges of the NI-
specimen are shifted against the annual ring borders. Accordingly, Mgy p was rather
measured in TW than in EW. However, since also the first tracheids of the following
annual ring are included in this NI-specimen, the profiles of Mpgxp and MFA can be
drawn across the annual ring border between ring 69 and ring 70 of TV 72-1-N (included
with negative values of distance in Figure [3.5]), and the full variability across a stretch
equal to the width of an annual ring can be analyzed.

Higher values of Mpgxp in the LW than in the TW and EW are observed together
with an increase of MFA from LW to EW in both specimens. Average values and
standard deviations of Mgxp in the LW and TW of ring 69, and in the EW of ring 70
of TV 72-1-N, as well as from ring 17 of CM 100-1-N, are shown in Table @ as well
as the corresponding MFAs.

TV 72-1-N Ring 69

CM 100-1-N Ring 17
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Figure 3.5: Profiles of Mgxp and MFA over the radial extension of one annual ring;
0 mm represents the position of the first LW tracheid; widths of LW, TW, and EW re-
sulting from the definitions used by SilviScan-3™; dashed lines correspond to standard
deviations of Mgxp

In concordance with the present results, Bader et al.| (2012c) also reported higher
Mpgx p in individual LW tracheids than in EW tracheids of single annual rings of Nor-
way spruce and Common yew, accompanied by higher MFAs in the EW in both species.
However, a distinct local variability of Mgy p and MFA, especially in the EW, is evident
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Table 3.4: Variability of the indentation moduli Mgxp and MFA of the two annual
rings, investigated in detail

Sample Mpgxp [GPa] MFA [°]
TV 72-1-N

Ring 69

W 18.02+1.40 21.2+5.5
LW 20.99+1.79  15.0+2.6

Ring 70

EW 18.01£1.92  24.2+£45
CM 100-1-N

Ring 17

EwW 9.79+£1.29 26.0£1.9
W 11.434+1.17  25.9+£25
LW 14244146 21.0+1.4

on top of the trends from LW to EW. Low variability in LW was also found by [Wimmer
and Lucas| (1997)). These authors reported no significant change in the indentation mod-
ulus over the first 12 consecutive LW tracheids in Norway spruce (~250 pm), which
might indicate only slight changes of MFA within this region (not reported). Eder et al.
(2009) performed micro-tensile tests on individual tracheids across one annual ring of
Norway spruce and found a small increase of the cell wall stiffness from EW to LW,
also accompanied by an increasing MFA from LW to EW.

The series of indents across one annual ring enables studying trends in the cell wall
stifftness across the ring from EWto LW. The trend of decreasing Mgy p from LW to EW
is more pronounced in ring 69 of TV 72-1-N than in ring 17 of CM 100-1-N, while both
rings show similar differences in the MFA. This might be a consequence of the overall
higher MFA level of ring 17 of CM 100-1-N, as the influence of MFA on the indenta-
tion modulus decreases with increasing MFA (Jéger et al., 2011a). As previously noted,
CM 100-1-N might contain compression wood near the pith, as indicated by a high
MFA and a high density. The dependence of Mg x p on the MFA also becomes obvious
when comparing local maxima and minima of these two characteristics. A maximum
Mpgxp of 25.2443.44 GPa is measured in ring 69 of TV 72-1-N, accompanied by the
minimum MFA of 9.6° roughly at the same position. In ring 17 of CM 100-1-N, several
such couples of high MFA and low Mgxp can be observed, e.g. at distances of ap-
proximately 0.5 mm and approximately 2.25 mm, respectively, with moduli and MFA
of 11.95£3.73 GPa and 22.8° (0.5 mm) and 13.72+1.20 GPa and 20.6° (2.25 mm). The
fact that the local peaks of Mg xp do not perfectly match with the local minima of the
MFA can be explained from differences in the methods for measuring the MFA profiles.

3.3.2 Micromechanical Modeling

Using the experimentally determined microstructural and micromechanical data, structure-
function relationships can be described. However, the need for a comprehensive exper-
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imental data set restricts the exploration to tested cases and prevents a more general,
in-depth investigation of the effect of selected microstructural characteristics on the
mechanical performance. This can be accomplished by the micromechanical model
introduced previously. The calculated stiffnesses, predicted by means of the collected
microstructural/micromechanical data set, as well as the comparison with the experi-
mental results, are summarized in the following:

First, the macroscopic stiffness of each US-specimen is predicted (Figure[3.2p). The
prediction relies, on one hand, on the typical chemical composition of Scots pine, spec-
ified in the literature (Fengel and Wegeneri (2003), see Table [3.5) and, on the other
hand, on the detailed microstructural characteristics for EW, TW, and LW, determined
by SilviScan-3™., The SilviScan-3™ data used for the model evaluations are the ra-
dial and tangential wood cell diameters, dR and dT, yielding an aspect ratio of the cells
(specifying the shape of the unit cell in homogenization Step III), as well as the vol-
ume fractions of EW, TW, and LW, frw, 7w, w, and the corresponding mass densities,
pew,Tw/Lw- The data are averaged according to the EW-TW-LW classification made
by SilviScan-3™ for each US-specimen, i.e. average values of dg, dr, f, and p are
calculated for EW, TW, and LW of each US-specimen, respectively (see Table .
Following the MFA determination by SilviScan-3™, an average MFA of each specific
US-specimen is used for the model predictions, ignoring the EW-TW-LW structure.
The moisture content is set to 8%, corresponding to the ambient conditions during the
SilviScan-3™ measurements and the US tests.

Table 3.5: Literature data on chemical composition (values in brackets refer to compo-

sition used for model predictions of clear wood stiffness) and chemical composition of

the two annual rings investigated by TGA, used for the model predictions of the within-

annual-ring variability of the cell wall stiffness; Cel...cellulose, hemcel...hemicellulose,
lig...lignin, ext...extractives; *from |Fengel and Wegener| (2003)

Sample Cel [%]  Hemcel [%] Lig[%]  Ext[%]

Scots pine* 41.9-52.2 12.1-30.4 26.3-31.4 <6.0
47.5) (24.0) (25.0) 3.5

TV 72-1-N ring 69 46.9 27.1 23.5 2.5

CM 100-1-Nring 17 424 29.8 23.8 4.0

The resulting stiffnesses C; prepp, ¢ = L, R, T, are lower than those experimen-
tally determined, C; pxp. For example, model predictions for the longitudinal direc-
tion range from 7.3 to 13.4 GPa for tree TV 72-1-N compared with corresponding ex-
perimental values from 7.8 to 16.4 GPa. The difference between the elastic stiffness
obtained from ultrasonic tests and the quasi-static stiffness, predicted by the microme-
chanical model, stems from the dynamic nature of the ultrasonic test (Bucur, 2006). To
enable a comparison of trends of the predicted elastic stiffnesses with those determined
experimentally from pith to bark, the predicted and the experimentally determined stiff-
ness values for each tree are related to the particular results of the US-specimens at the
greatest distance from the pith. These relative stiffnesses, rel. C; prgpp and rel. C; gxp
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are plotted over the distance from the pith in Figure [3.6 In longitudinal direction the
predicted relative stiffness profile follows the experimental curve except for the last US-
specimens near the pith. The model predictions are calculated using literature data on
the chemical composition, which is kept constant across the stem diameter. The lower
experimental values near the pith in CU 88-1-N, TV 72-1-N, and AC 72-1-N indicate
lower cellulose contents of these specimens. The formation of heartwood, resulting
in an altered chemical composition due to the incorporation of extractives, is not ac-
counted for by a constant chemical composition. Considering a lower volume fraction
of cellulose near the pith would decrease the elastic stiffness predicted by the model.
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Figure 3.6: Relative changes of Cy, pxp/prep (top figures) as well as Cr pxp/prED
and C7 px p/prED (bottom figures) from pith to bark; related to outermost US-specimen
beneath the bark

Also in the tangential and radial directions the predicted trends of the relative stiff-
ness agree well with those determined experimentally, again with the exception of the
innermost US-specimens. For these US-specimens the US tests no longer yield proper
radial and tangential elastic stiffness values, but rather a mixed transversal stiffness. The
overall variability of the experimentally determined elastic stiffness in the transverse di-
rection is small, which is also reflected by the model predictions. Tree CM 100-1-N is
an exception, as the trend of the predicted elastic stiffness in the longitudinal direction
from pith to bark does not agree with the experimentally determined values. The cal-
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culated values of rel. Cr, prpp are too high in the outer part of the stem, while they
decrease too rapidly near the pith, possibly a consequence of the assumption of a con-
stant chemical composition.

Predictions of the nanoindentation moduli Mprgp are calculated for EW and LW
of each investigated annual ring. They are obtained from the same material properties
and microstructural (Table and compositional data (Table also used as input
for the macroscopic model predictions, with exception of the MFAs. For this char-
acteristic, EW/LW-specific values are employed instead of the SilviScan-3™ data, as
determined by WAXS (see Figure 3.4). The Mprgp and Mpyp are plotted over the
distance from the pith in Figure Again, the points are not connected, considering
that the values are just snapshots of the local properties and do not necessarily represent
pith-to-bark trends. Mprpp followed closely the local MFA in EW or LW of each spe-
cific annual ring. Accordingly, the same tendencies of a higher Mpxp in LW than in
EW for trees TV 72-1-N and AC 72-1-N and no consistent trends in trees CU 88-1-N
and CM 100-1-N are observed, similar to the local MFAs (see Figure .
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Figure 3.7: Mgxp (top figures) as well as Mprpp (bottom figures) over distance from
pith

Model predictions for profiles of the indentation modulus across selected annual
rings are derived based on the MFAs determined by light microscopy and the aver-
age chemical composition across that specific annual ring from the thermogravimetric
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analysis (Figure [3.2c). The chemical composition of these annual rings shows a lower
cellulose content in CM 100-1-N ring 17 (42.4%) compared with TV 72-1-N ring 69
(46.9%, see also Table[3.5)).

The variation of Mprpp closely follows the variation of the MFA from LW to EW
within the annual ring, i.e. high MFAs are always accompanied by low Mprpp (Fig-
ure [3.8)). The higher cellulose content in ring 69 of TV 72-1-N results in overall higher
values for Mpgrpp in this sample, compared with those for ring 18 of CM 100-1-N.
The difference in Mpgxp between the two investigated annual rings at positions with
the same MFA is higher than the difference of the corresponding M pprgp, which might
indicate a dominant influence of the local chemical composition, mainly of cellulose
content.

TV 72-1-N Ring 69 CM 100-1-N Ring 17
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Figure 3.8: Profiles of predicted indentation modulus Mprgp across the annual ring;
0 mm represents the position of the first LW tracheid; widths of LW, TW, and EW re-
sulting from the definitions used by SilviScan-3™; dashed lines correspond to standard
deviations of Mgxp

On the whole, the model proves to deliver reasonable predictions for the stiffness
values of wood across the length scales of its hierarchical structure. It confirms that
wood anatomy and wood physics are correctly represented by the model, and in suffi-
cient detail. The model thus constitutes a powerful tool for in-depth analysis of wood-
stiffness relationships without the need for extensive further experimental test series.

3.4 Conclusions

We investigated structure-function relationships of wood at different length scales based
on a comprehensive experimental program for determination of structural and mechani-
cal characteristics. This has enabled us to identify the controlling microstructural prop-
erties at different length scales and to assess the effect of their variability on the macro-
scopic mechanical performance of wood. At the cell wall scale, the microfibril angle
(MFA) acts as the dominant microstructural influence parameter on the stiffness, next
to the chemical composition. The MFA is a highly variable quantity, and subject to
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variability at various length scales. Within a single cell, the vicinity of pits and the
location of the measuring spot in either a radial or tangential cell wall may affect the
orientation of the cellulose microfibrils. This local variability is the most pronounced.
Across a growth ring, a slight decrease of MFA from earlywood to latewood was ob-
served, which was, however, considerably less pronounced than the local fluctuations.
Finally, at the macroscopic scale, the MFA drops at small distances from the pith at the
transition from juvenile wood to mature wood. Out of all the variations at the different
length scales, this is the only variability that takes effect on the macroscopic stiffness of
wood. For this reason it is important to average microstructural characteristics, such as
the MFA, over sufficiently large sampling lengths to end up with macroscopically rele-
vant parameters. A sampling length of 5 mm for MFA, used during the SilviScan-3™
measurements, turned out to be suitable for such an investigation, while refined mea-
surements using X-ray diffraction delivered too detailed information.

Next to the pith-to-bark trend of the MFA, density is the second main parameter
that influences the stiffness at the macroscopic scale. The density increases from pith
to bark, as does the longitudinal stiffness. In the transverse direction, the effects of
increasing density and decreasing MFA cancel each other and result in a rather con-
stant transverse stiffness within a radial cut. Suitable sampling lengths now depend on
the intended application and, as a consequence, on the size of the wooden members
of interest. Moreover, the mechanical loading mode must be considered. The mean
density over the entire cross-section might be sufficiently accurate to properly describe
the longitudinal stiffness of wooden members of characteristic sizes similar to the cross
sectional diameter. Under straining in transverse direction, the series connection of re-
gions (juvenile vs. mature wood) and of layers (earlywood vs. latewood) with different
microstructural characteristics and, thus, stiffnesses, calls for a more refined approach.
Latewood/ earlywood differences and the radial density profile are then crucial for the
transverse stiffness, also of larger-sized samples.

Multiscale modeling has proved capable of predicting macroscopic stiffness and of
reproducing the proper trends at different length scales, taking the natural variability of
microstructural characteristics across the scales into account. It is thus a powerful tool
for improving the choice and further processing of timber resources.

Recommendations for silviculture also require the modeling of the influence of silvi-
cultural strategies on (micro-)structural characteristics of the wood anatomy, e.g. mass
density and MFA. However, target values for the microstructural characteristics and lim-
its for their fluctuations can already be set, based on the knowledge of their effect on the
macroscopic mechanical performance. For example, the model can be employed to de-
termine the size of the juvenile core to be excluded from structural applications. It can
link (given) microstructural parameters of the juvenile wood region to the expectable
mechanical properties and, from there, provide estimates for the distances from the pith
in the particular tree at which threshold values of these properties are reached. In collab-
oration with forestry, many further applications of the developed model and the in-depth
insights gathered into this study are foreseen.
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Appendix 1: Multiscale Micromechanical Model for Soft-
wood Stiffness

In the following the mathematical description of the multiscale micromechanical model
for softwood stiffness, according to Figure [3.2] is presented. Due to its predominant
role, only the S2 cell wall layer is considered for softwood stiffness. Steps Ia, Ib and II
are performed using the framework of continuum micromechanics, Step I1I is performed
by unit cell analysis and Step IV uses laminate theory.

Converting Mass Fractions to Volume Fractions

The conversion of the mass fractions of the constituents of wood to volume fractions
requires the respective mass densities of the *universal’ phases (i.e. crystalline cellulose,
amorphous cellulose, hemicelluloses, lignin, water and extractives) p,, r € [crycel,
amocel, hemcel, lig, H20, ext], which are reported in literature (see e.g. [Fengel and
Wegener (2003) or Appendix A in Hofstetter et al.[(2005)). To determine the crystalline
part of cellulose mass fraction the degree of crystallinity with respect to volume C'r is
converted into a degree of crystallinity with respect to mass C'r,, according to|Hofstetter
et al.| (2005)):

Cr

B Cr + (1 - Cv/ﬁ)pamocel/pcrycel7

with pamocer and perycer @s mass densities of amorphous (amocel) and crystalline cellu-
lose (crycel). The respective mass fractions read as

Cry

(3.2)

Werycel = Crwa and Wamocel = (1 - C?"w)’lUC. (33)

The mass fractions are given with respect to the dry cell wall. To calculate the mass
fractions with respect to the wet cell wall, each mass fraction w, is divided by (1 + u),
with u as the respective moisture content. The volume fractions f,. are calculated from

fr = w, LW (3.4)

Pr

with the cell wall mass density pow s

~1
PCwM = (Z %) ,1 € [crycel, amocel, hemcel, lig, H20, ext]. (3.5)

Stiffness of the ’Universal’ Phases

The stiffness tensors of the above mentioned "universal’ phases have to be defined. Us-
ing the repsective bulk and shear moduli %, and p,. of the isotropic phases (amorphous
cellulose, hemicelluloses, lignin, water and extractives, see Table , the stiffness ten-
sor C,. of the phase r reads as
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C, = 2u,J + 3k K, (3.6)

with J = 1/31®@Tand K = I — J as the volumetric and deviatoric parts of the 4" order
unity tensor I with components I, = 1/2(;10; + 0,101 ). For crystalline cellulose, the
stiffness tensor C,, . is defined by its components Ceycei 511 (Table .

Table 3.7: ’Universal’ phase properties; a...Eichhorn and Young (2001); b...Cousins
(1978); c../Cousins| (1976)); d../Tashiro and Kobayashi (1991)

phase material bulk modulus shear modulus ref.
behavior k [GPa] 1 [GPa]

amorphous cellulose isotropic kamocer = 5.56 Mamocel = 1.85 a

hemicellulose isotropic khemecel = 8.89 Ihemeel = 2.20

lignin isotropic kiig =5.0 Hiig = 2.2 c

water isotropic koo =2.3 20 =0.0

extractives isotropic kexe = 3.0 Lezt = 0.05

stiffness tensor components Cj;y; [GPa]
crystalline cellulose  transeversely Cirycer1111 =34.86  Clryeer1122 =0 d
iSOtrOPiC Ccrycel,3333 =167.79 Ccrycel,2233 =0
Ccrycel,1313 =5.81

Continuum Micromechanical Model for the Stiffness of the S2 Cell
Wall Layer

The mathematical description of Step Ia, Step Ib and Step II of the multiscale microme-
chanical model for the prediction of the S2 cell wall layer stiffness are presented.

The stiffness of the polymer network (poly) — Step Ia — is calculated by means of
a Self-Consistent scheme. The homogenized stiffness tensor of the polymer network

Chom reads as

ngln; = Z frpoy Gy - [H + P ((CT - Cm)}_l :

-1
{Z Fspoty [L+PY: (Cs = (323?27)]_1} 7

r, s € [lig, hemcel, H20, ext], (3.7)
with the respective volume fractions f;(s poi,, (Table

f?“|s

Frispoly = W, r, s € [lig, hemcel, H20, ext] . (3.8)
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The stiffness of the cellulose fibril (CF) — Step Ib — is calculated by means of the Mori-
Tanaka method. The homogenized stiffness tensor of the cellulose fibril Cl reads
as

/501;71 - ZfTCF(C ]1 +P9 : (CT - Camocel)}_l :

-1
{Z fs,CF |:]I + ]P)g : (Cs - Camocel)} 1} ’

r,s € [amocel, crycel]. (3.9)
with the respective volume fractions f,; o (Table

J
fr\s,C’F - L7
Zr‘s fT‘|S

The stiffness of the cell wall material (CWM) — Step II —is calculated by means of Mori-
Tanaka method. Since the cellulose fibrils are helically wound, the cellulose needs to
be subdivided into an infinite amount of subphases which are characterized by the same
latitudinal angle @ — the microfibril angle (MFA) — but different longitudinal angles ¢,
so that the homogenized stiffness tensor of the cell wall material C237, , reads as (Bader
et al., 2011Db)

r, s € [amocel, crycel] . (3.10)

C}émv(/LM =
> 1
TpotyCpoly + fCF% / Cer(p,0) [ Pﬁ;éy(%@) : (Corp(p,©) — Cpoly):| de
=0
ot —1
fpoly]HfCF% / [H+P§Z§y(¢,@) : (Corp(p,©) — @poly)} 1d<p , (3.11)
=0

with © as the microfibril angle (MFA) and the respective volume fractions fcp

fCF = famocel + fcrycel; fpoly = flig + fhemcel + fH2O + fe:(;t' (312)

To calculate estimates of the anisotropic indentation modulus Mpgrgp of the S2 layer,
the elastic constants of the cell wall material are required without considering the heli-
cally wound arrangement of the cellulose fibrils. Therefore Step II was altered accord-

ingly

1
Clira = {fpoly(cpoly + ferCer : [H + Pﬁ;fy (Cor — Cpoly)i| } :

-1 -1
{fpozyﬂ+fCF [H+Pﬁ§ﬂ : (Cer —Cpoly)] } . (3.13)
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The stiffness of the cell wall material (Equation [3.13)) is on the one hand used to cal-
culate an estimate of the indentation modulus, according to Jager et al. (2011a), using
the five elastic constants of the transverse isotropic stiffness tensor and the MFA. On
the other hand the estimated cell wall stiffness, according to Equation (3.11] is used
to predict the stiffness of the EW, TW and LW layers by means of the unit cell method
(Step III — Figure[3.2). Numerical unit cells are built from the respective cell geometries
in each sample and the cell walls are assigned the estimated cell wall stiffness C[7,,
from Step II (Bader et al.,[2012c). The unit cell is analyzed by means of the commercial
Finite Element code ABAQUS, yielding the effective stiffness of EW, TW and LW.

Laminate Theory to estimate Softwood Stiffness

The effective stiffness of softwood is calculated from the stiffnesses of EW, TW and
LW, taking advantage of the layered arrangement within the annual rings (Step IV — Fig-
ure [3.2)). Therefore laminate theory is applied, as documented in Bader et al| (2012c),
with the extension from two (i.e. EW and LW) to three layers (i.e. EW, TW and LW).
According to El Omri et al.| (2000) using a tensorial decomposition in plane and an-
tiplane components of the stresses and strains

o Cppi CPAj €
P — PP7Z PA7Z : P , (3.14)
OA Capi CAaA €A
with plane and antiplane components of the stress tensor, exemplarily written in com-
pressed matrix notation as

op = [URR OLL ﬂaLR} ) (3.15)

oy [O-TT \/§O'TL \/EO'RT] . (316)

Within an RVE of softwood, composed of EW, TW and LW layers in parallel ar-
rangement, antiplane stress and plane strain components are uniform

€EpEW = €pTW — €P LW = EP,SW7 3.17)

OAEW = OATW = OALW = XA,SW- (3.18)

After partly inverting the constitutive relation (Equation [3.14) to a form where only
constant stress and strain components stand on the left side of the equation

|:UP:| _ |:CPP,i —Cpa;: Cjim- 1 CAPi Cpay: CAL-] ) |:EP:| (3.19)

-1 -1
€A —Ca4,:CAP; Cad YA

Terms on the right side can be averaged over the constituents of the laminate. Reas-
sambling Equation [3.19]to the form of Equation [3.14] yields the homogenized stiffness

tensor of softwood C1¢7, the plane and antiplane components reading as
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hom A1
Crpsw = (Cppi — CpAi : Cha; 1 CAPi)V—

(Cpai: Can)v : (Canny : (CaacCari)yv, (3.20)

Clow = (cpai: cinv : {(Canv' 321
Clifow = —(cahav' : (CahCari)v, (3.22)
Clilow = (Cauav' (3.23)

where ((.))y denotes the volume average of (.) over the RVE of softwood, discretized
by the volume-weighted sum over the three layers

() = Zfi(.), i € [EW, TW,LW]. (3.24)
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Fungal decay results in alterations of the composition, the microstructure and the
mechanical properties of wood cell walls. Structure-function relationships are started
to be understood for sound wood, but it is still unclear whether these relationships hold
also for deteriorated wood cell walls. To investigate these relationships, selected annual
rings of fungal deteriorated Scots pine sapwood are analyzed for their composition, mi-
crostructure and micromechanical properties. The dataset was acquired separately for
earlywood and latewood in the S2 cell wall layer and the middle lamella and analyzed
by means of multivariate data analysis. Links between altered mechanical properties
of wood cell walls (stiffness and hardness) and altered cell wall composition and mi-
crostructure could be established. Increased stiffness and hardness of the middle lamella
was correlated to the degradation of pectins. In the S2 layer, altered hardness and stiff-
ness were liked to degradation of hemicelluloses and alterations of lignin during fungal
decay.
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4.1 Introduction

Fungal degradation is among the greatest hazards for the integrity of standing trees as
well as of interior and exterior wood constructions. Wood rotting fungi can be catego-
rized according to their mode of degradation into brown rot (BR) and white rot (WR)
(Eriksson et al., [1990; Schwarze, 2007). Selective WR fungi first cleave lignin to get
access and then decompose the polysaccharide components in the wood cell wall by
means of enzymatic substances, while simultaneous WR fungi degrade all wood poly-
mers simultaneously (Blanchette, 1984). BR fungi directly utilize the more nutritious
wood polysaccharides, while modifying lignin only to a limited extent (Goodell, 2003).
Insight into the different degradation strategies of the fungi and their effects on the wood
composition, micro- and ultrastructure has been gained by a variety of methods, includ-
ing infrared spectroscopy (Pandey and Pitman, 2003} |[Fackler et al., 2010), wet chemical
methods (Kirk and Highley, 1973} [Kirk, |1975) as well as X-ray scattering (Lee et al.,
2007b; Howell et al., |2009). Studies on the mechanical effects of fungal decay were
almost exclusively concerned with linking the overall stiffness and strength losses at
the macroscale and the altered wood composition after fungal decay (Wilcox, 1978;
Winandy and Morrell, [1993).

The mechanical properties of wood are determined by its inherent hierarchical mi-
crostructure. The levels of organization have been identified as the growth ring structure
consisting of earlywood (EW) and latewood (LW), the multi-layered wood cell walls
with its individual cell wall layers, comprising a primary cell wall (P-layer), three sec-
ondary cell wall layers (S1, S2 & S3-layer) and individual wood cells are connected by
the middle lamella (ML) (Pagel 1976} Fengel and Wegener, [2003)). For the macroscopic
behavior of wood, the S2 layer — consisting of cellulose fibrils which are oriented in
parallel, inclined to the cell axis by the microfibril angle (MFA) and are embedded in
a hemicellulose-lignin matrix — and the ML — mainly consisting of a lignified pectin
network — play a major role. Establishing causal relationships between changes of com-
position, ultrastructure, and microstructure and the macroscopic mechanical properties
of wood is difficult, as the occurring mass loss often masks the effects of changing com-
position and microstructure in the remaining wood cell walls. It is thus necessary to
step down the hierarchical organization of wood to the cell wall scale, where the fun-
gal degradation actually occurs, in order to enhance the current understanding of the
mechanical consequences of fungal degradation.

Local measurement of composition and microstructural features at the cell wall
scale, individually for EW and LW, requires experimental methods that are capable of
delivering results on small amounts of materials and on samples with small dimensions.
Herein we apply Fourier transform infrared spectroscopy (FT-IR) for detecting changes
in wood composition and cell wall ultrastructure, X-ray scattering to analyze the wood
cell wall microstructure, and nanoindentation (NI) to probe the stiffness of the wood
cell wall (Wimmer and Lucas, 1997} |Tze et al., 2007; |Wagner et al.,|[2014a).

Herein, the results of investigations on Scots pine sapwood after degradation by
either BR or WR up to mass losses of 10% are presented. For selected annual rings, the
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S2 cell wall layers and middle lamellae (ML) were analyzed by means of the methods
mentioned before, separately for EW and LW. In addition, wet chemical methods are
applied in order to determine the chemical composition of the samples, again separately
for EW and LW.

The big size of the data set suggests application of multivariate data analysis in
order to unravel interrelations between mechanical, microstructural and compositional
quantities. Principle component analysis (PCA) is performed on the compositional,
microstructural, and micromechanical data. Moreover, partial least square regression
(PLSR) analysis is applied to establish a link between mechanical properties of wood
cell walls with their chemical composition and molecular structure. This is achieved
by regression of FT-IR spectra, containing information on both chemistry and molecu-
lar structure, with mechanical properties of the wood cell walls. All multivariate data
analysis is carried out separately for EW and LW as well.

4.2 Experimental Procedures

4.2.1 Materials

Investigations are carried out on Scots pine (Pinus sylvestris L.) sapwood samples de-
graded by one fungus causing WR (Trametes versicolor [L.] Lloyd) and one fungus
causing BR (Gloeophyllum trabeum [Pers.] Murril). The samples were degraded in
laboratory tests at conditions, specified by [EN 113](1996). The macroscopic changes
of their physicochemical and mechanical properties have been reported in detail else-
where (Alfredsen et al., 2012; Bader et al., [2012a,b). Herein, we focus on changes at
the cell wall scale. We consider early stages of degradation only, characterized by mass
losses of approximately 1%, 5%, and 10%. This corresponds to two, four, and six weeks
of BR (BR2, BR4 & BR6) and to two, six, and twelve weeks of WR (WR2, WR6 &
WR12), respectively. Moreover two undegraded reference samples (REF) were ana-
lyzed. Cuboidal samples of approximately 20x20x15 mm? in longitudinal, radial, and
tangential direction (LxRxT) were used (Figure ). First, a 2x20x15 mm? (LxRxT)
slice was cut from the initial cuboids (Figure §.1p), from which later the NI samples
were cut. The remaining blocks (Figure [4.1d) were re-impregnated with deionized wa-
ter and subsequently tangential thin sections of the EW (200 pm) and LW (150 pm) of
the selected annual rings were sliced by means of a sliding microtome (Figure §.1).
They were used for the FT-IR tests, the X-ray scattering, and the wet chemical analy-
ses. The thin sections did not contain enough material for determination of the lignin
content. The residual material (Figure {.Tff) was used for this purpose and was care-
fully separated into EW and LW for this purpose. For the NI tests, small specimens
of approximately 2x2x1.5 mm?® (LxRxT) were cut the aforementioned slices from the
same annual rings, from which the thin sections had been prepared (Figure .1c). These
specimens were then embedded in an epoxy resin (AGAR Low Viscosity Resin Kit,
Agar Scientific, Essex, UK). The plane surface was cut smooth with a microtome (Leica
Ultracut, Leica Microsystems, Wetzlar, GER), equipped with a diamond knife.
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In total, two REF samples, three BR2 samples, four BR4, BR6, and WR2 samples,
and five WR6 and WR12 samples were analyzed, each separated for EW and LW (i.e.
27 EW and 27 LW samples, see Table @.1).

¢) NI specimen e) EW & LW thin sections

ATR FT-IR
WAXS
NI tests

s . i acid methanolysis
a) initial sample b) slice for NI Y
—_

’
—p -
d) remaining block///

LW
EW

f) EW & LW slices from remaining material

g) milled EW & LW slices

L mass loss

%4

T

LW O lignin determination
-

ATR FT-IR EW

Figure 4.1: Sample preparation; EW — earlywood, LW — latewood, NI — Nanoinden-
tation, ATR FT-IR — Attenuated Total Reflectance Fourier Transform Infrared Spec-
troscopy, WAXS — Wide Angle X-ray Scattering

4.2.2 Methods Outline

The experimental program was carried out in the following order (cf. Figure {.1)): First
attenuated total reflectance Fourier transform infrared spectroscopy (ATR FT-IR) was
performed on the thin sections and on the slices of the residual material, followed by
wide angle X-ray scattering (WAXS) of the thin sections. Afterwards these sections
were used for the determination of the contents of hemicelluloses and pectic sugars by
acid methanolysis. Due to the small amount of available sample, the lignin content
could not be determined from the thin sections, but it was rather measured from the
residual material. In order to link these measurements to the lignin contents of the thin
sections, the ATR FT-IR spectra recorded on both the thin sections and the residual
material were used, as described in detail later. Besides that, nanoindentation tests
were performed on material containing both EW and LW of the investigated annual
rings. Finally, multivariate data analysis methods were applied to analyze relationships
between micromechanical properties and composition and microstructure.

4.2.3 Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR FT-IR)
For the ATR FT-IR investigations, the thin sections and the slices of the residual mate-

rial were freeze-dried. The measurements were carried out using a Bruker Vertex 70 FT
infrared spectrometer (Bruker Optics, Ettlingen, Germany) equipped with a Platinum



Publication 4 79

diamond ATR unit and a room temperature DLaTGS detector. At least 4 surface spectra
from each thin section and 10 surface spectra from each residual slice were recorded be-
tween 4000 cm™ and 600 cm™ (spectral resolution 4 cm', zero-filling factor 2). 32 scans
per spectrum were averaged to increase the signal-to-noise ratio. 2nd derivatives of the
ATR FT-IR spectra were calculated according to Savitzky and Golay| (1964) applying
17 smoothing points and 2" order polynomial fit, followed by a standard normal vari-
ate (SNV) normalization in the spectral range between 1855 cm™ and 600 cm™!. This
combination of data treatments reduces adverse baseline effects, as well as differences
in spectral data, caused by different sample densities and varying pressures applied to
the samples during the measurement.

4.2.4 Wide Angle X-Ray Scattering (WAXS)

WAXS was applied to determine the MFA and the crystallinity of the thin sections (Fig-
ure ). A Bruker Nanostar device (Bruker ASX, Madison, WI, USA), working with
CuKa radiation (wavelength 1.54 A), was used. The scattering patterns were collected
using a 2D position sensitive detector at a distance of 4.85 cm from the sample for 1 h.
To determine the MFA, the integrated intensity of the 200 reflection was plotted over the
azimuthal angle. The MFA was evaluated from the resulting intensity curves according
to Meylan| (1967)).

To determine the degree of crystallinity of the sample (C'r), the obtained 2D scat-
tering patterns were integrated over azimuthal angles from 0° to 360°, and the resulting
intensities were plotted versus the scattering angle 20. C'r was estimated by the method
according to|Segal et al.|(1959), using the intensities of the 200 peak (/500) and the local
intensity minimum between the 200 and 110 peaks (/45/), representing the amorphous
part of the scattering pattern. C'r was then calculated as:

o = Lo = Lav) 100[%). 4.1)

I00

4.2.5 Wet Chemical Analysis

The contents of hemicelluloses and pectic sugars as well as of accessible glucose from
glucomannan and non-crystalline regions of cellulose were determined according to
Sundberg et al.| (1996), using 10 mg of material from each thin section. The anal-
ysis yielded contents of accessible glucan (acc. glu), arabinan (ara), galactan (gal),
galacturonan (galA), glucuronan (glcA), mannan (man), rhamnan (rha) and xylan (xyl),
specified in relation to their anhydro forms. As mentioned earlier, the thin sections did
not contain enough material to determine the lignin content according to TAPPI Test
Method T222/(1988)). Therefore, the slices of EW or LW cut from the residual material,
from which already ATR FT-IR spectra had been recorded, were used for this purpose.
The EW and LW slices were milled separately to a particle size of 80 um. After freeze-
drying, the milled wood samples were extracted with a Buechi Speed Extractor (Buechi
Labortechnik AG, Flawil, SUI), using an acetone/water mixture (95/5 vol.) at 110°C in
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four static cycles of 15 min each. Thereafter the total lignin content of each slice, based
on non-extracted wood, was determined according to [TAPPI Test Method T222|(1988)).
These results were related to the (yet unknown) lignin contents of the thin sections via
the ATR FT-IR spectra, recorded on both materials. In particular, cross-validated PLSR
models were built, using the lignin content from the wet chemical analysis as y-variable
and 10 averaged pre-treated ATR FT-IR spectra, recorded on the slices of residual mate-
rial before milling, extraction and determination of the lignin content, in the range from
1855 - 600 cm™ as x-variables (Figure .

4.2.6 Nanoindentation

The NI tests were performed using a TriboIndenter® (Hysitron Inc., Minneapolis, MN,
USA) in a load controlled mode. The sample chamber was climatized at 20+2°C/
6012% relative humidity, using a RH-200 Relative Humidity Generator (L&C Science
and Technology, Hialeah, FL, USA). A three-sided pyramid-shaped tip (Berkovich type)
was used. Indents were placed in the S2 layer of selected EW and LW tracheids as
well as in the middle lamellae (ML) in the cell corners in EW and LW. Positioning was
verified using the built-in scanning probe microscope (SPM). A three step load function,
consisting of consecutive loading, holding and unloading (to 50% of the previous load
level) steps was applied, reaching a maximum load P,,,, of 150 uN. The cross section
of an embedded wood cell exhibits multiple interfaces between cell wall layers and
between the cell wall and the embedding material. According to [Jakes et al.| (2009),
potential edge effects can be neglected if the center of an indent shows a distance to the
next interface or edge of at least the square root of the contact area, A%, times a material
dependent factor of approx. 1.3 (for polymers), resulting in approximately 1 pm for the
setup used herein. The resulting imprints in the cell walls were all inspected via the
SPM. Indents not fulfilling the required distance were discarded. The load-indentation
depth curves were evaluated according to the |Oliver and Pharr| (1992) method. The
slope of the initial unloading (= initial unloading stiffness .S) is related to the elastic
material properties and thus used to determine the indentation modulus M from:

_ VT, 5
M=% e 4.2)

where Ao denotes the contact area. The indentation hardness H follows from dividing
the maximum force P, by Ac.

4.2.7 Multivariate Data Analysis (MVA)

MVA allows the reduction of multidimensional data, data visualization, and separat-
ing effects due to degradation from noise due to measurement inaccuracies. Herein,
principle component analysis (PCA) was performed on the directly determined com-
positional data (contents of lignin, hemicelluloses, and pectic sugars), the mechanical
properties of the cell walls (M and H of the S2 layer and the ML), as well as C'r, us-
ing the Unscrambler (v9.7, Camo Software AS., Oslo, NOR). PCA is a method of data
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analysis that is well suited to show correlations of variables in a multivariate data set.
It allows identifying similarities and dissimilarities among the investigated samples and
to visualise sample characteristics. Moreover, it facilitates finding correlations between
variables in a descriptive way in scores and loadings plots of only a few — here, only two
— dimensions. PCA further allows for the quick differentiation between more and less
important variables in the data set. Here PCA was applied to visualize the processes dur-
ing fungal degradation of wood at cell wall scale, to assign the most important changes
during WR and BR degradation, and to find relations between the obtained chemical
and microstructural data and the mechanical cell wall properties. To normalize the scale
of the data, variables were weighted by dividing them by the standard deviation (SD)
within the respective variable, and mean centering was applied before PCA. PCAs were
performed separately for EW and LW.

To analyze possible relations between micromechanical and spectroscopic data, PLSR
analysis was performed using the micromechanical data, i.e. indentation moduli of the
S2 layer and the ML, as y-variables and the individual ATR FT-IR spectra, recorded
from the surfaces of the thin sections, as x-variables, using the Unscrambler (v9.7).
EW and LW, as well as BR and WR wood were analyzed separately. Here PLSR was
employed to find relations between spectroscopic data and micromechanical properties.
Only cross-validated calibration models will be shown and discussed. Preliminary re-
gression models were calculated from the pretreated spectral data. These models were
further processed using Martens’ uncertainty test (Westad and Martens, [2000) to extract
the most important spectral variables to describe the correlation.

4.3 Results and Discussion

4.3.1 Wet Chemical Analysis

The results of the wet chemical analyses in terms of EW and LW specific composition
of the individual samples are summarized in Table {.1]in the Appendix. Trends in the
composition of the remaining cell wall material upon BR and WR decay are obvious
only for some cell wall components. Basically, these trends are the same for both EW
and LW. The lignin content decreases during WR and increases during BR degradation.
The contents of the pectic sugars (i.e. ara, gal, galA & rha) and of xyl decrease, while
the contents of glcA and of acc. glu increase. For the other components, no clear
trends during WR and BR decay can be seen from the raw data (Table {.I)). Since the
deteriorated material has not been characterized before fungal decay, some observed
changes might partly also originate from differences between these samples and the
reference samples already existing before degradation.

4.3.2 Wide Angle X-Ray Scattering

X-Ray scattering yielded the MFA and C'r of all samples. By far most of the samples
show lower MFAs in LW than in EW, with MFAs of 7.0-14.1° in LW and of 9.6-24.9° in
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EW (Table[4.2). However, the results for some samples deviate from this trend, e.g. with
MFAs of 23.4° in LW and 17.7° in EW. This might be a consequence of using samples
only 150-200 pm thick (in R-direction) for determining the MFA. Such thin samples
are susceptible to the random variability of the MFA, on top of the known EW-to-LW
trends (Wagner et al., 2013).

Average C'r values of the reference samples amount to 32.2% in EW and to 31.9%
in LW (Table .2)). In general, Cr shows hardly any changes during WR (31.4% and
31.8% for EW and LW, respectively), while a slightly decreasing Cr can be observed
during BR (28.8% and 29.8% for EW and LW, respectively; Table 4.2]). The observed
changes of C'r might be a consequence of the fungal decay (Howell et al., 2009). It
cannot be ruled out that some changes also emerged during the kiln drying (Bhuiyan
et al., 2000), which was performed after the degradation according to [EN 113| (1996).
Again, some variability might also originate from pre-existing differences of the C'r
between the samples before degradation.

4.3.3 Nanoindentation

The indentation modulus M and the indentation hardness H were determined separately
for the S2 cell wall layers in EW and LW (Mgopw & Mgorw and Hsopw & Hgopw)
and for the middle lamellae (M), & H;1). The S2 cell wall layer exhibits anisotropic
elastic material properties (Page,|1976; Salmén and Burgert,[2009), having its main ma-
terial axis aligned with the cellulose microfibrils. Thus Mgopw and Mgorw depend on
the inclination of the cellulose microfibrils to the indentation direction, i.e. on the MFA
(Jager et al.l 2011a)b)). Accordingly, the variation of MFA among the samples prevents
from directly comparing Mgopy and Mgopyy at different degradation stages. The cor-
rection of the measurement results for the (known) MFA of each sample would require
knowledge of the indentation moduli in several directions (Jiger et al., 2011b)). Yet,
samples with similar MFA can be compared, revealing a tendency of higher Mgopw
in the WR samples. [ of the S2 cell wall layer has been experimentally shown to not
depend on the MFA (Tze et al., [2007). This allows assessing the changes of Hgopw
and Hgopw during degradation on the basis of the test results (Table d.2). Hgopw and
H 511 show small increases from 0.384+0.00 GPa and 0.394+0.01 GPa for the REF sam-
ples to 0.4140.03 GPa (+8.5%) and 0.42+0.01 GPa (+10.1%) for BR6 samples in EW
and LW. According values for the EW and LW of the WR12 samples are 0.42+0.03 GPa
(+11.1%) and 0.41£0.02 GPa (+6.0%) (Table |.2)).

The ML shows isotropic material behavior, enabling to directly compare results ob-
tained for different samples and to study the evolution of both M,,; and H),; over the
degradation time for this layer. M}, increases from 6.4440.31 GPa for the REF sam-
ples to 7.30+0.35 GPa (+13.4%) for BR6 and to 7.37+0.35 GPa (+14.4%) for WR12.
HML also increases from 0.32+0.03 GPa for the REF samples to 0.38+0.01 GPa
(+17.8%) for BR6 and to 0.35+0.01 GPa (+10.0%) for WR12 (Table [4.2).
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4.3.4 Multivariate Analysis of Micromechanical, Microstructural
and Chemical Characteristics

The scores plot of the PCA of EW (Figure 4.2) shows that a major share of data vari-
ance (PC1=34%) can be allocated to degradation time and, thus, to mass loss. Non-
degraded samples and samples in early degradation stages (REF, BR2, WR2 and WR6)
have lower PC1 scores than samples in later degradation stages. BR4 and BR6 sam-
ples have the highest scores on PC1. PC2 (21%) separates samples according to their
degradation type, with WR samples having positive PC2 scores and most BR samples
and non-degraded samples showing negative PC2 scores. Degraded samples separate
from non-degraded ones, except for one sample in early BR and early WR. This shows
that this multivariate approach using chemical and micromechanical properties of wood
is well suited to identify early wood degradation processes. The remaining PCs (45%)
represent the variability of the raw material in terms of composition and microstructure
(e.g. MFA).

PC loadings (Figure [d.2c) allow for characterizing wood degradation processes, be-
cause they show differences in variables related to chemistry, molecular structure and
micromechanical properties of the S2 cell wall layer and the middle lamella. Here, vari-
ables (i.e. sample characteristics) with negative loadings on PC1 are more pronounced
in non-degraded samples, while variables with positive loadings on PC1 are related to
degradation. Variables with positive loadings on PC2 are higher in WR degraded sam-
ples, while those with negative loadings are higher in BR degraded samples.

Variables in EW, where trends could be seen already in the raw data (Tables
[4.2)), showed the highest loadings on PC1 and PC2. In EW these characteristics are
higher contents of pectic sugars (gal, ara, rha and galA) and xyl and higher Cr in non-
degraded condition, as well as higher contents of acc. glu and higher M,,;, Hj,;, and,
to a lesser extent, also Hgopy in degraded conditions. Less important characteristics
of degradation, i.e. PC1 close to 0, were changes in man content and Mgopy . Due to
increasing lignin content during BR and decreasing lignin content in WR, lignin has also
PC1 close to 0. Most obvious on PC2 were the positive loadings of Mgopw and Hgopw,
revealing higher values after WR degradation, and the negative PC2 loadings of lignin
content, indicating higher lignin content after BR decay. However, as mentioned above,
Mgssopw depends on the respective MFA in that specific sample. Thus, direct allocation
of Mgopw to either degraded or non-degraded conditions as well as to WR or BR is
prevented by the considerable variation of MFA in EW (Table 4.2)). Higher Hgspw on
the other hand can be associated to degradation effects, because Hgopyy is not affected
by the MFA.

In LW (Figure4.2p), a minor share of the samples separates from non-degraded ones
on PC1 (28%), indicating the smaller (relative) differences in LW due to degradation.
Positive scores of WR12 and BR6 samples, exhibiting a similar mass loss, are quite
similar in LW, while pronounced differences are observed in EW on PC1 (Figure d.2p).
Degradation types again separate along PC2 (22%), with WR samples scoring nega-
tively and BR samples scoring positively. To be able to qualitatively compare the results
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Figure 4.2: PCA scores (a,b) and loadings (c,d) plots of earlywood (EW, a,c) and late-
wood (LW, b,d) samples. (a,b) The degradation time is indicated by the size of the
symbols (small — REF, WR2, BR2; medium — WR6, BR4; large — WR12, BR6); (c,d)
ara — arabinan, gal — galactan, galA — galacturonan, rha — rhamnan, xyl — xylan, man
— mannan, glcA — glucuronan, acc. glu — accessible glucan, Cr — crystallinity, Mgopw
— indentation modulus of S2 layer in EW, Hgspy — indentation hardness of S2 layer
in EW, M,;; — indentation modulus of middle lamella, H,,; — indentation hardness of
middle lamella. PC2 for LW (b,d) was inverted for better comparability with EW (a,c)

of the PCA for LW, PC2 was inverted for the plots in Figure 4.2b,d. The remaining PCs
(50%) again represent raw material variability.

The PCA loadings of LW samples (Figure 4.2[d) reveal again differences in chem-
istry, molecular structure, and micromechanical properties, which are more pronounced

than for EW samples.
Again, variables showing clear trends already in the raw data (Tables 4.TH4.2)), ex-

hibit the highest loadings on PC1 and PC2. Degraded LW cell walls are also depleted in
pectic sugars ara, gal and galA, show higher Mg and Hgorw as well as higher My,
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and H);;, and have more acc. glu. Differences in contents of rha, xyl, man, and gIcA,
as well as in C'r, between degraded and non-degraded samples, are less evident in LW.
As observed in EW, the increasing lignin content during BR and the decreasing lignin
content in WR caused the PC1 loading of lignin to lie close to 0. The loadings of PC2
in LW reflect the differences between decay types, namely higher contents of xyl and
lignin after BR decay, and more pronounced increase of the amount of acc. glu after
WR decay. C'r is also shown to be higher in WR samples, resulting from the decrease in
C'r upon BR decay (see also Table [#.2). As stated above for Mgopw, the variability of
the MFA prevents from allocating higher Mg,y directly to degraded or non-degraded
material and to WR or BR samples.

PCA of chemical, microstructural, and micromechanical data of EW and LW cell
walls reveal a strong negative correlation of the content of pectic polysaccharides with
My, and H)y, g, after both BR and WR decay. It is well known that pectic polysaccha-
rides are mainly found in ML and primary cell walls (Fengel and Wegener, [2003). Their
degradation coincides with the increase of M), and H ;. The reason for this increase,
however, has to remain a matter of speculation. Pectins are non-crystalline polysaccha-
rides and due to their high degree of substitution and branching very flexible molecules.
Their degradation might lead to an overall increase in stiffness of the ML. On the other
hand, lignin, having its highest concentration in ML, is modified during BR degrada-
tion (Davis et al., [1994; Yelle et al., 2011)) and broken down during WR decay, which
might also cause alterations in mechanical properties in the ML. Furthermore, as stated
before, the samples were heated for kiln drying to stop the fungal degradation process.
This heating might have caused rearrangements of the cell wall polymers, contributing
to the observed increase in ML and S2 layer stiffnesses.

4.3.5 Relation between ATR FT-IR Spectra and Micromechanical
Data

The relationship between ATR FT-IR spectroscopic and micromechanical data was in-
vestigated by means of partial least squares regression (PLSR) analysis, which was
performed for the spectral data from EW and LW during WR and BR decay and the
indentation moduli M obtained from the ML and the S2 layer in EW and LW, to cal-
culate predictions of M. In the following, PLSR models showing (1) M in the S2 layer
(MSQE'W,PRE'D) for WR, (2) M in the ML (MML,PRED) for BR and (3) MML,PRED for
WR are presented, predicted from the EW spectra of the respective samples.

In Figure @) the correlation between Mgopw prep and the experimentally deter-
mined Mgopy (mean values) within the EW sections is presented. The high coefficient
of determination (R?=0.88) indicates the correlation between Mgsogw prep predicted
from ATR FT-IR spectra and Mg,gw . This relation is not unexpected because me-
chanical properties of wood cell walls are determined by their chemistry and molecular
structure, which are reflected in FT-IR spectra. However, it becomes evident, that a
lot of variation is still present not only in the micromechanical properties (not shown
in Figure [4.3), but also in the spectral data recorded within the same annual ring. SD
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Figure 4.3: Predicted indentation moduli M from the PLSR models over the respective
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during WR decay and (b) the ML (M1, prep) during WR and (c) BR decay predicted

from the ATR FT-IR spectra of the respective EW sections; blue — REF, green — WR,
red — BR samples
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of Msopw,prep amounted to 0.13-0.68 GPa, as compared to the experimental SD of
Mgopw of 1.09-4.14 GPa (Table .2). The spectra and PLSR coefficients, which are
not shown here, reveal well-known chemical and ultrastructural alterations (Fackler and
Schwanninger, [2012) that are correlated to higher Mgopy in WR compared to non-
degraded cell walls. An increase of Mgory due to WR degradation is correlated to: (1)
lower lignin content, (2) Ca-oxidation of lignin moieties and (3) xyl degradation and
therefore (4) relative increase of the native cellulose crystal allomorph 15. Significant
regression coefficients (SRC) according to Martens’ uncertainty test related to lignin
content and lignin oxidation were therefore found at 1670 cm™ (conjugated p-sustituted
aryl-ketones), 1506 cm™' (aromatic skeletal vibrations of lignin), 1465 cm™ (asymmet-
ric C-H bend of methoxyl groups). Xyl degradation was reflected in SRC at molecular
vibrations due to acetyl groups of xyl (1731 cm™). Further SRC that could be assigned
to the molecular structure of pine wood were found near 713 cm™ (cellulose crystal al-
lomorph I3). The lower lignin and xylan content as well as the relative increase of C'r in
EW during WR decay are indicated also already in the PCA for EW (Figure d.2). Due
to highly overlapping bands of all the various polysaccharides in pine wood (Schwan-
ninger et al., 2004} [Kacurakova et al., 2000), reflected in the high number of SRC in
the spectral region from 1140-980 cm™! (C-O-C and C-O stretching vibrations), and due
to their relatively low content (Table d.1)), the degradation of pectic polysaccharides did
not become evident in the ATR FT-IR spectra of EW undergone WR decay.

My, prep from ATR FT-IR spectra of WR and BR degraded EW sections (includ-
ing the references) and the experimentally determined My, are clearly correlated, as
shown again by high coefficients of determination (R?=0.87 and 0.91 for WR and BR,
respectively, Figure 4.3p-c). Again variability of the predictions for the same sample
becomes evident, amounting to SD of 0.06-0.18 GPa for WR and of 0.06-0.13 GPa for
BR, respectively. However, this variability is small, compared to the experimentally
determined SD of 0.29-1.05 GPa for WR and of 0.20-0.76 GPa for BR, respectively
(Table . The regression coefficients of the PLSR model for M1, prep in WR
reflect similar features to those already described before for Mgopw, prep, With SRC
at the above described wavenumbers. However, SRC related to lignin Ca-oxidation
(1670 cm™!) and specifically to the crystal allomorph of cellulose (near 715 cm™) were
absent in this case. Those of the BR model indicate degradation of man (867 cm™),
which is more pronounced than that of xyl, which also became evident during the PCA
(Figure 4.2k). Furthermore, significant regression coefficients, according to Martens’
uncertainty test, are observed in the region of C-O stretching vibrations from approxi-
mately 1160-980 cm™ (Schwanninger et al., |2004), indicating substantial modifications
of polysaccharides, including pectins.

4.4 Conclusions

Composition, microstructure and micromechanical properties of wood cell walls are
changed differently by WR and BR fungi, and these alterations are highly variable.
Nevertheless, investigations on the cell wall scale clearly showed that these alterations
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were related to each other and could be detected already in very early stages of degra-
dation. Differences between the observed changes during WR and BR decay have been
caused by the different degradation mechanisms of the respective fungi. Chemical in-
vestigations revealed the well-known increase of lignin content during BR decay, as
well as its decrease during WR decay. Pectic sugars were degraded during BR and WR
decay. Hardness increased in the S2 layer as well as in the ML during BR and WR de-
cay. PCA showed that the increased hardness of the ML is correlated to the decrease of
pectic polysaccharides during both BR and WR decay. The increases in hardness of the
S2 layer due to fungal decay were smaller than in the ML and are mainly associated to
the loss of hemicelluloses. Differences between of these increases during BR and WR,
i.e. higher hardness of the S2 layer after WR than after BR, coincide with the, relatively,
higher Cr of the cell walls after WR decay. Increased stiffness after BR and WR decay
could be detected in the ML, while the anisotropic nature of the S2 layer, together with
the observed MFA variability among the samples, made it difficult to directly follow the
modification of stiffness in the S2 layer. PLSR analysis could deliver links between the
stiffness of the S2 layer and ultrastructural changes of lignin, lignin content as well as to
ultrastructural changes of cellulose during fungal degradation. The increased stiffness
of the ML is also correlated to the degradation of pectins.
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Appendix 2: Compositional, Microstructural and Micro-
mechanical Data

The following tables show the compositional data of the earlywood (EW) and latewood
(LW) samples (Table {.T)) as well as their micromechanical and microstructural proper-
ties of the S2 layers and middle lamellae (Table [4.2)).

Table 4.1: Chemical composition of earlywood (EW) samples; lig...lignin,
ara...arabinan, xyl..xylan, rha..rhamnan, man...mannan, gal...galactan, acc.
glu...accessible glucan, galA...galacturonan, glcA...glucoronan

lig ara xyl rha man gal acc.glu galA glcA
Sample (%]  [%] (%] [%] [%] [%]  [%] [%] (%]
EW 2688 247 6.21 039 1153 282 3.71 236 0.57

REE1 LW 2686 1.71 433 025 1451 245 447 1.44 0.49
REE?2 EW 2686 1.83 598 0.59 10.86 241 3.88 1.82  0.34
' LW 2553 137 483 030 1626 205 5.26 1.17 0.49
BR2.1 EW 2625 156 446 028 730 1.68 261 1.02 0.56
' LW 2371 167 583 023 1537 223 475 1.24  0.69
BR2.2 EW 2669 197 7.55 041 1049 271 4.25 1.52 0.53
LW 2431 1.74 6773 0.34 13.18 221  4.63 1.20 0.52

BR2.3 EW 2759 150 556 0.28 16.73 194 471 0.87 0.38
LW 2592 147 554 031 1552 333 4.69 1.08 0.43

BRA.1 EW 2890 1.11 474 021 795 120 6.69 0.77 0.46
’ LW 2524 133 551 037 1353 1.64 7.09 0.85 0.52
BR4.2 Ew 2770 097 512 022 7.11 133 414 097 1.73
LW 2632 140 65 026 11.86 1.80 5.67 0.89 0.61

BR43 EW 2633 155 654 034 1282 199 5.2 1.27 0.43
LW 2553 1.61 7.22 033 18.05 227 6.08 1.03  0.54

BRA.4 EW 28.12 154 586 030 11.25 2.61 471 098 0.59
' LW 26.10 1.26 4.47 023 1051 3.14 411 0.69 0.33
BR6.1 EW 2757 135 541 028 9.08 156 7.61 1.03 1.26
' LW 2744 136 644 029 1637 356 590 1.05 0.68
BR6.2 EW 2754 147 730 036 12.62 227 682 099 054
LwW 2516 121 571 023 9.66 148 5.25 0.67 048

BR6.3 EW 2731 121 425 022 1128 197 4.8 1.09 0.62
LW 2601 156 7.08 034 1602 202 7.45 094 0.63

BR6.4 EW 2777 1.05 481 035 13.60 148 648 0.99 0.63
LW 2684 123 561 035 948 158 6.23 0.92 0.57

WR2.1 EW 26.12 1.70 5.89 040 1338 242 483 201 053
' LW 2391 136 481 040 1506 2.00 4.49 1.39  0.65
WR2.2 EW 2651 178 630 043 12.12 249 435 1.92 042

LW 2330 1.63 542 031 1444 222 459 1.52 0.61

Continued on next page
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lig ara xyl rha man gal acc.glu galA glcA

Sample [P]  [%] [%] (%] [%] [%]  [%] [P]  [%]

WR2.3 EW 27.16 179 5.63 0.24 16.17 227 541 1.47 0.64

LW 2360 1.35 5.07 0.16 1433 190 4.84 1.02 0.39

WR2.4 EW 2625 149 555 029 1257 249 4.4 1.64 0.53

LW 2362 141 548 027 1537 387 4.11 1.37 0.51

WR6.1 EW 2364 169 7.38 045 1371 233 5.78 1.81 0.62

LW 2308 1.63 575 026 1321 2.02 437 1.32  0.55

WR6.2 EW 2421 1.64 564 038 1230 224 502 1.69 0.70

LW 2263 1.18 423 032 1423 1.88 491 1.20 048

WR6.3 EW 2431 235 6.84 034 10.12 2.69 429 2.65 0098

LW 2262 164 546 02 1277 214 471 1.61 0.78

WR6.4 EW 2429 207 524 038 11.09 249 449 2.11 0.58

LW 2267 1.75 521 027 1203 2.18 429 1.26 0.48

WR6.5 EW 2408 1.23 432 0.27 1038 1.69 3.86 1.35 122

LW 2342 134 471 035 1403 1.83 477 0.99 0.50

WRI2.1 EW 2314 1.66 6.07 044 12.63 207 544 1.90 2.12

LW 2185 1.21 419 030 17.07 175 5.65 1.26 0.40

WR12.2 EW 2430 1.12 456 030 1029 154 429 142 149

LW 2257 093 375 02 1471 154 497 0.88 1.39

WR12.3 EW 2392 1.08 4.68 030 13.70 1.69  5.98 140 1.71

LW 2212 092 457 028 1691 146 6.31 .11  1.89

WR12.4 EW 2332 127 499 033 987 275 3.86 220 1.22

LW 21.09 1.10 4.65 020 1273 2.16 4.67 1.24 0.55

WR12.5 EW 2433 144 463 031 11.61 179 431 1.49 0.31

LW 2142 1.05 359 025 1452 1.58 438 1.06 0.40
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Table 4.2: Microfibril angle (MFA) and sample crystallinity C'r of the S2 layer in ear-
lywood (EW) and latewood (LW), as well as indentation moduli (Mg2) and hardness
(Hgs) the S2 layer in EW and LW and in the middle lamella (ML)

S2 ML
MFA Cr M H M H

Sample [°] [%] [GPa] [GPa] [GPa] [GPa]
REEL [\ 75 315 18814119 Oxfsogy 02029 0305002
era BN U9 2O 0800 o asson
BRAL [\ 154 207 1830:0% 03004 001029 0322002
BR22 [\ 177 a4 190kel7l 037son 01046 0312002
ras BN U0 T TS D00 gsgias osnsonm
BRLL [\ 75 303 17120081 03005 TISE021 0372002
iz BY U0 03 MRS 0500 1 psson
iy BN 3200 SS9 0000 16 oo
BREA [ 11 gm0 1853172 o4asos 70020 0362002
rar BN DO B3I OB ot psson
ez BN B 78000 0000 1ot oaseon
BRO3 [\ 55 287 20174114 04rios SHE046 0394003
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war B 28 DB 0900 i oo
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wwas BNBT S I 000 1 asson
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Continued on next page
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Fungal degradation is among the greatest hazards for standing trees as well as tim-
ber constructions. Herein we aim at gaining more detailed insight into the degradation
strategies of wood destroying fungi and the consequences on the mechanical perfor-
mance of wood. At the macroscale, the occurring losses of mass and of mass density
mask effects of altered chemical composition and microstructure. Thus, it is necessary
to step down the hierarchical organization of wood to the cell wall scale in order to
resolve these changes and their mechanical impact. We present a multiscale microme-
chanical model which is used to estimate the stiffnesses of the S2 cell wall layer and
the compound middle lamella of fungal degraded wood. Data from a detailed chem-
ical, microstructural and micromechanical characterization of white rot and brown rot
degraded Scots pine sapwood is analyzed. Comparing predicted cell wall stiffnesses
with measured ones confirms the suitability of the approach. The model enables to es-
tablish structure-stiffness relationships for fungal degraded wood cell walls and to test
hypotheses on yet unknown effects of fungal decay. The latter include the evolution of
porosity, modifications of the cell wall polymers resulting in changes of their stiffnesses,
as well as increasing cell wall crystallinity. The model predictions in general showed
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good agreement with the predictions not considering pores in the cell wall. However,
this finding does not rule out the formation of porosity. Other degradation related effects
like modifications of the cell wall polymers as well as increased crystallinity have the
potential to account for stiffness decreases upon the formation of pores.

5.1 Introduction

Fungi play a major role in the degradation processes of all biological materials in nature
and thus, also in wood decay. Fungal degradation is among the greatest hazards for the
integrity of standing trees as well as of interior and exterior timber constructions.

The macroscopic mechanical behavior of wood is determined by its inherent mi-
crostructure which is hierarchically organized. The levels of organization have been
identified as the growth ring structure consisting of earlywood (EW) and latewood (LW),
the individual wood cell walls, the cell wall layers, and the arrangement of the wood
polymers in these layers in the fashion of a fiber-reinforced composite (Pagel 1976;
Fengel and Wegener, 2003)).

The different degradation strategies of wood decaying fungi and the consequences
on the wood cell wall composition and microstructure have been the subject of many re-
search studies (Blanchette,, |1984; Eriksson et al., [1990; |Goodell, [2003; Lee et al., 2007 a;
Howell et al., 2009} Yelle et al., 2011; Bader et al.,[2012b; [Fuhr et al., 2012). Wood rot-
ting fungi are categorized according to their mode of degradation into brown rot, white
rot or soft rot (Eriksson et al., [ 1990; Schwarzel, 2007), whereby only brown rot and
white rot are relevant for above ground applications. Brown rot fungi directly utilize the
more nutritious wood polysaccharides, in initial stages especially pectic polysaccha-
rides and hemicelluloses, and modify lignin only to a limited extent (Goodell, 2003)).
White rot fungi are further categorized into selective white rot fungi, which first cleave
lignin to get access and then decompose the polysaccharide components in the wood
cell wall, and simultaneous white rot fungi degrading all wood polymers at the same
time (Blanchette, |1984).

The mechanical consequences of fungal decay have been investigated (Wilcox, |1978;;
Winandy and Morrell, |1993; Curling et al., 2002; Bader et al., [2012a)). These stud-
ies almost exclusively dealt with the overall macroscopic stiffness and strength loss,
which was linked to the altered wood composition after fungal degradation. While
showing statistical correlations, such efforts do not deliver causal relations between
changed microstructure and loss of mechanical properties. Such structure-stiffness re-
lationships start to be understood for sound wood (Cave, |1968}; [Niklas|, | 1992; |Bergander
and Salmeén, 2002; Hofstetter and Gamstedt, 2009; [Salmén and Burgert, 2009). How-
ever, it is unclear whether they also hold for deteriorated wood.

Fungal degradation of wood always features mass losses and mass density losses,
which can be highly variable (Curling et al., 2002; [Bader et al., 2012a)). This makes
investigations of structure-stiffness relationships of decaying wood difficult, as the oc-
curring mass loss often masks effects of changing composition and microstructure in
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the remaining wood cell walls on the effective wood properties. Thus it is necessary to
step down the hierarchical organization of wood to the cell wall scale where the fungal
degradation actually occurs. This can be achieved by multiscale modeling, which is the
main focus of this paper. By developing such a model based on homogenization strate-
gies, we aim at enhancing the current understanding of the mechanical consequences of
fungal degradation and to derive currently missing structure-stiffness relationships for
decayed wood.

Recently we presented results from an experimental campaign, gathering microstruc-
tural as well as mechanical data of fungal degraded wood cell walls, separately for EW
and LW (Wagner et al., 2014c). The investigated material (Scots pine sapwood) had
been deteriorated by either brown rot (BR) or selective white rot (WR) up to mass
losses of 10%. In contrast to the common observation of decreasing stiffness upon fun-
gal degradation at the clearwood level, we found increased stiffnesses at the wood cell
wall scale. Links between altered composition, microstructure and these cell wall stift-
nesses were established by means of multivariate data analysis (Wagner et al., [2014c).
Multiscale modeling will allow us to raise these relations from a statistical to a physical
level, and to finally derive the sought causal structure-stiffness relationships. It enables
to identify the effects of individual altered compositional and microstructural charac-
teristics of wood cell walls on their respective mechanical properties. Moreover, it also
allows testing hypotheses on fungal degradation mechanisms, by comparing experi-
mentally observed stiffness changes with predictions of the model obtained for specific
assumptions of altered composition and microstructure.

5.2 Materials and Methods

5.2.1 Wood Cell Wall Structure

Wood cells exhibit a multi-layered cell wall, comprising a primary cell wall (P-layer),
three secondary cell wall layers (S1, S2 & S3-layer), and the middle lamella (ML). The
latter connects individual wood cells and ensures the load transfer between them (Page!,
1976} Fengel and Wegener, 2003). The S2 cell wall layer comprises about 80% of the
total cell wall volume (Fengel and Wegener, [2003;|Salmén and Burgert, 2009). Thus the
cell wall layers mainly responsible for the mechanical behavior of wood are the S2 cell
wall layer and the ML. Following conventions of Fengel and Wegener (2003), we con-
sider the ML together with the adjacent P-layer and refer to it to as the compound middle
lamella (CML).The microstructures of the S2 layer and of the CML, respectively, ex-
hibit different levels of organization. The S2 cell wall layer is described as a natural
fiber-reinforced material, with cellulose fibers embedded in a lignin-hemicellulose ma-
trix (Page, 1976;|Salmén, 2004). The cellulose fibrils contain crystalline and amorphous
regions, with typical crystallite lengths and thicknesses of 30 to 40 nm and 3 to 4 nm,
respectively (Andersson et al., [2003}; [Peura et al., |2008). The cellulose fibrils are sur-
rounded by glucomannan which appears to be oriented along the cellulose fibrils (Ste-
vanic and Salmén, 2009). The so formed bundles, referred to as cellulose aggregates,



26 Publication 5

range from 15 to 20 nm in diameter and are oriented in parallel and inclined to the cell
axis by the so called microfibril angle (MFA) (Salmén, 2004; Fahlén and Salmén, 2005}
Donaldson, [2007). The surrounding matrix material consists of lignin and xylan, which
have been reported to be only partly oriented, if at all (Stevanic and Salmén, 2009). In
view of the lack of qualitative data on the anisotropy, the entire matrix material will be
considered to be isotropic, whereas the resulting S2 cell wall layer material is assumed
to be transversely isotropic. The CML constitutes a lignified pectic layer between the
cells, with some randomly oriented cellulose fibrils intruding from the adjacent P-layers
(Hafrén et al.| [2000; [Fengel and Wegener, |2003). This structure suggests isotropic be-
havior of the CML. Water and extractives are incorporated in the whole cell wall. 80%
of all extractives are reported to be located in the S2 layer. The amount of water in the
wood cell wall is determined by the equilibrium moisture content (EMC), which de-
pends on temperature and relative humidity (Fengel and Wegener, 2003)). According to
the specific composition of each cell wall layer the individual moisture contents (MC)
in the S2 layer and the CML are different (Gloimiiller et al., 2012).

5.2.2 Homogenization Theory - Continuum Micromechanics

Homogenization theories aim at predicting properties of macroscopically homogeneous
materials from their respective heterogeneous microstructure. A wide range of homoge-
nization methods has been developed, ranging from rather simple rules of mixture to the
numerical analysis of repetitive unit cells with complex internal structures. When only
general statistical data about the microstructure is available but no detailed morpholog-
ical information, mean field methods have proven powerful and efficient for the esti-
mation of elastic properties (Suquet, [1997; Zaoui, |2002). The level of microstructural
detail represented by mean field approaches matches well the level of knowledge of the
wood cell wall microstructure, particularly in its degraded state. This motivates the use
of mean field approaches in the current study. There, quasi-homogeneous subdomains,
so called material phases, have to be chosen within representative volume elements
(RVE). The characteristic length of the RVE [ has to fulfill [ >> d, d standing for the
characteristic dimension of the inhomogeneities within the RVE, and | << L, L being
the characteristic dimension of the geometry or loading of a structure made up by the
material defined by the RVE (‘“separation of scales”). The mechanical properties within
one RVE can then be estimated from its phases by their inherent mechanical properties,
their dosages, their shapes and their interactions, using the solutions for Eshelby-type
matrix-inclusion problems (Eshelby, [1957). Depending whether the phase arrangement
within the RVE is either fiber-matrix like or dispersed, the Mori-Tanaka method (Mori
and Tanaka, 1973} Benveniste, 1987) or the self-consistent scheme (Zaoui, 2002) is ap-
plied, respectively. If a single phase exhibits a heterogeneous microstructure itself, the
mechanical properties can be estimated by introducing RVEs within this phase, with
characteristic lengths I, << d, comprising smaller phases with characteristic dimen-
sions dy << l5. Repeatedly applied, this leads to a multiscale homogenization scheme.
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5.2.3 Multiscale Micromechanical Model for Sound Wood Cell Walls

Our modeling efforts build upon an existing multiscale micromechanical model for
wood stiffness (Hofstetter et al.l |2005), which will be extended and adapted for de-
graded material. The existing model has already undergone extensive validation for
sound wood (Hofstetter et al., [2005}; [Hofstetter and Gamstedt, 2009; Bader et al.,[2011b),
and has also been used to a limited extent to predict mechanical properties of modified
wood tissue (Konnerth et al.l [2010; [Bader et al., [2011a)).

Multiscale models enable to go down to sufficiently small scales of observation,
where “universal’ phase properties inherent to all wood tissues can be identified (Hof-
stetter et al., 2005). For the mechanically most relevant S2 cell wall layer, these phases
are lignin, amorphous and crystalline cellulose, hemicelluloses, water and extractives
(Hofstetter et al., [2005). In the CML also pectin constitutes such a "universal’ phase.
The consideration of water as an individual phase with bulk material properties is ob-
viously a simplification. However, it may approximate the physical state of water at
moderate and high moisture contents reasonably well, and has been shown to provide
suitable model predictions for moisture contents between 5% and 25% (Eitelberger,
2011). Treating water alternatively as softening agent of the other ‘universal’ phases
would require knowledge about the softening behavior of each phase and about the dis-
tribution of water across the phases. This knowledge is largely not available and would
introduce considerable uncertainty in the model.

The phase stiffnesses follow from molecular dynamic simulations for crystalline
cellulose (Tashiro and Kobayashi, |1991)) and from tests on extracted materials for amor-
phous cellulose, hemicellulose, and lignin (Table [5.1)). The latter phases are assumed
to show isotropic elastic behavior. Possible inaccuracies of the data used to specify
the phase stiffnesses are assumed not to change the resulting trends of cell wall stiff-
ness upon fungal decay. As regards pectin, elastic properties reported for individual
pectic sugars and for pectic gels show wide ranges, e.g. shear moduli between several
hundred MPa and 3 GPa (Axelos et al., {1991} [Clark et al., [1994). A choice of Epgc
= 1.3 GPa and vpgc = 0.3 leads to a shear modulus pppe of 0.5 GPa (bulk modulus
kppc = 1.08 GPa), lying within the reported range for quasistatic shear moduli of pectic
substances. The full stiffness tensor C'. of each phase r is either defined via its respec-
tive bulk and shear moduli %k, and p,., or by the respective individual stiffness tensor
components C;. ;.

Only the continuum micromechanical homogenization steps of the mentioned mul-
tiscale model are applied herein, in order to predict the mechanical properties of the cell
wall material. They are further adapted to account for the two different microstructural
arrangements in the S2 layer and the CML. The resulting micromechanical models for
the two layers differ in both the amount of homogenization steps and in the microstruc-
ture within the respective RVEs.

The multiscale micromechanical model of the CML exhibits 3 RVEs on different
observation scales (Figure [5.1] left), being (1) the polymer network, formed by lignin,
pectin, water and extractives, (2) the cellulose fibril, consisting of crystalline cellulose
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Table 5.1: ’Universal’ phase properties, k....bulk modulus of phase r, pu,...shear
modulus of phase 7, Cepyeetijii-.-Stiffness tensor components of crystalline cellulose;
a..JEichhorn and Young (2001); b../Cousins| (1978); c...Cousins (1976)); d...Tashiro and

Kobayashi (1991)
phase material bulk modulus shear modulus Ref.
behavior k [GPa] 1 [GPa]
amorphous cellulose isotropic Kamocel = 5.56 thamocel = 1.85 a
hemicellulose isotropic khemeer = 8.89 Whemeel = 2.20 b
lignin isotropic kg =5.0 g = 2.2 c
pectin isotropic kpec = 1.08 fpec = 0.5
water isotropic koo =2.3 tr20 = 0.0
extractives isotropic Keyt = 3.0 text = 0.05
stiffness tensor components Cjj; [GPa]
crystalline cellulose  transeversely Cleryeer1111 = 34.86  Copyeer1122 =0 d

iSOtrOPiC Ccrycel,3333 =167.79 Ocrycel,2233 =0
Ccrycel,lSlS =5.81

compound middle lamella (CML) S2 cell wall layer

step la: polymer network step Ib: cellulose step la: polymer network step Ib: cellulose fibril
water pectin amorph. cellulose cryst. cellulose water , glucuronoxylan  amorph. cellulose cryst. cellulose

lignin

lignin

extract. extract.

o LG, chom PO : hom L ghom o POTe . chom
. scs: el {mTy: clg . SCs: g  MTM: Ch

step II: CML material ' step IT: S2 cell wall material step Ic: cellulose aggregate
: polymer network .- cellulose fibril polymer network cellulose aggregates glucomannan  cellulose fibril

MTM: Cigy, MTM: Cligm MTM: Cly

C}’,‘f\”,’,l — EZ’,‘;{,”,/, 1,{’;“’\';’,4 — MpRrED.CML CZ‘;” —*  anisotropic indentation theory —* Mprpp.s2 = ,f’(Cz‘é”“f\[FA)

Figure 5.1: Schematic description of the multiscale micromechanical models of the
compound middle lamella (CML) material (left) and the S2 cell wall layer (right);
SCS...self-consistent scheme; MTM...Mori-Tanaka method; C3o, Ci%*, CEqy, &
and C%9™ represent the homogenized stiffness of the polymer network, the cellulose
fibril, the CML, the cellulose aggregate, and the S2 layer, respectively; E2¢" and v/pom
are the homogenized Young’s modulus and Poisson’s ratio of the CML; Mprep,cur
and Mprgp g2 are the predicted indentation moduli of the CML and the S2 layer

units surrounded by amorphous cellulose, and (3) the CML material, consisting of ran-
domly oriented cellulose fibrils, embedded in the polymer network. The effective elastic
stiffnesses of these 3 RVEs are calculated by means of the self-consistent scheme (step
Ia - polymer network) and by means of the Mori- Tanaka method (step Ib: cellulose
fibril and step II: CML material), respectively.
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The multiscale micromechanical model for the S2 cell wall layer differs from the
model of the CML, as does the underlying microstructure. Based on the observed mi-
crostructure in the S2 layer, 4 RVEs can be defined at different observation scales (Fig-
ure |5. 1| right). The polymer network (step Ia) and the cellulose fibril (step Ib) in the S2
layer are similar to that of the middle lamella, except for the different composition of
the polymer network. The presence of pectin in the S2 layer was neglected (Fengel and
Wegener, 2003). Hemicelluloses are divided into the two major compartments, namely
glucuronoxylan and glucomannan, from which only glucuronoxylan is considered in the
polymer network. The cellulose fibers are agglomerated to cellulose aggretates (3), con-
sisting of parallel oriented cellulose fibrils, embedded in glucomannan. The cellulose
aggregates themselves are finally embedded - again oriented in parallel - in the polymer
network to form the S2 cell wall layer material (4). The effective elastic stiffnesses of
these 4 RVEs are calculated by means of the self-consistent scheme (step Ia - polymer
network) and by means of the Mori-Tanaka method (step Ib: cellulose fibril, step Ic:
cellulose aggregate and step II: S2 cell wall material), respectively.

The multiscale approach needs volume fractions of the "universal phases’, listed in
Table 1, as input, specifically for the S2 layer and the CML. The chemical composi-
tion of clearwood is typically specified in terms of dry mass fractions of these con-
stituents. This composition, as well as microstructural characteristics, can also be de-
termined specifically for EW and LW. However, it is impossible, at least by means of
standard analysis procedures, to resolve differences between the individual cell wall lay-
ers. Therefore, the composition of the layers is determined from the EW/LW specific
ones by means of distribution factors of the various components to the different layers
given by Fengel and Wegener (2003). Table summarizes these factors for cellulose,
non-cellulose polysaccharides (i.e. hemicelluloses and pectins) and lignin, showing how
much of each component is located in the S2 layer (different values for EW and LW)
and how much in the CML.

Table 5.2: Distribution of cell wall components to compound middle lamella (CML),

the S2 layer (which is not considered for modeling) and S2 layer in earlywood (EW) and

latewood (LW) (Fengel and Wegener, 2003), CML fractions represent values for com-

pound middle lamella (=ML+primary cell wall); CEL...cellulose, HC...hemicellulose,
PEC...pectin, LIG...lignin

Layer CEL HC+PEC LIG
CML 0.03 0.18 0.23
S1 (EW/LW) 0.10/0.05 0.26/0.17 0.14/0.07
S2 (EW/LW) 0.87/0.92 0.56/0.65 0.63/0.70

Since two different models are formulated for S2 and CML, the specific moisture
content in each of these layers has to be determined as well from the overall moisture
content. This is done based on the sorptive capacities of the components, following
Gloimiiller et al.|(2012).
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To obtain the sought volume fractions for each homogenization step, the overall
mass fractions of the above described "universal’ phases in the S2 layer and in the CML
are converted into corresponding volume fractions, using their respective mass densities.
Finally, they are related to the respective reference volume of the homogenization step,
which is for example the polymer network in step Ia or the cellulose fiber in step Ib
(Hofstetter et al., 2005]).

5.2.4 Modeling Fungal Degradation

Considering the effects of fungal degradation requires extension of the multiscale mi-
cromechanical models for the S2 cell wall layer and the compound middle lamella in
sound wood. The occurring mass loss during fungal decay may result from thinning of
wood cell walls or from the reduction of the mass density of the wood cell walls them-
selves by the formation of cell wall porosity, or from a combination of these two effects.
Herein, we investigate only the two extreme scenarios, i.e. ’cell walls with pores and
constant thickness’ and ’cell walls without porosity but with reduced thickness’. Cell
wall porosity is considered by introducing an additional pore phase in the model. Dur-
ing early stages of decay, BR mainly affects hemicelluloses and pectins (Fackler et al.,
2010) and WR in addition lignin (Blanchette, [1984). Since all these polymers are com-
ponents of the polymer network, the porosity was integrated in step la of the models
for both the S2 layer and the CML, respectively (Figure [5.1). The volume fraction of
the pores in the polymer network was derived from the overall mass loss. In a sim-
plified manner, cell wall thinning was assumed to not change the relative share of the
various cell wall layers and, thus, also not the distribution factors shown in Table 2. In
consequence, no changes of the models for the S2 layer and the CML are necessary to
incorporate cell wall thinning.

All other effects of fungal degradation, such as changing chemical composition and
possible modifications of the properties of the universal phases, can be considered by
changing the input parameters of the model, but do not require adaptations of the model
itself. Because of limited knowledge and experimental data, some simplifying assump-
tions were made in a first step. The properties of the ’universal’ phases, i.e. their
mechanical properties (Table[5.1)) and their sorptive capacities (Gloimiiller et al.,[2012),
as well as the distribution factors of these phases over the S2 layer and the CML (Ta-
ble were considered to remain constant during the modeling of degradation. Also
the cell wall crystallinity and the dimensions of the cellulose crystallites, in terms of
their aspect ratio, were assumed constant, since only early stages of decay are inves-
tigated in this study. Some of these assumptions were challenged in the course of the
model evaluations, and hypotheses about possible changes of these parameters were as-
sessed from a mechanical point of view. In particular, the effect of a relative increase
of cell wall crystallinity due to preferential degradation of amorphous wood polymers
(Lee et al.l 2007a; Howell et al., [2009) was studied, as well as the consequence of an
increase of the stiffness of lignin due to de- and re-polymerization and oxidation during
BR decay (Goodell, |2003]).
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5.2.5 Prediction of Nanoindentation Moduli

The performance of the model as well as the suitability of the aforementioned assump-
tions about degradation effects are assessed by comparing model predictions with ex-
perimental values. We use results obtained by nanoindentation for this purpose, which
has established itself as the main method for determining mechanical properties of wood
cell walls (Wimmer et al., |1997; |Wagner et al., 2014a). It yields the so called indenta-
tion modulus M. In the CML, the assumption of isotropy enables to directly link the
predicted Young’s modulus E57, and the Poisson’s ratio v237, of the CML material
to Mprep,cumr. following the standard approach by |Oliver and Pharr| (1992). In the S2
layer, the transverse isotropy of the material prevents such a direct comparison. Here
M depends also on the inclination of the cellulose fibers with respect to the indentation
axis. This inclination equals the MFA when the indent is done in the direction of the cell
axis. M increases with decreasing MFA (Jager et al., 2011a). A method to determine
the indentation modulus from the five independent material constants of a transverse
isotropic material and the MFA has been presented by Jiger et al.| (2011a). It will be
employed here to calculate a predicted indentation modulus of the S2 cell wall layer
from the elastic constants obtained from the multiscale model.

5.2.6 Microstructural Input Parameters

The described modeling approach will be tested on data originating from a detailed
chemical, microstructural and micromechanical characterization of Scots pine (Pinus
sylvestris L.) sapwood, degraded by one BR fungus (Gloeophyllum trabeum [Pers.]
Murril) and one selective WR fungus (Trametes versicolor [L.] Lloyd), respectively,
as well as in sound, i.e. reference (REF), condition (Bader et al., 2012a,b; Wagner
et al., 2014c)). Only early stages of degradation with mass losses of approximately 1%,
5%, and 10%, were considered. This corresponds to two, four, and six weeks of BR
(BR2, BR4 & BR6) and to two, six, and twelve weeks of WR (WR2, WR6 & WR12),
respectively.

The experimental program was carried out on selected annual rings of two REF
samples, three BR2 samples, four BR4, BR6, and WR2 samples, and five WR6 and
WRI12 samples. The cell wall stiffness has been determined by means of nanoindenta-
tion in the S2 layer in EW and LW as well as in the CML (Wagner et al., [2014c). For
each sample, EW and LW were analyzed separately (i.e. 27 EW and 27 LW samples
in total). The sample specific compositions of EW and LW of BR degraded, WR de-
graded and REF specimens were determined in terms of lignin content and contents of
individual monosugars (Wagner et al., 2014c). Assumptions were made regarding the
allocation of these monosugars to the distinct cell wall polymers serving as phases in the
multiscale model. The sugar composition in galactoglucomannan (ggm) was estimated
as being mannan:glucan:galactan (man:glu:gal) as 3:1:0, meaning that the presence of
galactan side chains was neglected (Fengel and Wegener, 2003). Thus, for simplicity,
galactoglucomannan is referred to as glucomannan. The glucurono-arabinoxylan (gax)
sugar composition was estimated as being the sum of the resulting xylan and glucuronan
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(xyl+glcA) from the acid methanolysis. The presence of arabinan (ara) in xylan, which
according to literature can reach up to 10% (Fengel and Wegener, 2003) in xylans of
pine wood, was neglected, thus glucurono arabinoxylan is referred to as glucuronoxy-
lan. Galacturonan (galA), gal, ara, and rhamnan (rha) were summed up, referred to as
pectic substances and allocated to the CML. Relating the pectin content to the sum of
non-cellulosic polysaccharides yields a percentage of 17£2% (Wagner et al., 2014c),
which agrees well with the reported amount of non-cellulose polysaccharides in the
CML (Table [5.2) and, thus, justifies neglecting the presence of hemicelluloses in the
CML. The extractives contents of EW and LW were assumed as 3.4% (average of all
analyzed EW samples) and 2.5% (average of all analyzed LW samples), respectively
(Table [5.3}5.4). The cellulose content was determined as residual after the subtraction
of the contents of hemicellulose (i.e. gax+ggm), pectic sugars, lignin, and extractives
from 100%. This might have led to some inaccuracies of the cellulose contents. Be-
cause of the indirect determination of the cellulose content, the cellulose crystallinity
was not derived from a measured overall sample crystallinity. It was rather set to a con-
stant value of 2/3 for all samples (Fengel and Wegener, 2003), which was at first kept
constant during degradation as described above.

The amounts of hemicelluloses, pectins, lignin and cellulose were averaged for each
respective degradation stage (Table[5.315.4). The overall MC was set to the correspond-
ing average EMC determined for each degradation stage (Bader et al., 2012a) and as-
sumed to be constant within one annual ring (Table . Therefrom, the corre-
sponding moisture contents of the S2 layer and the CML were determined according to
the procedure described in Section 2.3. It results in slightly higher MC in the S2 layer
than in the CML (Tables [5.515.6). Following the altered chemical composition after
fungal degradation, the changes in MC upon degradation are higher in the CML and
lower in the S2 layer, as compared to the overall changes in EMC (Tables [5.345.4)). The
mass fractions of the basic components in the S2 layer and the CML followed also from
the distribution scheme outlined in Section 2.3. Finally, converting the mass fractions
into volume fractions results in the composition data, summarized in Table @] for the
cell wall without pores and in Table[5.6]for the porous cell wall. The MFA was set to the
average value in EW or in LW, respectively, for each degradation stage (Table [5.3}15.4).

5.3 Results and Discussion

5.3.1 Experimental Observations on Cell Wall Stiffness upon Fun-
gal Degradation

The model performance and the underlying assumptions about degradation mechanisms
are assessed by comparing model predictions with experimentally determined indenta-
tion moduli Mgxp (Wagner et al., 2014c). Indents were placed into the S2 layer of
EW and LW tracheids (number of indents per sample ngs gw/rw = 25-40) as well as
in the CML in the cell corners across the whole investigated annual ring (ncyz = 10-
15). The indentation tests were conducted at 20+2°C/ 60+2% relative humidity. The
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indentation results are summarized for each degradation stage (REF, BR2, BR4, BR6,
WR2, WR6 and WR12) in terms of the mean values and standard deviations (mean4-sd)
for Mgxp in the S2 layer of EW and of LW, respectively, and for Mgxp in the CML
in Table In brief, Mgxp was found to increase in the CML during both BR and
WR degradation. A similar comparison of Mpgxp values of the S2 layer for degraded
and non-degraded samples is hindered by the pronounced variability of the MFA across
the samples and the strong dependence of the indentation modulus on the MFA (Jiger
et al., [2011a). However, it is still possible to compare samples with MFAs similar to
that of the reference samples. This shows slightly increasing Mg x p, again during both
BR and WR degradation, in EW as well as in LW. This increase is more pronounced for
the WR samples. Also the variability of Mgy p in the S2 cell wall layer in EW and LW
increased (Wagner et al., 2014c). This might be a consequence of the local nature of
the nanoindentation test in combination with locally varying fungal activity. Moreover,
also the kiln drying of the samples might have affected the samples and caused local
clustering of microfibrils, taking advantage of nanopores created during the degrada-
tion. Depending on the indenter position during the test, either on a cluster or between,
this would result in increased variability of the test results. When more indents were
performed at cluster positions than in between, this may also have contributed to the
observed overall stiffness increase.

Basically, an increase of the cell wall stiffness seems to be in contrast to the com-
mon observation of stiffness loss at the macroscopic or structural scale (Wilcox, |1978;
Winandy and Morrell, 1993} (Curling et al., [2002; Bader et al., 2012b). However, these
decreases in macroscopic stiffness are mainly a consequence of considerable loss of cell
wall material and related mass density loss. A potential slight increase of the stiffness
of the remaining cell wall material would not show up at the macroscale because it will
be masked by the effect of the loss of cell wall material.

5.3.2 Results from Micromechanical Modeling

The predicted indentation moduli M prgp in the CML and the S2 cell wall layer in EW
and LW are plotted in Figure [5.2] over the different stages of BR and WR degradation.
Predictions obtained with and without porosity are shown.

The natural variability of wood already in the sound state complicates the identi-
fication of the effects of fungal degradation and poses the question how much of the
observed variability of the nanoindentation data is related to the fungal activity and how
much to the material as such. Variability of nanoindentation moduli of the S2 layer are
in large part related to varying MFAs of the samples (Jager et al., 2011a). Although
remaining unchanged during fungal decay, the MFA is subject to variability within EW
and LW of a single annual ring as well as within individual tracheids in sound wood
(Lichtenegger et al., 2003 Wagner et al., 2013). Therefore, all predictions of Mpgrgp
in the S2 layer have been calculated using the mean MFA of each degradation stage in
EW and in LW, respectively (Tables [5.3}5.4)). In order to investigate whether the MFA
can explain the variability of the test results at each degradation stage, additional model
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predictions were calculated with the minimum and maximum values of the MFAs of
all samples for each stage (Figure [5.3)). The resulting range of Mprpp using min/max
MFA is similar to the experimentally observed range of Mpgxp for specific degrada-
tion stages and either EW or LW. This justifies comparing mean trends observed in the
experiments with the model predictions based on average MFAs in the following.

In the CML, the values predicted for a non-porous cell wall agree well with the
trend of experimentally determined Mpgxp for both BR and WR decay. The observed
increase of Mpgxp could be well reproduced with this modeling approach (Figures 2a
and 2b). Also in the S2 layer, model predictions for the non-porous approach lie within
the observed range of My x p during BR as well as WR decay (Figures 2c-f). Deviations
are only observed after 6 weeks of WR decay in EW (Figure [5.2[d), after 2 weeks of BR
decay in LW (Figure [5.2¢), and for the reference sample in LW (Figure 2f). Model
predictions based on the assumption of pore formation in the cell wall are generally
considerably lower than the measured values (Figure [5.2p-f). This tendency supports
the idea that fungal degradation happens in a rather distributed fashion at the cell wall
surfaces rather than at concentrated spots within the walls, eventually resulting in pores.

Basically, sound wood cell walls are considered to be free of pores (Fahlén and
Salmén, 2003)) or to exhibit only very small pores with diameters below 2 nm, which
are accessible only to water and very small molecular substances (Hill et al., 2005). Ex-
perimental evidence of an increase of the pore size has only been reported for later stages
of BR decay than considered herein (Flournoy et al., 1991). WR fungi use enzymes for
wood degradation which can enter also sound (i.e. non-porous) cell walls. Their degra-
dation activity can lead to the evolution of pores already during early stages of WR
decay (Lee et al., 2007a)), related to the breakdown of individual cell wall components.
This seems to be in contrast to our finding that model estimates obtained for non-porous
cell walls agree better with experimental results than those for porous ones. A possible
explanation for this contradiction is that the pore space that might have evolved during
early stages of fungal degradation did not yet become mechanically relevant in an in-
dentation test. The mainly compressive nature of the loading in such a test may have
resulted in closure of the still small pores, so that they participate in the load transfer and
do not affect the response of the material. Moreover, the water, which is incorporated in
the cell wall in moist conditions, might fill parts of the newly evolving pore structure.
Considering again the compressive loading mode during the indentation tests together
with the incompressibility of water, this filling may have helped to "bridge’ the gaps and
prevented any stiffness loss in the indentation test. Finally, the treatment of the samples
might have affected their microstructure. All samples were kiln dried at 103+2°C ac-
cording to EN 113|(1996) after the degradation in order to stop the fungal activity. The
heating may have had an influence on the pore structure of the wood cell wall as well, as
re-organizations of cell wall components might have taken place, closing this porosity.
In addition, the heating might have altered the cell wall crystallinity (Bhuiyan et al.,
2000; Toba et al., |2013), which will be addressed later on, or resulted in clustering of
cellulose microfibrils as mentioned above.
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Figure 5.2: Model predicted indentation modulus Mprgp for brown rot (BR, a,c,e) and
white rot (WR, b,d,f) degradation in compound middle lamella (CML, a-b), S2 layer
in earlywood (S2 EW, c-d) and S2 layer in latewood (S2 LW, e-f); green: predictions
without cell wall porosity, red: predictions with cell wall porosity, vertical black lines
represent the range of experimental results (min-max)
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Figure 5.3: Predited indentation modulus Mprgrp for the S2 layer in EW (a-b) and

LW (c-d) for brown rot (BR, a,c) and white rot (WR, b,d) decay, calculated with mean

(solid green) and min/max MFA (dashed green) of the respective set of samples, i.e.

degradation stage; vertical black lines represent the range of experimental results (min-
max)

In general, the good agreement of model predictions with experimental results un-
derlines the central role of changes in the chemical composition during fungal degrada-
tion, which are well captured in the model. The main effects during WR decay in the
CML are decreases of the relative contents of pectin and lignin, together with an increase
of the relative cellulose content (Table[5.315.4). A decrease of the softest component of
the cell wall (pectin) and an increase of the by far stiffest component (cellulose) ob-
viously bring about an overall increase of the stiffness in the CML. Since the lignin
stiffness lies close to the predicted overall stiffness of the CML, its decrease does not
affect the overall stiffness much. During BR decay, the lignin content increases, while
cellulose and pectin contents decrease (Table [5.3}5.4). Again, the changing lignin con-
tent has no major influence on the CML stiffness. The effects of the decreasing pectin
and cellulose contents partially balance each other. Since the reduction of the pectins is
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Figure 5.4: Influence of lignin stiffness E; ;s on the predicted indentation modulus

Mprpp of the compound middle lamella (CML) (a) and the S2 layer in EW (b) and

LW (c); green: predictions without cell wall porosity, red: predictions with cell wall

porosity, blue: predictions with cell wall porosity and increased lignin stiffness to ac-

count for the decrease of Mprrp due to porosity (reference: ;=6 GPa, 2 weeks BR:

Er =7 GPa, 4 weeks BR: E ;=11 GPa, 6 weeks BR: E ;=19 GPa), vertical black
lines represent the range of experimental results (min-max)
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much more pronounced, the overall CML stiffness still slightly increases upon decay.
This trend is further reinforced by the decreasing MC in the CML throughout BR and
WR decay. These observations seem to provide an explanation for previous findings of
a relationship between increasing M and also indentation hardness H in the CML and
the decreasing contents of pectic sugars in BR and WR degraded wood cell walls, in the
framework of multivariate data analysis (Wagner et al., 2014c)).

Similar observations hold for the S2 layer, except for the influence of the pectins
which are absent from this layer. Again, the altered cellulose content has the largest
effect, due to its high fraction in the S2 layer (Table[5.3}5.4) and its high stiffness (Ta-
ble [5.1). Unfortunately, the cellulose content was only determined indirectly in this
study as the residue after subtraction of all explicitly determined components, i.e. lignin
and hemicellulosic and pectic sugars (Wagner et al., [2014c). This might have led to
some inaccuracies in the determined cellulose contents, but will not have affected the
overall trends discussed here. Again, the decreasing MC in the S2 layer contributes to
the slight increases in the stiffness of this layer.

As described in Section 5.2.4, the model is based on some simplifying assumptions
about the constancy of particular chemical and microstructural features during decay, in
order to assemble the set of input data. In the following, some of these assumptions will
be challenged. It will be assessed how sensitive the model predictions are to potential
changes of the so far constant parameters, and whether such changes lead to an improved
agreement of numerical and experimental results. This can provide support for certain
hypothesized degradation effects, which are not yet fully resolved experimentally.

First, the assumption of constant lignin stiffness is analyzed as an example of al-
tered ’universal’ phase properties. Lignin was reported to be depolymerized and re-
polymerized during brown rot decay (Goodell, [2003; Yelle et al., 2011). These mod-
ifications might alter the mechanical properties of lignin and might even increase its
stiffness. This would provide another explanation for the observed increase of Mgxp
during BR degradation, but would lead to an overestimation of Mgy p otherwise. One
might consider that increased lignin stiffness could balance a potential stiffness loss
upon pore formation, and that the negligence of these two effects has resulted in the
good agreement of the predictions for the non-porous walls seen before. However, the
elastic modulus of lignin would have to increase from its original value of 6 GPa to
7 GPa (+17%), 11 GPa (+83%) and 19 GPa (+217%) for BR2, BR4 and BR6, respec-
tively, to compensate for the decrease of Mprrp upon evolving porosity during BR
decay in the CML (Figure [5.4p). Moreover, these increases in E;s cannot balance
the decrease of Mpgrpp in the S2 layers in EW and LW due to cell wall porosity (Fig-
ure [5.4b-c). Thus, it seems to be unrealistic that lignin stiffening is the reason for the
observed increasing cell wall stiffness. Nevertheless, changes of the mechanical prop-
erties of the "universal’ phases certainly cannot be ruled out. The cell wall components
undergo manifold modifications during BR and WR decay, but their effects on the me-
chanical properties of these components as well as on their interaction in the cell wall
remain a matter of speculation to date. The model can serve as a tool in the future to
test hypotheses on such effects, and to evaluate whether the related predicted changes
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Figure 5.5: Influence of the sample crystallinity on the predicted indentation modulus

Mprep for the S2 layer in EW (a-b) and LW (c-d) for (BR, a,c) and white rot (WR, b,d)

decay; green: predictions with reference crystallinity, blue: predictions with 5%, 10%

and 20% increased crystallinity, vertical black lines represent the range of experimental
results (min-max)

of the (observable and known) macroscopic mechanical behavior upon degradation are
realistic or not.

Next, the assumption of constant cell wall crystallinity is assessed. Next to the
chemical composition, the crystallinity is among the main control parameters of the
stiffness of the S2 cell wall layer (Bader et al., 2012c). Crystallinity has been reported
to increase in early stages of BR decay (i.e. up to 4 weeks) and then to decrease again
(Howell et al., 2009), while WR fungi have been reported only to decrease crystallinity
(Kleman-Leyer et al., {1992} Lee et al., 2007a). In the current study, the crystallinity may
have also been affected by the kiln drying necessary to stop the fungal activity after the
degradation. Heating of wood, especially in moist condition, has been found to result
in increased cell wall crystallinity (Bhuiyan et al., 2000; Toba et al., 2013). Model pre-
dictions, taking into account the increases of crystallinity of 5%, 10% and 20% during
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heating and as result of early BR and WR decay have been calculated (Figure[5.5). It can
be seen that increasing crystallinity could provide an explanation for some deviations
of Mprep, as predicted by the original model, from Mgy p during BR and WR decay.
However, the agreement of Mprpp to Mgxp could not be improved consistently by an
increased crystallinity, which prevents drawing general conclusions.

Certainly, also the assumption of a constant distribution of the chemical components
to the CML and the S2 layer (according to Table [5.2) is an approximation. It implies
that the changes of the contents and, thus, the degradation of the individual components,
occur equally in the S2 layer and the CML. This is contrary to some known non-uniform
degradation patterns of some fungi. For example, BR fungi have been found to remove
the CML while hardly attacking the S2 layer (Lee et al., 2004). Nevertheless these
effects are not further explored herein, since not sufficient data are available to re-define,
as a whole, the distribution factors to the S2 layer and the CML during fungal decay.

5.4 Conclusions

A multiscale micromechanical model was applied to investigate structure-stiffness rela-
tionships of fungal degraded softwood cell walls. Experimentally observed alterations
of the wood cell wall composition and microstructure as well as other reported effects
of fungal decay were incorporated in the model. Comparing the resulting model pre-
dictions with results of nanoindentation tests on degraded material enabled to assess the
mechanical relevance of these effects. For merely hypothetical and not yet fully exper-
imentally confirmed assumptions, the model provided some indications on how likely
these effects might be. The variability of the experimental data could be to a good part
explained by the variability of MFA in wood, existing already in the sound state.

The model predictions support that mass loss during early fungal decay does not
necessarily involve the evolution of a mechanically relevant porosity in the S2 layer
and the compound middle lamella (CML) which would affect the mechanical behavior,
at least not under the compression-dominated loading states during nanoindentation.
The predicted and experimentally observed increase of the stiffness of the CML mainly
arises from the degradation of pectins, resulting in higher overall stiffness and lower
equilibrium moisture content in the CML. The stiffness changes of the S2 layer in EW
and LW during decay could be related to the reduction of the content of soft hemicellu-
loses. Further possible modifications due to fungal degradation, which were not based
on results of quantitative chemical/microstructural analyses, were investigated by means
of the model. These cover the evolution of pores in the cell wall, stiffening of lignin in
consequence of its re-organization during degradation by BR fungi, and increasing cel-
lulose crystallinity. Potential effects of the kiln drying of the samples to stop fungal
activity, such as microfibril clustering, may have also contributed to the observed stiff-
ness increase. This has not been investigated by means of the model and constitutes a
topic of future research.
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Appendix 3: Compositional and Microstructural Input
Data

In the following tables all input data used for the multiscale micromechanical models
of the S2 cell wall layer and the compound middle lamella (CML) are given. Tables[5.3|
& [5.4] show the overall composition of the investigated earlywood (EW) and latewood
(LW) regions (i.e. S2 layer and ML) in terms of mass fractions of the dry cell wall, the
corresponding microfibril angle (minimum, mean and maximum MFA) (Wagner et al.,
2014c), the overall mass loss as well as the overall moisture content u of the original
macroscopic samples (Bader et al., [2012b). These mass fractions were converted into
volume fractions according to Hofstetter et al. (2005), using their respective mass den-
sities. Tables [5.5] and [5.6] show the composition in terms of volume fractions of the S2
layer in EW and in LW as well as of the ML not considering cell wall porosity and
considering porous cell walls, respectively. These volume fractions were allocated to
the homogenization steps (Figure [5.1)), and related to the composition of the respective
RVE (Hofstetter et al., 2005} |de Borst and Bader, [2014). Table summarizes the ex-
perimentally determined indentation moduli Mpgx p of the S2 layer in EW and LW as
well as in the CML.
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Table 5.3: Input parameters for earlywood (EW) cell walls; mass fractions of cel-

lulose (wegr), gluicomannan(wegry), glucuronoxylan (wxy ), lignin (wr;q), pectin

(wpge), extractives (wpxr), microfibril angle (MFA), mass loss and moisture content
(u); *Wagner et al.| (2014c)); bFengel and Wegener (2003); 9Bader et al. (2012b)

EW REF BR2 BR4 BR6 WR2 WR6 WRI2
WorL? 0.406 0.425 0.448 0426 0.391 0438 0.454
wary® 0.149 0.153 0.130 0.155 0.181 0.154 0.155
wWxyr? 0.065 0.063 0.064 0.062 0.064 0.067 0.064
wrig* 0.272 0.272 0.281 0.279 0.268 0.244 0.241
wpec® 0.073 0.052 0.043 0.044 0.062 0.064 0.053
wexT’ 0.034 0.034 0.034 0.034 0.034 0.034 0.034
MFA (mean)* [°] 14.6 12,6 172 150 151 183 159
MFA (min)?* [°] 11.7 10.1 141 103 95 10.1  10.6
MFA (max)* [°] 17.6 16.1 21.0 19.1 196 255 24.0
mass loss® [%] 0.0 1.0 7.5 123 1.3 6.1 9.9
u® [%] 11.0 105 102 99 10.7 10.7 10.7

Table 5.4: Input parameters for latewood (LW) cell walls; mass fractions of cel-

lulose (wegr), glucomannan(wegry), glucuronoxylan (wxyyr), lignin (wr ), pectin

(wppc), extractives (wgxr), microfibril angle (MFA), mass loss and moisture content
(u); *Wagner et al.| (2014c)); bFengel and Wegener| (2003); 9Bader et al. (2012b)

LW REF BR2 BR4 BR6 WR2 WR6 WRI2
WopL? 0.414 0407 0422 0422 0426 0.459 0.460
warLu® 0.205 0.196 0.180 0.172 0.197 0.177 0.202
wxy 0.051 0.066 0.064 0.068 0.057 0.056 0.051
wrrg? 0.251 0.249 0.261 0.266 0.239 0.232 0.221
wWppc® 0.054 0.057 0.048 0.047 0.055 0.051 0.041
wexT? 0.025 0.025 0.025 0.025 0.025 0.025 0.025
MFA (mean)* [°] 7.8 164 9.7 9.9 8.9 124 12.0
MFA (min)* [°] 7.8 14.1 7.8 7.2 8.5 102 7.7
MFA (max)* [°] 7.8 17.7 113 141 93 194 15.2
mass loss® [%] 0.0 1.0 7.5 123 1.3 6.1 9.9
u® [%] 11.0 105 102 99 10.7 10.7 10.7
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Table 5.5: Chemical composition of the S2 layer in earlywood (S2 EW) and latewod (S2
LW) as well as in the compound middle lamella (CML), volume fractions of cellulose

(ferr), glucomannan( fgrr7), glucuronoxylan (fxy ), lignin (f1;4), water (fr20) and
extractives ( fgx7), without porosity (fporr=0).

S2 EW
S2EW REF BR2 BR4 BR6 WR2 WR6 WRI2
fepr 0446 0457 0475 0458 0431 0473 0438
ferv  0.103 0.104 0.087 0.105 0.125 0.104 0.104
fxvr 0.045 0.043 0.042 0.042 0.044 0.046 0.043
frrie 0230 0225 0229 0231 0227 0.203 0.198
faso  0.121 0.116 0.113 0.110 0.117 0.118 0.119
fexr  0.056 0.055 0.054 0.055 0.056 0.055 0.054
frore 0.000 0.000 0.000 0.000 0.000 0.000 0.000
S2 LW
S2EW REF BR2 BR4 BR6 WR2 WR6 WRI2
fepr 0433 0431 0441 0.442 0447 0474 0471
ferv 0152 0.147 0.133 0.127 0.146 0.129 0.147
fxvr 0.038 0.049 0.048 0.050 0.043 0.041 0.037
frie 0219 0220 0227 0233 0209 0200 0.189
faso  0.121 0.115 0.113 0.110 0.117 0.118 0.119
fexr 0.038 0.038 0.038 0.038 0.038 0.037 0.037
frore 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CML
S2EW REF BR2 BR4 BR6 WR2 WR6 WRI2
feer  0.090 0.097 0.104 0.102 0.094 0.107 0.117
fric 0466 0.488 0.521 0.526 0.472 0457 0.478
frec 0293 0269 0231 0232 0286 0.285 0.252
fazo  0.098 0.091 0.086 0.084 0.094 0.095 0.092
fexr  0.053 0.055 0.057 0.058 0.055 0.057 0.061
frore 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table 5.6: Chemical composition of the S2 layer in earlywood (S2 EW) and latewod (S2
LW) as well as in the compound middle lamella (CML), volume fractions of cellulose

(fcer), glucomannan(fgry), glucuronoxylan (fxyr), lignin (f7;c), water (fr20) and
extractives (fgxr), with porosity (fporg >0).

S2 EW
S2EW REF BR2 BR4 BR6 WR2 WR6 WRI2
feer 0446 0453 0439 0401 0425 0.445 0435
ferv  0.103 0.103 0.080 0.092 0.123 0.098 0.093
fxvr  0.045 0.043 0.039 0.037 0.044 0.043 0.038
fric 0.230 0.223 0.212 0.202 0.224 0.191 0.178
fm20 0.121 0.115 0.105 0.097 0.116 0.111 0.107
fexr 0.056 0.054 0.050 0.048 0.055 0.052 0.049
frore 0.000 0.010 0.075 0.123 0.013 0.061 0.099
S2 LW
S2EW REF BR2 BR4 BR6 WR2 WR6 WRI2
feer 0433 0426 0408 0.387 0.441 0445 0424
ferv  0.152 0.145 0.123 0.112 0.145 0.121 0.132
fxvr  0.038 0.049 0.044 0.044 0.042 0.039 0.033
fric 0.219 0.218 0.210 0.204 0.206 0.188 0.170
fm20 0.121 0.114 0.104 0.096 0.116 0.111 0.107
fexr 0.038 0.038 0.035 0.033 0.038 0.036 0.034
frore 0.000 0.010 0.075 0.123 0.013 0.061 0.099
CML
S2EW REF BR2 BR4 BR6 WR2 WR6 WRI2
feer  0.090 0.096 0.096 0.089 0.093 0.100 0.105
fric 0.466 0.483 0.482 0462 0465 0429 0431
frec 0293 0.267 0.214 0.203 0.282 0.268 0.227
fr20 0.098 0.090 0.080 0.073 0.093 0.089 0.083
fexr 0.053 0.054 0.052 0.050 0.054 0.053 0.055
frore 0.000 0.010 0.075 0.123 0.013 0.061 0.099
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Appendix 4: Multiscale Micromechanical Model for Fun-
gal Degraded Wood Cell Walls

In the following the mathematical description of the multiscale micromechanical models
for the stiffness of the S2 cell wall layer and the compound middle lamella, depicted in
Figure @, is presented. The composition, given in mass fractions, has to be converted
into the respective volume fractions.

Distributing the Overall Mass Fractions to the S2 Layer and the
Compound Middle Lamella

The overall mass fractions are distributed to the respective mass fractions of the S2 layer
and the compound middle lamella (CML) according to the factors ¢, listed in Table[5.2]

Cr,CML|S2Wr
Zs Cs,CML|S2rws

Wr.cML|S2 = , s € [Cel, glu, xyl, lig, pec] . (5.1

where C'M L|S2 has to be understood such that the calculations have to be performed
separately for the S2 layer and the CML. In addition the calculations of the S2 layer
were performed separately for EW and LW.

Determining the Moisture Content of the S2 layer and the Middle
Lamella

The total amount of water within the cell wall reads as

WH20 = WH20,ML + WH20,52, (5.2)

dividing by mg,, and taking into account

WH20,cML|S2 = UWCML|S2Mdry,CML|S25 (5.3)

leads to

U = Wgals2 + WeMLUCML- (5.4)

with wgy and wepyp as mass fractions of S2 layer and CML. The relation between g
and ucyy g 1S given by
Ucmr _ SCML’ (5.5)

Us2 552

with sgo and scoay g, as the sorptive capacities of the S2 layer and the CML, constituting
from the sorptive capacities of the individual phases (see |Gloimiiller et al.| (2012))

SoML = E SpWy, v and sgo = E 5pWy. 52 (5.6)
T

r



Publication 5 117

Converting Mass Fractions to Volume Fractions

The conversion of the mass fractions of the constituents of the S2 layer in EW and LW
and the CML to volume fractions requires the respective mass densities of the “uni-
versal” phases (i.e. crystalline cellulose, amorphous cellulose, glucomannan, xylan,
lignin, pectin, water and extractives) p,, r € [crycel, amocel, glu, xyl, lig, pec, H20,
ext], which are reported in literature (see e.g. |[Fengel and Wegeneri (2003) or Hofstetter
et al. (2005)). To determine the crystalline part of cellulose mass fraction the degree of
crystallinity with respect to volume C'r is converted into a degree of crystallinity with
respect to mass C'r,, according to Hofstetter et al.[ (2005):

Cr

OTw = )
Cr + (]— - Cr)pamocel/pcrycel

(5.7)

with pgmoecer and perycer @s mass densities of amorphous (amocel) and crystalline cellu-
lose (crycel). The respective mass fractions of amocel and crycel read as

Werycel = Crwa and Wamocel = (1 - Orw>wC- (58)

The mass fractions are given with respect to the dry cell wall. To calculate the mass
fractions with respect to the wet cell wall, each mass fraction w, is divided by (1 + u),
with u as the respective moisture content. The volume fractions f,. are calculated from

PCML|S2
fromLise = Wronr|se PR (5.9)

T

with

-1
W, :
PCML|S2 = (Z w) , 1T € [erycel, amocel, glu, xyl, lig, pec, H20, ext].

Pr
(5.10)

T

Stiffness of the *Universal’ Phases

The stiffness tensors of the above mentioned ’universal’ phases have to be defined.
Using the bulk and shear moduli &, & p,. (r € [amocel, glu, xyl, lig, pec, H20, ext]),
given in Table the 4" order stiffness tensor C, of the phase 7 reads as:

C, = 3k J + 21, K, r € [amocel, glu, xyl, lig, pec, H20, ext] , (5.11)

where ] = 1/3T® I and K = I — J are the volumetric and deviatoric parts of the 4
order unity tensor I with components /;;; = 1/2(8;0; + 6;0,1). The stiffness tensor
of cellulose was given by its components Cyycer,ijz (Table @)
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Stiffness of the S2 Cell Wall Layer (S2)

The stiffness of the polymer network in the S2 layer (S2,poly) — step Ia — is calculated
by means of Self-Consistent scheme. The homogenized stiffness tensor of the polymer
network Ci3™ . reads as

g'%rgoly Z fr S2 poly ]I + ]P)O (C ng’;oly)} - :

-1
{Z fs S2,poly [H + ]P)O ((C Cg’gn;oly)} 1} )

r,s € [lig,xyl, H20, ext, Pore] . (5.12)
with the respective volume fractions

Fris.52.p0ly = %, r, s € [lig,xyl, H20, ext, Pore] . (5.13)

The stiffness of the cellulose fibril in the S2 layer (S2,CF) — step Ib — is calculated by
means of Mori-Tanaka method. The homogenized stiffness tensor of the cellulose fibril
C% - reads as

g‘%%F Z frs2.crC, I[ + IPE (G, - Camocelﬂ B

1
{Z fs,SQ,CF [H + Pg : (Cs - Camocel)] _1} ’

r,s € [amocel, crycel] . (5.14)

with the respective volume fractions

fris,s2,0F = s
o Er|s fT|5
The stiffness of the cellulose aggregate in the S2 layer (S2,CA) — step Ic — is calculated
by means of Mori-Tanaka method. The homogenized stiffness tensor of the cellulose
aggregate Cg‘;’% 4 Teads as

r,s € [amocel, crycel] . (5.15)

1 .

Cléstn = Z frs2.0aCp : [T4+P): (Cp = Ca)] ™

{Z fs,Sz,cA [H T ]Pg : (Cs - (Cglu)} _1} )

r,s € [CF,glu]. (5.16)
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with the respective volume fractions

fr|s

fr 5,52,0A = , T8 € [CF, glu] . (517)
52 Zr|s fT|5

The stiffness of the S2 layer material (S2,CWM) — Step II — is calculated by means
of Mori-Tanaka method. The homogenized stiffness tensor of the S2 layer material
Clgty s reads as

Cg%%WM - Z frs2,cwmC; {H +P): (C, — CSZPOM/)}A :

-1
{Z fs,SQ,CWM []I + ]P)g : (Cs - CSQ,poly)] _1} )

r,s € [CA,poly], (5.18)

with the respective volume fractions
frsszcwa = <, 15 € [CA, poly] (5.19)
Er\s fr|s
Stiffness of the Compound Middle Lamella (CML)

The stiffness of the polymer network in the CML (CML,poly) — Step la — is calculated
by means of Self-Consistent scheme. The homogenized stiffness tensor of the polymer
network C237, 1, reads as

Clé’O]\TJnL,poly = Z fr,CML,poly(Cr : [H + Pg : (CT - Cgo](/[n[/,poly)] - :

—1
{Z fs,CML,poly []I + ]P)S : (CS - C}CL’(}C;L,poly)} _1} ’

S

r, s € [lig, HC, H20, ext, Pore] , (5.20)

with the respective volume fractions

fT‘S,CML,pOly - W? r,s € [hg7 HC7 H207 ext, POI‘Q] : (5.21)

The stiffness of the cellulose fibril in the CML (CML,CF) — step Ib — is calculated by
means of Mori-Tanaka method. The homogenized stiffness tensor of the cellulose fibril
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Chom - reads as

Cl&%\T/’[LL,CF = Z fT,C’ML,C'FCr : []I + ]P)B : <C7‘ - Camocel)] - :

-1
{Z fs,CML,CF []I + ]Pg : ((Cs - Camocel)] _1} )

r,s € [amocel, crycel] , (5.22)
with the respective volume fractions

frisemr,cr = &, r, s € [amocel, crycel] . (5.23)
Zr|s f’“|5

The stiffness of the ML material (CML,CWM) — step II — is calculated by means of
Mori-Tanaka method. The homogenized stiffness tensor of the ML material Cg‘}(;ww M
reads as

om -1
CI&’MLCWM = Z fr,CML,CWMCT : []I + Pg : ((Cr - (CCML,poly)} :

1
{Z fsevpewn [T+ P (Cs — Comrpoly) ] —1} )

r,s € [CF,poly]. (5.24)

with the respective volume fractions

frisemrowm = =——5—, 1,5 € [CF,poly]. (5.25)
| Zr\s fr|s



Summary and Outlook

In the following the main findings of the thesis are summarized and an outlook to future
research perspectives, building on the work presented herein, is given.

Main Findings

A contribution to the ongoing discussion about the effect of the sample preparation pro-
cess for nanoindentation, especially the effect of the embedding material, was made.
Using different embedding materials did not lead to significant changes of the measured
indentation moduli and hardnesses in the S2 cell wall layer. Apparently non-embedded
cell walls did not show significantly different properties either. However, due to possi-
ble damage during the sample preparation process, apparently non-embedded cell walls
tend to show substantially higher experimental scatter in their measured properties of
the S2 layer. In addition, repeated drying and wetting of the wood samples prior to
embedding had no significant effect on the resulting indentation moduli and hardnesses
of both the S2 cell wall layer and the cell corner middle lamella (CCML). Only a slight
increase of indentation hardness of both the S2 layer and the CCML could be detected.
Finally, it could be shown that reasonable mechanical properties, i.e. indentation mod-
ulus and hardness, can be measured in the CCML, even when the size of the indent
approaches the diameter of the CCML. A range of suitable indentation depths for the
CCML was determined, which was applied in the following investigations.

Nanoindentation of cell walls of different wood species at varying moisture contents
(MC) revealed common trends for the stiffness and creep properties in both the S2 cell
wall layer and the middle lamella (ML). Cell wall stiffnesses were found to decrease
with increasing MC. This effect was found to be predominated by the hemicellulose-
lignin matrix, reflected by larger decreases in stiffness in the S2 layer with rising mi-
crofibril angle (MFA), as well as larger decreases in the ML as compared to the S2 layer
in general. The curves showing the cell wall stiffness over MC exhibited a pronounced
S-shape with the steepest decline between 5 and 10% MC, which was associated with
the softening of hemicelluloses. Further losses of stiffness from MC at 80% relative
humidity to fiber saturation were ascribed to additional softening of para-crystalline re-
gions in the cellulose fibers. Creep values increased with increasing MC. In the S2 layer
this increase started below 10% MC and was found to continue until fiber saturation,
which could again be associated with softening of cellulose. The creep properties in the
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ML were only affected to a smaller degree by changing MC below 10%, follwed by a
sharp transition at higher MC and again only small changes until fiber saturation.

Experimental investigations of variability patterns of wood stiffness within single
trees at different length scales revealed an increase of the longitudinal stiffness as well
as the rather constant transverse stiffness from pith to bark. Using the multiscale mi-
cromechanical modeling it could be shown that the variation of microstructural data
such as the MFA and the mass density, determined by SilviScan-3™, could give an ex-
planation for the experimentally observed pith-to-bark trends. It could be shown that not
only the mass density, but also the MFA has to be considered to explain these stiffness
trends. The variability patterns of cell wall stiffness were experimentally investigated
from pith-to-bark as well as within selected annual rings from earlywood (EW) to late-
wood (LW) by means of nanoindentation. On the cellular level only the MFA is left
as major microstructural influence parameter. On the pith-to-bark scale both the MFA
and the indentation modulus turned out to be too localized measures and thus too much
subject to random variability on top of the pith-to-bark trends in order to identify any
trend of cell wall stiffness across this span. Within annual rings, i.e. from EW to LW,
an increase of cell wall stiffness could be detected, which comes along with a derease
of the MFA. Multiscale micromechanical modeling was also applied to determine the
variability of cell wall stiffness from pith-to-bark and within-annual-ring. Next to the
influence of the MFA to the experimentally observed variability pattern of the cell wall
stiffness, also the influence of the local chemical composition could be shown.

A detailed chemical, microstructural and micromechanical characterization of fun-
gal degraded softwood cell walls revealed the different changes of composition, mi-
crostructure and mechanical properties of the S2 cell wall layer and the ML. The wood
cell walls were affected differently, according to the different degradative strategies of
white rot (WR) and brown rot (BR) fungi, respectively. In general, these alterations
were highly variable. Most striking was the observed increase of stiffness of the S2
layer and the ML, which was in contrast to all previous findings at the macroscopic,
i.e. clearwood, level. A possible explanation for this observtion was proposed, based
on the fact that increased stiffness of the remaining material at the cell wall level does
necessarily show up at the macroscopic level, in case that a sufficient amount of this
stiffer material has been lost due to degradation, i.e. mass loss. The altered mechanical
properties of the S2 layer and the ML could be linked to altered composition and altered
microstructural characteristics, like the cell wall crystallinity, by means of multivariate
data analysis. Principle component analysis and partial least squares regression analysis
were applied. The altered mechanical properties of the S2 layer could be linked to ultra-
structural changes of lignin, lignin content as well as to microstructural changes during
fungal degradation. The increased stiffness and hardness of the ML could be linked to
the degradation of pectic polysaccharides.

Multiscale mechanical modeling was applied to the results of the chemical and mi-
crostructural assessment of softwood cell walls, degraded by either BR or WR fungi, in
order to investigate the causal relationships of the aformentioned links between compo-
sition, microstructure and mechanical porperties of the S2 layer and the ML. Different
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hypotheses about the impact of changes of composition and microstructure upon degra-
dation have been tested, and the resulting stiffnesses were compared to the measured
indentation moduli. According to our modeling results the mass loss at the cellular
level might have its origin rather in a thinning of cell walls, than in a formation of a me-
chanically relevant cell wall porosity, if only altered composition upon BR or WR decay
is considered. Invoking degradation related changes of the properties of wood cell wall
components or changes in microstructural characteristics, enabled to partly compensate
for decreases of the cell wall stiffness caused by evolving cell wall porosity.

Perspectives and Future Research Studies

The detailed chemical and microstructural characterization of the various hardwood and
softwood samples, investigated by means of nanoindentation at different moisture con-
tents (Wagner et al., 2014d), builds up the experimental reference to further study the
effect of water on the mechanical properties of wood cell walls also by means of mi-
cromechanical modeling. Moisture related changes of cell wall stiffness might include
re-considering the current way how water is considered in the mechanical model. One
approach, which has been developed previously, is the application of poromechanics in
the micromechanical model (see e.g. Bader et al. (2011b))). Water could also be con-
sidered in different steps of the multiscale micromechanical model, i.e. not only in the
polymer matrix but also in e.g. the cellulose fibrils or cellulose aggregates, account-
ing for water sorption of the para-crystalline regions in the cellulose fibrils. Another,
somewhat different, possibility would be not to treat water as a 'universal’ phase, but to
include a moisture dependency in the stiffness properties of the cell wall polymers, e.g.
lignin, hemicelluloses or amorphous cellulose.

The gained insight on the degradation mechanisms of fungi and their effects on mi-
crostructure, composition and mechanical properties of wood cell walls have recently
been used to investigate archaeological wood, which has been degraded by different
kinds of bacteria in waterlogged conditions. Fragments of the Oseberg ship have been
investigated by wet chemical methods and nanoindentation (Bader et al., 2013)). A simi-
lar ongoing study is intended to investigate decay-related effects on the cell wall proper-
ties of wood fragments from the Vasa shipwreck. The Vasa shipwreck has been subject
of many research studies before (Bjurhager et al., |2012; Svedstrom et al., 2012) and is
thus well characterized in terms of microstructure and composition as well as in terms
of macroscopic mechanical properties, i.e. stiffness and strength. In addition also the
preservation treatment of the Vasa, namely the impregnation with polyethylene glycol
(PEQG), and its effects on the degraded wood material have been investigated (Sandstrom
et al., 2002} |Glastrup et al., 2006} |Almkvist and Persson, |2008). As indicated herein,
mass loss (and mass density loss) related changes of macroscopic stiffness potentially
mask effects of altered cell wall stiffnesses. Nanoindentation tests on the cell walls of
fragments of the Vasa shipwreck, in combination with existing and additional data from
chemical and microstructural characterization, is expected to bring new insights into the
effects of bacterial decay and effect of impregnation with PEG.



124 Summary and Outlook

The gained compositional and microstructural data, together with the mechanical
characterization by means of nanoindentation, could again be used to apply microme-
chanical modeling to the Vasa material. The investigations might also include the effect
of the impregnation material (PEG) on the cell wall stiffness.

The experimental micromechanical characterization of wood cell walls, herein
performed by means of nanoindentation, might be augmented by further methods, such
as microtensile testing (Burgert et al., 2002, |2005a; |[Eder et al., 2009; Fischer et al.,
2012)) or microcompression tests (Zhang et al., 2010; Raghavan et al., 2012). These
tests induce by far simpler stress states in the tested material, as compared to nanoin-
dentation. Such tests, in combination with multiscale micromechanical modeling, will
enable to investigate e.g. the role of the middle lamella stiffness and strength in overall
longitudinal shear stiffness and strength of clearwood by means of tensile testing of the
fiber-fiber bond of wood tracheids in situ or test S2 cell wall material in compression
in different directions with respect to the MFA, to determine the transversely isotropic
material constants for this layer experimentally.

Furthermore this work forms a framework for future numerical and experimental
investigations of modified wood in general, i.e. thermally or chemically modified wood.

It has to be stated that the work presented in this thesis is clearly assigned to the
field of basic research. The findings related to wood variability and wood degradation,
gained herein, have to be translated to the clearwood scale first and then, by including
growth irregularities like knots (Hackspiel et al., [2014; |[Lukacevic and Fiissl, 2014)),
to the structural timber scale. Then, the effects of these findings at the cell wall scale
might serve as basis for input parameters, e.g. for finite element simulations of structural
timber.
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