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In fibre reinforced composites, adhesion between the reinforcing fibres and matrix is
fundamentally responsible for mechanical behaviour of a composite structure. The
primary focus of this thesis is characterisation and measurement of Ioncell cellulose
fibre adhesion with polymer matrix materials. The structure consists of two parts,
theoretical review and experimental testing.

The theoretical section explains the concept of shear lag theory, which forms basis for
stress transfer to fibres through matrix. A review of various micromechanical methods,
mainly pullout, fragmentation and microdebond methods. Besides micromechanical
methods, it also includes other methods using macro scale specimens. Experimental
part consists of microbond tests. It includes specimen preparation, test set up, testing

and finally results and analysis.
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1 Introduction

Many materials existing in nature are composite materials consisting of two or more
constituents like wood, which consists of approximately 50% cellulose in fibrous form,
(23 to 33)% lignin as a matrix, hemi-celluloses and small amounts of external content
[21]. Composite materials are more efficient in terms of strength to weight ratio,
tailorability to requirement. Carbon and glass fibre reinforced composites (FRC) are
used for high performance applications but are difficult to separate into constituents at
the end of life for recycling. Thus, resulting into land fills causing adverse environmental
impact [22].

At present natural fibres are widely used for automotive interior panels by several
automotive companies. Figure 1a shows Mercedes Benz S class interiors made using
hemp fibres. The advantages of natural fibres are 60% less energy for production
compared to glass fibres, cause less wear to the processing equipment, lower health risks
and are easy to work with. Natural fibres could improve fuel efficiency in automotive

by 25% weight reduction, thereby saving 250 million barrels of crude oil per year

(a) (b)

Figure 1: (a) Interior panels of Mercedes Benz S class made from hemp fibres and

(b) Wind turbine blades made from flax fibres



[23, 24]. More demanding applications like the wind turbine shown in the Figure 1b
are emerging.

In past few decades, there has been a growing interest in research focused on natural
fibres, and using it as a reinforcement in biodegradable polymer matrix materials like
PLA to develop biodegradable composite materials. Also more commonly known as
biocomposites. Natural fibres have advantages over conventional reinforcing materials
like low cost, low density, acceptable specific strength and biodegradability. However,
natural fibres are hydrophilic whereas, polymer materials are hydrophobic and hence
are not compatible with each other readily [25].

Natural fibres available from various plant sources have more defects compared to
synthetic fibres and their strength properties vary depending on where they are grown
[22, 26]. Whereas, man made natural fibres produced from regenerated cellulose are
consistent in properties and physical characteristics. Moreover, the performance of
composite materials is largely governed by fibre architecture and geometry, which

makes man made natural fibres a preferred choice.

1.1 Objectives and scope

The objective of this thesis is to measure interfacial adhesion of Ioncell cellulose
fibres with commercial polymer matrices. Many micro-mechanical methods have been
developed [27] but none of the methods has been adopted by engineering standards.
Most of these methods require specialised equipment for micro-mechanical tests. Hence,
a secondary objective was to develop or evalute one of the existing methods which
could be performed using standard equipment in lightweight structures laboratory.
During initial literature research, it was discovered that results obtained from these
methods suffer from data scatter. The methods are also sensitive to materials being
tested and test parameter, even across different studies using the same method [28].
Hence it became paramount to ensure that, the method selected was suitable taking

into account Ioncell fibre and polymer matrix properties. Also, to analyse probable



causes of data scatter for the selected test to ensure reliable results.

1.2 Structure

This thesis is composed of two parts, review and experiment. The review consists of
fundamental theory governing fibre/ matrix adhesion, various methods based on it
with improvement over the years. Comparison of methods so as to select a suitable
one as per the scope and objective. Finally, experimental part of actual testing for

measurements and evaluating the validity of testing method.



2 Fibre/ matrix adhesion: Theory and test methods

The concept of load transfer and load sharing between the constituents of composite
materials is fundamental to understanding the behaviour of composites. The load shared
by fibre and matrix can be calculated based on the volume fraction of each constituent
in the given specimen. The reinforcement can be considered as acting effectively, if
the majority of the load acting on the composite is borne by the reinforcement. This
results into higher strength and stiffness of the material, since the reinforcement is
stiffer and stronger than the matrix [2].

The analytical methods used for composite analysis can be used to predict the
composite properties in fibre direction by applying the simple rule of mixtures. However,
this model has limited practical use since in structural applications there are often
loads acting at an angle in addition to the loads in fibre direction. In such a case, fibre
matrix adhesion plays an important role in load bearing capacity of structural element
[29].

The mechanical properties like transverse tensile strength for unidirectional com-
posites and delamination resistance, are largely influenced by fibre/ matrix adhesion
[3]. Apart from that, properties like shear strength, compressive strength and fatigue
resistance are also affected by fibre/ matrix adhesion at micro level [3]. Thus, fibre
matrix bond at microlevel would enable better understanding of composite mechanical

behaviour.

2.1 Fibre/ matrix interface

The fibre matrix bond strength at the interface is affected by several bonding mecha-
nisms which are described in subsection 2.1.1. At present, there is no widely accepted
method for characterizing fibre/ matrix interface and several methods have been used
for it so far. These methods can be classified into single fibre and multi fibre methods.

Multi fibre methods would include specimens that use mutiple fibre in mat or bundle
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form. Both the approaches have their own advantages and disadvantages, single fibre
methods are easier to perform and enable direct measurement of interfacial properties
but they don’t represent an actual composite, whereas, multi fibre methods represent
actual composites but the tests are more tedious and the interfacial properties mea-
sured are indirect [30]. Moreover, the results are dependent on specimen geometry,
fibre/ matrix volume ratio [31]. However, even though single fibre methods do not
represent a composite material, they can be used for relative comparison of various
fibre matrix combinations and to study various fibre treatments to improve adhesion

[30, 5].

2.1.1 Fibre matrix bonding mechanisms

It is essential to understand different bonding mechanisms occurring in fibre reinforced
composite, before studying different methods for measuring the bond strength. This
section describes various bonding mechanisms which influence the bond strength of

composites [2].

Absorption and wetting: Wetting occurs when solid comes in contact with a liquid
giving rise to a solid liquid interface formation as shown in Figure 2. Absorption is
accompanied by wetting. The ease with which this interface forms is dependent of Van
Der Waals forces. The thermodynamic force responsible for this wetting is expressed

as. work of adhesion. It can be calculated by Dupre’s equation as follows,

W,= svt v s (D

In equation (1), are the surface energies, whereas subscripts S,L. and V represent
solid, liquid and vapour respectively. The contact and formed by a droplet in contact

with a solid is given by Young equation,

sv= sLt LvCOs (2)
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These surface energies are known for solids and liquids which in this case is fibres
and matrices. Wetting occurs better when the surface energy for fibre is higher than
the surface energy for matrix. This is important for manufacturing of composites since

better wetting promotes adhesion by easier impregnation of fibres with the matrix.

LV
Vapour

Liquid
Tsv 0
/7/?//"

ST 7777
Solid

s

A

Figure 2: Liquid drop in contact with a solid surface. Contact angle , and surface

energies [2]

Interdiffusion and chemical reaction: The adhesion can be improved by diffusion
at the interface. Diffusion of free molecular chains can be seen in Figure 3. This effect
is can be employed by treating fibre surface with a coupling agent. Also various types
of chemical reaction involving formation of covalent or ionic bonds can be used to
improve adhesion as shown in Figure 4. These bonding mechanisms can be utilized by

sizing applied on the fibre during the manufacturing process.

Figure 3: Interdiffusion and molecular entanglement [ 2]

Figure 4: Chemical reaction [2]



12

Electrostatic attraction: Surfaces charged with opposite polarity attract each other.
If he surfaces are charged with opposite polarity as shown in Figure 5, adhesive force
can exist. Again surface treatments on fibres can be used to improve this further.
Also various chemical treatments can be used to improve electrostatic attraction, it is

unlikely that this can significantly increase the bond strength.

///////////////////////

+ + + + + + 4+ + + 4

7777777777777

Figure 5: Electrostatic attraction [2]

Mechanical keying: Mechanical keying occurs due to microscopic surface irregu-
larities on the fibre surface as shown in Figure 6. This can be further improved by
good wetting. The increase in contact area can further improve the adhesion. Thus,
improving performance of composite in longitudinal direction. This effect can result in

higher shear stress at the fibre/ matrix interface.
7
N

Figure 6: Mechanical keying [ 2]

Residual stresses: Residual stresses arise from volume changes due to the phase
transformation of matrix as well as due to thermal contraction for resins cured at
elevated temperatures. Main source of residual stresses is cooling during the manu-
facturing of composites. The coefficient of thermal expansion for matrix materials is
usually higher than the fibres. This results in compressive stresses on fibres and tensile

stresses on matrix.
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2.1.2 Interface and interphase

Interface is the two dimensional surface that forms around the fibre, where fibre comes
in contact with the matrix material. Most methods developed for measuring adhesion
at microlevel measure interfacial strength of this interface. However, there are studies
that report a three dimensional space around the fibre which has properties different
from both the fibre and the matrix [32], and is known as interphase. This phase change
occurs due to the chemical interaction between fibre/ matrix that occurs due to the

surface treatments applied on the fibre.

2.1.3 Shear lag model

The stiffness of fibres is higher than matrix material in fibre reinforced composites and
fibres carry most of the load in the longitudinal direction. When a composite is axially
loaded, due to the lower stiffness of the matrix, the load is transferred to fibres through
matrix by means of shear [3] at the interface. The theory to explain this interaction of
forces was first proposed by Cox in 1952 is commonly known as the shear lag theory

which still forms basis for many recent models.

Figure 7: Composite with (top) and without stress ( ;) (bottom) [3].

For a composite loaded in tension as shown in Figure 7, the distribution of shear

stress at the interface and tensile stress in fibre can be seen in Figure 8. These stresses
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