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Development of a micromechanical testing method for single wood fibres

Towards a better understanding of the eledt of humidity level on the mechanical
properties of the fibres

EMELIE SEIGNER

Department of Industrial and materials science

Chalmers University of Technology

Abstract

Natural fibre-based materials are widely used in everyday life in the form of pa-
per, paperboard, films, textiles and biocomposites. Environmental awareness and
the growing concern regarding the large energy consumption coupled to the pro-
duction of traditional synthetic fibres have prompted several industries to search
for sustainable materials to replace the traditional fibres. The usage of natural fi-
bres in high-performance composites necessitates a thorough understanding of their
mechanical properties. In this thesis, a robust and high throughput method was de-
veloped to conduct tensile tests on individual single wood fibres. Using this method,
wood fibres of industrial origin were investigated, in particular, the e [edt of the hu-
midity level on the tensile properties of these fibres was studied. Weibull statistics
were used to understand the strength and possible defects in microstructure of the
fibres. The key conclusion drawn from this study is that with decreased relative
humidity level, the strength of the wood fibres increases. Also, fibres exposed to low
levels of relative humidity has less defects on the microstructure level than fibres
exposed to higher levels of humidity.

Keywords: Single fibre, Wood fibre, Micromechanical testing, Tensile testing, Rela-
tive humidity, Weibull statistics, Mechanical properties
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1

Introduction

Natural bre-based materials are widely used in everyday life in the form of pa-
per, paperboard, Ims, textiles and biocomposites. Environmental awareness and
the growing concern regarding the large energy consumption coupled to the pro-
duction of traditional synthetic bres have prompted several industries to search
for sustainable materials to replace the traditional bres. Wood bres, a form of
cellulose-based bre, provide excellent prospects for future sustainable reinforcement
in polymer composites. Wood bers are very hydrophilic, meaning they are sensi-
tive to moisture. This is a signi cant challenge when it comes to wood bres since
it implies poor compatibility with most hydrophobic polymers. To deal with this
issue, wood bers are frequently modi ed in a variety of ways, including chemical
and mechanical. These alterations can change the properties of the bers, the in-
terface between the bre and the polymer, and how they interact with one other
at di erent humidity levels. When studying composites, macroscopic testing is the
dominant technique when it comes to current research and development of wood
bre reinforced composites today.

Today, a lot of composites are made of carbon bres or glass bres. One goal of
this project is to help in the development of fast screening of bres and understand

the e ect of chemical treatment on the mechanical properties, and provide reliable

input on modelling of sustainable wood bre composites.

1.1 Purpose

The aim of this thesis is to develop a robust and high throughput method to conduct
tensile tests on individual single wood bres. Then, by using this method, wood
bres of industrial origin were investigated, in particular, the e ect of moisture
exposure on the mechanical properties of these bres were studied.

1.2 Thesis outline

This thesis begins with a theoretical framework chapter, chapter 2, a detailed de-
scription of the methodology behind the results is presented in chapter 3. The
obtained results are provided in chapter 4, to be discussed in chapter 5. Finally,
conclusions that may be drawn from this thesis and its result are presented in chapter
6. In addition, data from the results is presented the Appendix A.
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Theoretical framework

This chapter is dedicated to explain the fundamental theory behind the experiments
performed in this thesis. In section 2.1, a short introduction to plant bres and wood
materials is presented followed by a short description regarding the di erent micro-
scopes used in this project in section 2.2. Information regarding Yourgymodulus
is provided in subsection 2.3 and Weibull statistics is introduced and described in
section 2.4.

2.1 Plant bres and wood bre materials

This section starts with describing the hierarchical structure of wood in subsection
2.1.1, followed by the e ect of moisture absorption on properties of wood bers in
subsection 2.1.2. Mechanical and physical properties of wood bres is described in
subsection 2.1.3, after that, environmental impact and recycled paper is introduced
in subsection 2.1.4. And last, in subsection 2.1.5, the standard used in this thesis is
described.

2.1.1 Hierarchical structure of wood

The primary chemical components of wood bres are cellulose, hemicellulose, and
lignin at the molecular level and cellulose is the most abundant component in wood
bres. Wood bres have a signi cant impact on the ultimate performance of wood
at the nanoscopic level. Based on lignin carbohydrate complex through covalent
bonding, wood bres are made up of cellulose micro brils (10 25 nm), hemicellu-
loses, and lignins [1]. Figure 2.1, shows a three-dimensional illustration of wood
cell walls and the ether linkage between lignin and carbohydrate [2]. The major-
ity of micro brils are not parallel to the cell axis and form a certain angle called
the micro bril angle (MFA). MFA is a key component in establishing the physical,
for example shrinkage, and mechanical, for example, sti ness and tensile strength,
gualities of wood bres [1].

Wood bres have a hierarchical structure that o ers them outstanding performance
properties, such as a high strength-to-weight ratio [1]. Figure 2.2 illustrates the
hierarchical structure of a wood bre [3]. The wood bres are made up of four
layers at the ultrastructural level, usually 1 25 m. There is the primary wall (P),
middle lamella (M), secondary wall (S) and the Warty layer (W). There are three
layers in the secondary wall S, (3, the outside layer of the secondary wall, (3, the

3



2. Theoretical framework

middle layer of the secondary wall and (§, the inner layer of the secondary wall.
The cells are separated by the central lamella and this layer contains a lot of lignin.
Around 70%-80% of lignin is in this layer which is roughly twice as much as in the
secondary wall. Although the high concentration of lignin can e ectively glue the
cells together, separation of the remaining lignin on the bre surface after processing
can result in a reduction in inter- bre bonding. The properties of the primary wall
layer vary from those of the secondary wall layer due to the presence of pectin and
protein. Signi cant interactions exist in this layer between the lignin, protein, and
pectin, and between the cellulose and hemicellulose. This evident characteristic has
a signi cant impact on ber separation. The secondary cell wall has a signi cantly
higher number of organized micro brils than the primary cell wall. The Warty layer
(W) has similar in thickness as the primary wall and is made up of four to six lamellae
spiralling in opposing directions around the tracheid's longitudinal axis. The outer
secondary cell wall $ contains closed brillar structure and has a signi cant MFA
of around 50 70°. This is thought to have a major role in de ning the transverse
mechanical properties and surface characteristics of bres. The main part of the
secondary wall is located in the middle secondary cell wall. This layer's micro brils
spiral sharply around the axial direction with an angle of 5-30and have a signi cant
impact on bre characteristics. The thickest cell wall layer, the &, regulates the
strength of the whole bre. At the lumen border, the inner secondary wall (§ 0.1
m), also known as the tertiary wall, provides a barrier between the lumen and
the remainder of the cell wall. The & layer has the largest concentration of lignin,
around 53%. The $ layers micro brils are practically perpendicular to the S layers
micro brils and has a MFA around 50°-90°. The Warty layer, which is made up of
protoplasmic waste, covers the deepest region of the cell wall [1].

Figure 2.1: A three-dimensional illustration of wood cell walls and the ether linkage
between lignin and carbohydrate [2].
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2. Theoretical framework

Figure 2.2: Hierarchical structure of a wood bre [3].

2.1.2 E ect of moisture absorption on properties of wood
bers

Understanding how moisture absorption a ects the mechanical characteristics of
bers at the cellular level is critical for using natural bers in reinforcing compos-
ites. Changes in the environment have an impact on composites and their mechanical
characteristics can vary signi cantly when temperature and moisture levels change.

Wood bre structures are composed of cellulose bres with several hydrophilic hy-
droxyl groups, meaning they are sensitive to moisture. This is a signi cant di -
culty when it comes to wood bres since it implies poor compatibility with most
hydrophobic polymers. The rate water is absorbed by a composite is determined by
several factors, including bre type, matrix, temperature, water distribution within
the composite, and water-matrix interaction, among other things. Therefore, wood
bre reinforced polymers can absorb a large quantity of water, resulting in a loss
of mechanical characteristics. The chemical structure of the resin and crosslinking
agent, as well as the temperature and relative humidity (RH), in uence both the
rate of water absorption and the overall quantity of moisture absorbed. [4]

In general, the strength and Young's modulus of wood decrease as the RH content
rises. Moreover, di erent RH concentrations cause signi cant directional swelling
and shrinking. Previous tensile studies on single wood bres have shown that when
the RH rises, the tensile sti ness of the bre decreases [5].

2.1.3 Mechanical and physical properties of wood bres

The usage of natural bres in high-performance composites necessitates a thorough
understanding of their mechanical properties. The tensile behaviour of natural -
bres has been studied in a limited number of research studies. An examination of
the literature reveals a signi cant gap in reported natural bre tensile strength and

5



2. Theoretical framework

Young's modulus [6].

Understanding the mechanical reaction of wood bres is critical for understand-
ing and predicting the stability of living trees, as well as the behaviour of wood
when used for production. Wood micromechanical data are key input parameters
in applications such as the fabrication of bre-based products, cardboard and pa-
per, as well as assisting in e cient, economic, and sustainable use of this resource [6].

The surface property of wood bres is one of the most important characteristics, it
in uences resin interfacial adhesion on the bres surface as well as the mechanical
properties of bre-based composites. Fibre morphology, chemical composition, pro-
cessing conditions and more, have an impact on this property. The bres are less
compatible with non-polar resin due to the strong polar nature of the surface. As a
result, combining the intrinsic polar and hydrophilic properties of wood bres with
the non-polar properties of resins is challenging, resulting in poor stress transmission
of composites under load. Using various physical and chemical surface treatments
on bres results in changes in the surface structure and changes in surface charac-
teristics [1].

Wood bres' mechanical properties are critical for their usage in the paper and
composite industries. Materials' mechanical characteristics may be determined us-
ing two methods: macroscopic testing (for example tensile tests) and indentation
tests. The macroscopic testing is used to determine the mechanical properties of the
entire sample, whereas the indentation tests are used to determine the mechanical
properties of a speci c portion of the sample. Mechanical properties such as ten-
sile strength, elongation, compressive strength, impact strength, and modulus are
commonly obtained in macroscopic experiments. To present the mechanical perfor-
mance of wood bres, scientists generally utilize elongation, tensile strength, and
Young's modulus [1].

Furthermore, due to variations in bre diameter, the in uence of clamping length,
the measurement of elongation, and clamping e ects, determining the tensile proper-
ties of bres poses some additional challenges. It also depends on the tensile testing
equipment, the methodology used to measure the bres CSA, and the methodology
used to compute Young's modulus. As a result, studying the tensile behaviour of
natural bres is not a simple task [6].

Below is a list of the di erent mechanical properties with a short description.

N

Young's modulus, E: is a property of the material that indicates how easy it
may stretch and deform. It is de ned as the ratio of tensile stress to tensile
strain.

Tensile strength: is de ned as the highest load a material can withstand with-
out fracture when stretched, divided by the material's initial CSA.

Tensile Stress: is the amount of force applied per unit area.

Tensile Strain: is extension per unit length.
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2.1.4 Environmental impact and recycled paper

It is commonly recognized that paper production, along with other types of indus-
tries, has signi cant environmental consequences. Both the use and handling of raw
materials have several negative environmental e ects. However, some new technolo-
gies can mitigate these e ects, while also having economic bene ts. One of these
methods is recycling, which covers more than just the disposal of waste. When recy-
cled, the bres are exposed to a variety of mechanical, thermal and chemical e ects
and therefore, it has to be determined that they are not damaged severely and still
provide good quality. As the pace of greenhouse gas emissions continues to rise and
other health hazards concerns, scientists around the world have been enthusiastic
regarding the research of environment-friendly materials [7].

Because of the economic and environmental bene ts, paper product recycling has
been conducted for a long time. Paper made from recycled bres uses less energy,
contributes to natural resource conservation, and minimizes pollution in the envi-
ronment. Recent research initiatives for waste management system planning have
focused on the con ict between economic optimization and environmental preserva-
tion [7].

On the other hand, recycled paper may have lower strength properties. Due to
shorter bre length, decreased intrinsic strength, and lower bre- bre bonding po-
tential, cellulose bres disintegrate during recycling. The chemical composition of
wood bres is critical for their recycling capability. When bres are rewetted, their
capacity to adjust the form and absorb water is diminished. As a result, bre- bre
bonding is reduced, resulting in a reduction in paper strength [8].

2.1.5 ASTM Standard

American Society for Testing and Materials (ASTM) standards are utilized all
throughout the world to improve product quality, increase safety, and make com-
merce easier [9]. For the tensile testing of natural bre in this thesis, the clos-
est applicable standard is ASTM C1557-20 the "Standard Test Method for Tensile
Strength and Young's Modulus of Fibers". This ASTM standard covers from prepa-
ration, mounting, and testing of single bres to determination the tensile strength
and Young's modulus at ambient temperature [10]. This standard was used as a
template when the experimental part was carried out.

2.2 Microscopes used in the thesis

This section will give a short description of the microscopes used throughout this
project.
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