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Chapter 1
Introduction
Plastics are used in every segment of our life today from industrial applications
to the production of household articles. The ever increasing demand of the public to
improve the performance and quality of products as well as to decrease their price result
in continuous development work and in constant search for new materials. This tendency is valid also for the plastic industry. Modification changes all properties of the
matrix polymer, some improve as expected, while others deteriorate considerably. A
good example is the impact modification of polymers done by copolymerization or by
the blending of a glassy or crystalline polymer with an elastomer. Impact resistance
improves indeed, but the stiffness of the blend decreases, which is usually undesirable,
since improved stiffness and fracture resistance are required from most structural material. This example clearly indicates that properties must be optimized, which requires
the deep knowledge of structure-property correlations for the modified materials.
Polymers can be modified in many ways. Copolymerization, polymer analogous reactions or plasticization are out of the scope of this work. We consider only
modifications with a second component introduced in considerable amounts into the
matrix polymer forming a new material with heterogeneous structure, i.e. blends and
composites. Modified polymers can be classified in several ways, we divide them into
three categories, to blends, particulate filled polymers, and to fiber reinforced composites. Blends are prepared with the thorough mixing of two or more polymers, particulate
filled polymers usually contain mineral fillers from various sources, while fiber reinforced polymers consist of a polymer matrix and a reinforcing component with anisotropic geometry. Although the three classes are often treated separately, the factors determining their properties are exactly the same. This thesis discusses short fibers which
represent a transition between particulate fillers and long fibers. However, since the
factors determining the properties of the two classes of materials are the same, the question of classification is not very important.
The Laboratory of Plastics and Rubber Technology (LPRT) and the associated
Department of Applied Polymer Chemistry and Physics at the Institute of Materials and
Environmental Chemistry, HAS, have long tradition in the research and development of
heterogeneous polymer systems. The group started with the study of particulate filled
polymers many years ago. The research resulted in extensive knowledge on the factors
determining composite properties, and to the development of models describing the
various phenomena in these materials. Successful research led to extensive cooperation
with partners all over the world both in academia and industry. The materials and problems studied changed considerably during the years. Particulate filled polymers gave
way to blends, multicomponent materials, carbon fiber reinforced thermosets and to
layered silicate nanocomposites. The study of the composition dependence of basic
mechanical properties was partly replaced by the investigation of interfacial interactions
and experiments directed towards the detailed analysis of micromechanical deformation
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processes occurring in these materials under the effect of external load. This Thesis is a
further step in this process focusing on new materials and questions.
In recent years the interest of the scientific community turned towards new
fields. Much research is done on nanocomposites, but considerable interest is focused
on bio-related materials derived from renewable resources. These new materials include
all kinds of natural polymers and their derivatives like starch, cellulose, cellulose acetate, natural fibers and wood. LPRT is involved in several projects on wood fiber reinforced thermoplastic composites. As a consequence, the main goal of this Thesis is to
extend knowledge on factors determining the properties of short fiber reinforced composites, to establish structure-property correlations, to study and modify interfacial
interactions, to determine or estimate these latter quantitatively, and to identify specific
questions related to natural fibers. In the way to achieve these goals, we utilize the
knowledge compiled on heterogeneous polymers by the group up to now and extend
them to the new problems and materials. Although most of the research focuses on
natural fiber reinforced materials, some results obtained on carbon fiber reinforced
composites are also included in the Thesis. This reflects the shift of interest of the
community in materials, but also offers a way to compare different reinforcing components and to generalize our conclusions. In the following sections we summarize the
most important background knowledge necessary to place the new results in the right
context.

1.1. Classification of fiber reinforced composites
The classification of fiber reinforced composites is contradictory and arbitrary.
Composites are often classified according to the matrix or the fiber used, the length of
the fiber, the goal of the application, etc. The situation is reflected well by the fact that
even the word “composite” is contradictory. The book of Rothon [1] carries the title
“Particulate-filled polymer composites”, while Pilato and Michno [2] regard only carbon fiber reinforced thermoset materials as composites. Accordingly, our classification
is also arbitrary and might contradict both approaches mentioned above.
The top of the composite family is represented by the long fiber reinforced
thermoset composites, indeed. The fiber of these composites is usually carbon or aramid, which is introduced into modified epoxy, polyimid, polyurethane or other high
quality matrix. These materials possess exceptional stiffness and strength, but they are
very expensive as well. The amount of long fiber reinforced thermoplastics produced
and used is much smaller because of the processing difficulties involved. Extruded
profiles and glass mat or woven textile reinforced polymers represent this class, the
lower end being glass mat reinforced PP used for the production of flat parts by stamping. Both thermosets and thermoplastics are reinforced by short fibers. Bulk molding
and sheet molding compounds are extremely complicated materials consiting of a thermoset, usually polyester matrix, a thermoplastic to control shrinkage, a filler, chopped
glass fibers and several other additives. The production and application of these materials increases continuously. Short fiber reinforced thermoplastics are extensively used by
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the automotive and machine industry. These materials are usually supplied in the form
of granules and they are processed by injection molding.
The materials studied in our research and discussed in this Thesis fall into two
categories. The first chapter discusses carbon fibers embedded in an epoxy matrix. The
rest of the chapters deal with wood flour filled polypropylene, which corresponds to the
last category, to short fiber reinforced thermoplastic materials. From the classification
point of view these are very different materials. However, if we consider that the factors
determining the properties of all heterogeneous polymers are the same, on the one hand,
and that the Thesis focuses mostly on interfacial interactions and their modification, on
the other, the difference in components becomes much less significant.

1.2. Factors determining the properties of heterogeneous polymers
The properties of all heterogeneous polymers are determined by the same four
factors: component properties, composition, structure and interfacial interactions. All
four are equally important and they must be adjusted to achieve optimum performance
and economics.
Component properties. The characteristics of the matrix strongly influence
the effect of the filler or fiber on composite properties; the reinforcing effect increases
with decreasing matrix stiffness. True reinforcement takes place in elastomers, both
stiffness and strength increases [3], since in weak matrices the filler carries a significant
part of the load. On the other hand, reinforcement is much smaller in stiff matrices and
the dominating micromechanical process is often debonding. Numerous fiber characteristics influence the properties of composites [1,4]. Chemical composition and purity,
particle characteristics, surface free energy, hardness and other properties all affect
composite properties in smaller or larger extent. Particle characteristics and particle
shape are especially important for us. Small particles often aggregate, while large particles adhere to the matrix very weakly and debonding, i.e. the separation of the matrix
and the filler, occurs very easily. Anisotropic particles orientate during processing and
the extent of reinforcement depends very much on the relative direction of the orientation and the load.
Composition. Composition, i.e. the fiber content of composites may change in
a wide range. The goal of the use of fibers is usually to improve stiffness and strength.
These goals require the introduction of the largest possible amount of filler or fiber into
the polymer, but the improvement of the targeted property may be accompanied by the
deterioration of others. Since various properties depend in a different way on fiber content, composite properties must be always determined as a function of composition.
Structure. The structure of particulate filled and short fiber reinforced polymers seems to be simple, the homogeneous distribution of particles in the polymer matrix is assumed in most cases. This, however, rarely occurs and often special, particle
related structures develop in composites. The most important structure related phenomena are aggregation and the orientation of anisotropic filler particles.
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Interfacial interactions. Particle/particle interactions induce aggregation,
while matrix/filler interactions lead to the development of an interphase with properties
different from those of both components. Secondary, van der Waals forces play a crucial role in the development of both kinds of interactions. They are usually modified by
the surface treatment of the filler. Although secondary forces may act also among the
components of fiber reinforced composites, reactive treatment, i.e. coupling, is much
more important in them. In order to achieve the necessary stress transfer, strong interaction is needed that is usually achieved by the creation of covalent bonds between the
fiber and the matrix. Since interfacial adhesion is especially important for our materials,
they will be discussed more in detail in the next section.

1.3. Interfacial adhesion in fiber reinforced composites
The principle of fiber reinforced composites is that the stiff and strong fiber
carries the load, which is distributed among the fibers by the matrix. The stiffness and
strength of traditional fibers exceed those of the polymers used as matrices by two orders of magnitudes at least. Wood fibers are also much stronger than polymers in the
longitudinal direction, thus the principle applies here as well. The operation of the principle has several conditions. The fibers must be sufficiently long, oriented in the direction of the load and interfacial adhesion must be strong. The last condition cannot be
satisfied by the secondary forces developing in all heterogeneous polymers spontaneously, since the surface tension of both the polymer and the wood fibers is small. As a
consequence, only very weak interactions can develop between the two components,
which do not make stress transfer possible. Other type of interactions are also discussed
sometimes in fiber reinforced polymers, like electrostatic forces, interdiffusion and
mechanical interlocking, but these can be completely neglected in the materials discussed in this Thesis.
In fiber reinforced polymers strong interaction is usually achieved by coupling.
This assumes the chemical, covalent bonding of the components. However, either the
fibers or the polymers rarely contain reactive groups, which can react with each other.
As a consequence, coupling agents are used, which can react both with the polymer and
the fiber. A typical example is the use of organofunctional silane coupling agents in
glass fiber reinforced thermoset composites. The properly selected organofunctional
group reacts with the matrix polymer, while silanols formed by hydrolysis from
trimethoxy groups react by condensation with the active –OH functionalities of the
glass surface. The success of silanols in such composites led to their application in other
material combinations in spite of the fact that the components might not contain the
necessary reactive groups. The principle of coupling and the example presented above
clearly shows that coupling agents are system specific, they must be selected according
to the chemical structure of the components.
Coupling is very difficult in PP composites. Although the reactive –OH groups
of the wood can react with a large number of compounds, PP does not contain any reactive groups. As a consequence, often another mechanism is utilized in chemically inactive polyolefines, the use of long chain coupling agents, which can interdiffuse with the
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matrix and form entanglements. Such coupling agents are the functionalized polyolefines, i.e. maleinated polypropylene or polyethylene. The maleic anhydride groups
grafted to the polymer chain react with the wood surface, while the long chains of the
coupling agent interact with the matrix. In spite of the lack of reactive groups in PP and
its chemical inactivity, numerous attempts are made to achieve good interfacial adhesions with the most diverse approaches. Very few of these proved to be efficient, since
most of them neglects the requirement mentioned above, i.e. the specific character of
coupling reactions and/or mechanism.

1.4. Wood and natural fiber reinforced polymers
The preparation and use of polymers containing natural fillers or reinforcements is not new in the plastic industry, but these materials went through a revival in
recent years all over the world. Composites containing lignocellulosic components are
known since the 1900-ies, especially in the building and furniture industry [5]. Already
in 1916 Rolls Royce used a phenol-formaldehyde resin/wood composite for the production of the knob of its gear lever [6]. The various wood-fiber, laminated and MDF
boards are prepared from phenol-formaldehyde, urea-formaldehyde and melamineformaldehyde resins [5]. The productivity of processes using phenol-formaldehyde
resins is relatively small, the products have poor dimensional stability and dark color,
thus urea-formaldehyde resins are preferred especially for decorative purposes. In certain applications the blends of melamine and urea resins are even more advantageous.
After recognizing the advantages of natural fillers and fibers, more and more
research groups started to work on the replacement of glass and carbon fibers in composites and to study natural fiber reinforced unsaturated polyester [7-11], epoxy
[7,8,12,13] and novolac [14] composites. In recent years, increasing quantities of thermoplastic polymers were used as matrix materials in wood/plastic composites (WPC).
One of the main advantages of these materials is that products could be manufactured
with traditional thermoplastic processing technologies for a wide range of applications.
Due to geographical conditions, i.e. large quantities of primary wood raw material as
well as byproducts, wood composites are used in the building industry as decking
mainly in North America [15,16]. Europe is behind the US and Canada in the application of natural fiber reinforced plastics. Hemp, flax and jute are more often used here as
natural reinforcements mostly in the automotive industry [17], since wood based raw
materials, as well as wood waste are available in smaller quantities [15,16,18].
Commodity polymers are used the most often as matrices for the production of
composites [15, 19]. The selection of the polymer depends on the intended application.
Floor or wall coverage and fences are usually prepared from PE, while PVC is mostly
used for the production of window or door profiles [20]. Internal panels in cars are produced from polypropylene or polyurethane reinforced with natural fiber [21]. The application of wood composites based on PS foam matrix also increases continuously [18].
Besides the characteristics of the filler or fiber, matrix properties also influence composite properties. The number of papers published about the effect of the type and molecular structure of the matrix polymer on composite properties is relatively small [22].
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Wood flour, and other natural fillers and reinforcements have numerous advantages, like smaller density and smaller wear of the processing machine compared to
mineral fillers. An important aspect is price, since these raw materials obtained from
natural, renewable resources are usually cheaper than other fillers and reinforcements. A
further advantage of these materials is their good strength and stiffness.
Wood fiber and wood flour are cellulose based natural fibers, but differ from
plant fibers. Wood can be divided into two categories, soft and hard wood. The chemical composition of the two types is listed in Table. 1.1 [23]. They may differ significantly in their chemical composition, density, in fiber geometry and mechanical properties. Soft and hard woods are equally studied as reinforcements for composites [24-27].
Differences were observed in the properties of composites prepared from different wood
species, sometimes even among those containing the same species, but coming from
dissimilar geographical areas [28].
Table 1.1

Chemical composition of wood fibers [23]

Constituent

Composition (wt%)
Soft wood

Hard wood

Cellulose

40-45

45-50

Hemicellulose

25-30

21-35

Lignin

26-34

22-30

0-5

0-10

Extractives

Wood flour is produced by the fine milling of some byproduct of the wood
industry (wood shavings or sawdust), but wood can be used also as fibers for the reinforcement of plastics [5]. Wood fibers used in various application areas (filtering, fodder, litter, filler for the chemical industry, food industry) are usually produced from
selected wood species and often go through various cleaning procedures and/or chemical treatment, like the removal of hemicellulose, lignin, soluble components, bleaching,
etc. As a result of these treatments, the composition and properties of products coming
from these technologies are controlled reasonably well.
Natural fibers can be derived from plants, animals (wool) or minerals (asbestos, basalt) [24,29]. Composites are mostly prepared from plant fibers. Plant fibers can
be classified according to their origin, the part of the plant supplying the fiber, thus we
talk about seed fibers (cotton, coconut), bast fibers (flax, hemp, jute) and leaf or hard
fibers (sisal, pineapple, abaca or Manila hemp) [29]. According to their names bast
fibers come from the stem of the plant, hard fibers form their leaf or from the bark of
their fruits. All of these fibers are based on cellulose, which is the building element of
the long fiber-like plant cells.
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According to the climatic conditions of the crop area and the technology of the
treatment, the chemical composition and structure of the various fibers differ from each
other (Table 1.2) [29]. Physical and chemical characteristics (like biological degradation, flammability, sensitivity to moisture, thermal or UV stability) are strongly influenced by the additional components of the fiber, the amorphous hemicellulose and the
lignin.
Table 1.2

Chemical composition of plant fibers [29]

Component

Composition of fiber (wt%)
Cotton

Jute

Flax

Ramie

Sisal

Cellulose

82.7

64.4

64.1

68.6

65.8

Hemicellulose

5.7

12.0

16.7

13.1

12.0

Pectin

5.7

0.2

1.8

1.9

0.8

Lignin

–

11.8

2.0

0.6

9.9

Water soluble

1.0

1.1

3.9

5.5

1.2

Wax

0.6

0.5

1.5

0.3

0.3

Water

10.0

10.0

10.0

10.0

10.0

Among others, natural fibers are used for the production of composites because
of their good strength and stiffness, as well as low density. These characteristics are
compared in Table 1.3 for several natural and synthetic fibers [29]. The data of the table
clearly show that the various properties of natural fibers vary in a relatively wide range.
These differences can be explained by the dissimilar structure of fibers coming from
crop areas with different climatic conditions. Besides climatic differences, also the
technology and treatment applied to obtain the fibers influences their properties considerably. The hydrophilic character of the fibers may create problems if we want to use
them as reinforcement in composites. Moisture content of natural fibers can reach as
high as 10 wt% depending on their chemical composition and the amount of voids in the
non-crystalline regions. The mechanical properties of composites are strongly affected
by the moisture content of the fibers [29,30].
Besides their advantages listed above, natural fillers and fibers have some
drawbacks as well thus several problems may be encountered during the production of
such composites. One of these is the dependence of the quality of the fibers on season,
climate, crop area, etc, and also heat and moisture sensitivity. The transverse strength of
the fibers is small and they can easily break or split, if the direction of the load is not
right.
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Table 1.3

Selected properties of natural and synthetic fibers [29]
Density
(g/cm3)

Tensile strength
(MPa)

Elongation
(%)

Young’s modulus
(GPa)

1.5-1.6

290-600

7.0-8.0

5.5-12.6

Jute

1.3

390-780

1.5-1.8

26.5

Flax

1.5

350-1040

2.7-3.2

27.6

Hemp

–

690

1.6

–

Ramie

–

400-940

3.6-3.8

61-128

Sisal

1.5

510-640

2.0-2.5

9-22

Coir

1.2

175

30.0

4-6

Soft wood

1.5

1000

–

40

E glass

2.5

2000-3500

2.5

70

S glass

2.5

4570

2.8

86

Aramide

1.4

3000-3150

3.3-3.7

63-67

Carbon

1.4

4000

1.4-1.8

230-240

Fiber
Cotton

As discussed in a previous section, interfacial interactions also play an important role in the determination of composite properties. Quite a few approaches are
known for the physical or chemical modification of interfacial interactions between
natural fibers and polymers. Physical methods include corona [31,32] and cold plasma
treatment [33,34], which create various functional groups on the surface and change the
surface energy of the fibers. Such treatment increases the number of aldehyde groups on
the surface of wood.
One often applied, relatively old method for the modification of cellulose fibers
is mercerization, which is used for the treatment of cotton textiles. The efficiency of this
alkaline treatment depends on the concentration of the sodium hydroxide solution used,
on the temperature and time of the treatment. This treatment removes the non-cellulosic
components (hemicellulose, lignin, alkali soluble constituents), improves the accessibility of the fiber and increases its active surface [35]. Natural fibers are also often treated
with sodium hydroxide solutions of different concentrations (2-28 wt%) [12,36,37-44].
If the conditions are properly selected, the treatment increases the tensile strength of the
fibers [45]. Alkaline treatment is often applied together with another surface modification approach [41,42].
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Using this analogy of glass fiber reinforced thermoset composites, the surface
of natural fibers is also modified with organofunctional silanes [7,31,39,42,43,46,4754]. According to the general assumption, the silane molecule is attached to the surface
of cellulose through a siloxane bridge, while the organic functionality reacts with the
polymer. This latter must be selected according to the matrix polymer and it can be
vinyl, epoxy, methacryl, or phenyl group [55]. The most often used silane compounds
are the vinyltri(2-methoxyethoxy) silane and the γ-aminopropyltrimethoxy silane. Apart
from the fact that the reaction of the silane with the organic hydroxyl group of cellulose
is questionable, the efficiency of silane treatment is claimed, but rarely proved.
Isocyanates are known coupling agents of natural fibers in polystyrene and
PVC matrices [56-58]. One of their representatives, polymethylene-polyphenylisocyanate (PMPPI) is often applied as coupling agent [29,46,5,55,59-61]. The isocyanate group reacts chemically with the fiber, and coupling with the polystyrene matrix is
created by the interaction of the delocalized π electrons of the two components. Treatment with PMPPI led to the improvement of heat stability and the decrease of water
absorption. Due to its molecular structure 2,4-toluene diisocyanate (TDI) proved to be
an efficient coupling agent compared to aliphatic hexamethylene diisocyanate (HMDI)
and ethylene diisocyanate in PS and PVC composites [62]. The mechanism of triazine
compounds is similar to that of isocyanates and they also decrease water absorption
significantly [29,55,58].
Treatment with functionalized polymers is an especially often applied technology in composites with polyolefine matrices. Polyethylene or polypropylene is grafted
with polar groups, mainly with maleic anhydride, acrylic acid and acrylate groups, to
prepare these coupling agents. The polar groups adsorb preferentially on or react
chem.ically with the surface of the fiber, while the long molecules of the polymer diffuse into the matrix. The interlayer forming through this interdiffusion usually considerably increases the strength of the composite. Often a very small amount of functionalized polymer is needed to achieve considerable improvement in stress transfer. Sufficient chain length, or molecular weight is the basic condition of interdiffusion [63].
Maleic anhydride modified polyethylene (MAPE) or polypropylene (MAPP) are the
most frequently used coupling agents in wood flour filled PE and PP composites [22,2426,36,38,39,41,47-54,56,63-93]. A similar mechanism is assumed also when a polymer
is grafted on to the surface of the fiber. In this approach, acrylonitrile, methyl methacrylate and various other vinyl monomers are grafted with appropriate initiation methods
[29,44,55,60,94,95]. In one process, the fiber is soaked in the solution of the compatibilizer and the grafted fiber is compounded with the polymer matrix subsequently. According to another approach, the grafting reaction takes place during compounding [60].
The surface of natural fillers and reinforcements is often modified by etherification or esterification [96,97]. The modifies can be long chain aliphatic fatty acids
[25,47,66], fatty acid chlorides [98-101], anhydrides, acrylic acid anhydride, maleic
anhydride [39] or simply acetic acid or its anhydride [40,102]. Typical esterification
reaction is benzylation, in which cellulose is reacted with benzyl chloride. This process
was also used for the preparation of wood/wood composites [103-105]. All these esterification and etherification reactions lead to the exchange of the surface hydroxyls of
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cellulose to less polar groups resulting in decreased water absorption and aggregation.
On the other hand, other properties of the composites are affected less favorably, since
this treatment leads to weaker interfacial interactions. As large wood particles debond
from the matrix very easily, the further decrease of interaction may easily result in fast,
catastrophic failure.
The oldest and most often used approach for the surface modification of fillers
is coating with a small molecular weight apolar organic compound [106-108]. Usually
amphiphilic surfactants are used for this purpose, which contain one or more polar
groups and a long aliphatic tail. Typical example is the surface coating of CaCO3 with
stearic acid [107,109,110]. The principle of the modification is that the polar group of
the surfactant preferentially adsorbs on the surface of the filler and the aliphatic tail
decreases surface energy. In some cases, like for cellulose and wood flour, also hydrogen bridges or even covalent bonds may form between the surfactant and the surface of
the fiber. Smaller surface tension results in smaller interfacial tension and reversible
work of adhesion thus particle/particle and particle/matrix interactions decrease as well.
Weaker interaction results in a drastic decrease of aggregation, better homogeneity,
improved processability, better mechanical properties and appearance [107,109]. The
surface of wood fibers was also modified using this principle [111]. The technology was
slightly modified and the fibers were coated either in vapor or from solution, but the
effect was similar: decreased aggregation and smaller water absorption was observed as
a result.

1.5. Interaction, deformation and failure
As described earlier, reinforcement with fibers must satisfy several conditions
in order to be efficient. Good adhesion of the components and the alignment of the
fibers are two of these. However, wood particles are large and the surface energy of all
organic fibers, including carbon fibers, is small leading to weak interaction and easy
debonding. The main goal of surface modification is the improvement of interfacial
interaction in this case. Structure and the strength of interaction determine deformation
behavior, the mechanism of failure and thus the macroscopic properties of composites.
In order to be able to estimate the effect of surface modification, interfacial interactions
must be characterized quantitatively. The direct measurement of the strength of interaction is very difficult in the case of spherical particles or wood fibers with small length
and irregular shape. However, the strength of interaction can be estimated quantitatively
from composite properties with the help of appropriate models.
The composition dependence of the tensile yield stress of heterogeneous polymer systems can be described by the following simple equation [112-114]:

σ y = σ y0

1-ϕ
exp( B ϕ )
1 + 2.5 ϕ

(1.1)
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where σy and σy0 are the yield stress of the composite and the matrix, respectively, ϕ the
volume fraction of the filler in the composite and B is related to the load carried by the
dispersed component, i.e. it depends on interaction [108,112,113,115,116]. The term (1ϕ)/(1+2.5ϕ) expresses the effective load-bearing cross-section of the matrix. At zero
interaction all the load is carried by the polymer and the load-bearing cross-section
decreases with increasing filler content. The same correlation can be used to describe
the composition dependence of tensile strength, if the elongation of the composite is
small, usually less than 100 % [113].
The value of parameter B depends on all factors influencing the load-bearing
capacity of the filler, i.e. on the strength of interaction and on the size of the contact
surface. The effect of these factors on B is expressed as

B = (1 + Af ρ f l )ln

σ yi
σ y0

(1.2)

where Af is the specific surface area of the filler (contact surface), ρf is its density, while
l and σyi are the thickness and corresponding property of the interphase forming spontaneously in all heterogeneous polymer systems. These two parameters were shown to
depend on the strength of matrix/filler interaction [117,118]. The load carried by the
second component depends also on the properties of the matrix; the extent of reinforcement is larger in a softer than in a stiffer polymer. This factor must be also taken into
account when composites prepared with different matrices are compared with each
other. The validity of the model has been demonstrated for various heterogeneous systems from particulate filled polymers to blends and short fiber reinforced composites
[112,113,119-121]. The effect of particle size, the strength of interaction, matrix properties, i.e. all factors listed above, could be analyzed quantitatively with the help of the
model. If the model is valid, we should obtain linear correlation when the natural logarithm of reduced yield stress is plotted against filler content, i.e.

ln σ yred = ln σ y

1 + 2.5ϕ
= ln σ y 0 + Bϕ
1−ϕ

(1.3)

The tensile yield stress of three PP composites containing fillers with different
particle sizes is plotted in Fig. 1.1 [108] as a function of filler content in the linear form
of Eq. 1.3. Reinforcement increases with decreasing particle size (increasing specific
surface area) as predicted by the model, since all other parameters are constant. Although the orientation of anisotropic particles complicates evaluation, the model offers
the possibility to estimate changes in interfacial adhesion.
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Figure 1.1

Effect of the size of the contact surface on the yield stress of PP/CaCO3
composites (see Eq. 1.2). [108]

Interfacial adhesion strongly influences deformation and failure mechanism in
composites. The basic deformation mechanisms of polymers, i.e. shear yielding and
crazing is accompanied or replaced by new mechanisms generated by the heterogeneities in particulate filled and fiber reinforced composites. Under the effect of external
forces, local stress maxima develop around the particles leading to local deformations.
The dominating deformation mechanism of particulate filled polymers is debonding, the
separation of the matrix and the filler. Debonding leads to the formation of voids merging rapidly that leads to catastrophic failure, if the initial voids are large. All micromechanical deformation processes have some conditions and a given deformation mechanism is triggered when its conditions are fulfilled. The condition of debonding is defined by Eq. 1.4
1/ 2
⎛W E ⎞
(1.4)
σ D = − C1 σ T + C2 ⎜ AB ⎟
⎝ R ⎠
where σD and σT are debonding and thermal stresses, respectively, WAB is the reversible
work of adhesion and R denotes the radius of the particle. C1 and C2 are constants which
have exact physical meaning; their values depend on the geometry of the debonding
process and on the propagation of the crack along the surface of the particles. As mentioned earlier, wood particles are large and their surface energy is small, thus debonding
is expected to start at very small stresses and determine the deformation behavior of
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composites prepared from them. The correlation calls the attention also to the importance of surface modification and proper adhesion.
Fibers might initiate other deformation mechanisms as well, especially if the
adhesion between the fiber and the matrix is good. Fiber fracture, fiber pull-out, buckling and other fiber related mechanism are well known in glass and carbon fiber reinforced composites. Such mechanisms might be initiated also in wood fiber and wood
flour reinforced composites, if coupling results in strong interfacial adhesion, but only
limited information is available about these processes in the literature.

1.6. Other properties
Besides the weak interfacial adhesion, another important drawback of natural
fillers and reinforcements is their significant water absorption. The equilibrium water
content of several wood and fiber types is listed in Table 1.4 at various relative humidity levels [23]. Moisture content may limit the application of the fibers in certain areas,
especially in outdoor applications, since water absorption changes the dimensions, mechanical properties and appearance of the product [29,30,122,123].
Table 1.4

Equilibrium water content of natural fibers at 27 °C [23]

Fiber

Water content (wt%) at relative humidity (%)
30

65

90

Bamboo

4.5

8.9

14.7

Bagasse

4.4

8.8

15.8

Jute

4.6

9.9

16.3

Aspen

4.9

11.1

21.5

Southern pine

5.8

12.0

21.7

Surface modification techniques applied in order to decrease water absorption
do not differ significantly from those used to increase interfacial adhesion. The effect of
isocyanate compounds [56-58], triazine derivatives [58], silane coupling agents [49,54],
MAPP [24,49,54,56,67,124], heat treatment [122] and mercerization [122] on the water
adsorption of fibers and composites was investigated in several studies. Both moisture
and water absorption can be determined for these materials. Moisture absorption is
measured at various relative humidities [90], while water absorption is determined by
the immersion of the sample in a water bath of given temperature for various length of
times [24,49,54,56,57,67,124,125]. Weight gain is measured in both cases. All treatment led to a decrease in water absorption, but isocyanates [56,57], triazines, acetylation
[122] and heat treatment [122] proved to be especially effective. The results are explained by the substitution of the hydrophilic hydroxyl groups by other, less polar
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groups [54,56,57,67]. Those treatments are the most efficient in decreasing water absorption, which increase the hydrophobic character of the filler or fiber, like the esterification by fatty acid chlorides [100], but significant changes are achieved already with
acetic acid [122].

1.7. Contradictions, open questions
In the survey presented above we tried to point out the most important questions related to the production and use of fiber, and especially natural fiber reinforced
polymer composites. Probably the most important issue is the interaction of the components, surface modification techniques and their effect on composite properties. Although most sources agree that interfacial interactions are important and even make an
attempt to modify them, much controversy surrounds this question. The characterization
of surfaces is usually insufficient and interactions are treated in a very qualitative manner. The same applies to the effect of treatment. This is demonstrated well by the
evaluation of the treatment of natural fibers with silane compounds. Very often significant improvements in properties are claimed, but these improvements are not specified
and they very often do not exist. Silane treatment demonstrates another problem related
to surface modification. Because of the success of this approach for glass fiber reinforced composites, it is assumed to work as wonder for all kinds of materials irrespectively of the matrix or the reinforcement even without specifying the mechanism, the
amount of coupling agent used or the goal of the treatment.
Although interactions and surface modification seems to be the most sensitive
question of fiber reinforced composites, other issues exist, which are not investigated
and treated according to their importance. The structure of wood flour composites is
assumed to be simple, usually the homogeneous distribution of the particles in the matrix is assumed. However, possible aggregation and the orientation of anisotropic wood
particles must be also considered in order to interpret experimental results. Micromechanical deformations and the failure mechanism of the composite are also important
issues, which are not investigated sufficiently. Very few, if any, papers are available in
the open literature, which discuss them.

1.8. Scope
As the entire introduction and the previous section indicate that a large number
of questions are still open in relation with the preparation and use of fiber reinforced
composites in spite of the fact that intensive research is done on them and that they are
extensively used in practice. In this Thesis we focus our attention onto the most important questions and try to extend our knowledge in these areas, and, if possible, find
solutions which may lead to the preparation of better composites. Since our laboratory
is working on heterogeneous polymer systems for a long time, our expertise helps considerably in the interpretation of contradictory results. We also have the necessary techniques and approaches to prepare and characterize the materials. On the other hand, the
work presented in this Thesis was related to several national and international projects.
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Various sample preparation and measurement techniques were used in them, which
could not be united reasonably into a single experimental section. As a consequence,
experimental conditions will be summarized separately in each chapter discussing specific questions. Although each chapter focuses on a well defined problem and seems to
be independent from the other, the problems are very much related and make possible
the generalization of some conclusions. These are summarized in the final chapter of
this Thesis.
Most of the research was done on wood fiber reinforced PP composites and the
results reported in Chapter 2 might seem to be completely alien to the rest of the Thesis. However, we must call the attention to several facts here. The laboratory studied
carbon fiber reinforced composites for some time quite intensively and the results were
summarized in a PhD thesis [126]. Recently, the interest of industry and also that of the
scientific community turned towards natural fiber reinforced composites. The laboratory
had and has several industrial and European projects in this field that strongly recommended and justified the change in the topic of the Thesis, at least in term of the materials studied. On the other hand, the problematic remained the same, since interfacial
interactions are crucial in both cases. Thus in Chapter 2 PAN based carbon fiber was
subjected to electrochemical oxidation under a wide variety of conditions in an extensive
series of experiments. The goal of the study was the proper surface characterization of the
fibers and the determination of the most active functional groups which might be used for
compatibilization. Accordingly the activity and chemical composition of fibers oxidized in
sulfuric acid were characterized by cyclic voltammetry (CV), diffuse reflectance infrared
spectroscopy (DRIFT) and X-ray photoelectron spectroscopy (XPS). Interfacial adhesion
was measured in epoxy microcomposites by fragmentation. Functional groups were analyzed qualitatively and quantitatively by the methods mentioned above and the results were
compared to those obtained in the fragmentation test. An attempt was made to check the
validity of the approach of characterizing the surface with the total oxygen content. The
generally accepted hypothesis about the removal of the weak layer is also discussed in the
chapter.
The first results obtained on wood flour filled PP composites are reported in
Chapter 3. These preliminary experiments served the purpose of learning the specific
problems of these materials, which were completely new for us. In a series of experiments PP/wood composites were prepared in a wide composition range from 0 to 70
wt% wood content. Matrix/wood adhesion was improved by the introduction of two
maleinated polypropylenes with different molecular weight and functionality.
MAPP/wood ratio changed from 0 to 0.25 in 0.05 steps. The mechanical properties of
the composites were characterized by tensile testing, while their fracture resistance was
determined with instrumented impact measurements. The effect of the amount of coupling agent was investigated thoroughly and we checked the homogeneity of the composites, as well as the possible occurrence of aggregation. The mechanism of failure
was analyzed as a function of composition and we tried to determine the dominating
deformation mechanism of the composites. The results showed that micromechanical
deformations are more complicated than expected and may change also as an effect of
composition. As a consequence, a new series of experiments were carried out to check
these micromechanical deformations and to identify the conditions for their occurrence.
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The results are reported in Chapter 4. Micromechanical deformation processes were
followed by acoustic emission and volume strain measurements. The detailed analysis
of the results identified four micromechanical deformation processes in the matrix and
the composites, respectively and showed the limitations in the preparation of stronger
composites.
The same problem, the modification of interactions is discussed in the next
three chapters. The mechanism of interaction and the effect of the type and amount of
treatment were studied for the most often used coupling agent, MAPP. The results obtained in that series of experiments are reported in Chapter 5. PP/wood flour composites were produced in a wide range of compositions and the same two maleinated polypropylenes (MAPP) were used as before. Compression molded plates of 1 mm thickness
were prepared for testing. Structure was characterized by X-ray diffraction and DSC
measurements. The strength of interfacial adhesion was estimated quantitatively with
model calculations. The results made possible to draw conclusions about the effect of
processing conditions, the characteristics of the MAPP used, and they gave some guidelines also for the optimization of composition. The results of a different approach for
surface modification are summarized in Chapter 6. We saw in the introductory part,
that surface properties of cellulose fibers are often modified by chemical methods. We
wanted to see the effect of such a treatment on surface energetic, interactions and properties. The surface of wood flour was modified by benzylation in NaOH solution of 20
wt% concentration at 105 °C. The time of the reaction changed between 5 and 360 min
in several steps. The progress of modification was followed by the measurement of
weight increase and by diffuse reflectance infrared spectroscopy (DRIFT). The structure
of the wood was characterized by X-ray diffraction (XRD) and its surface tension was
determined by inverse gas chromatography (IGC). PP composites containing 20 wt% of
the modified wood flour were prepared from a PP block copolymer. The mechanical
behavior of the composites was characterized by tensile testing. In most papers published on thermoplastic/wood composites surface modification is usually done at a single concentration, the modification is not optimized. Moreover, the results reported in
Chapter 6 showed very different properties with different modification approaches. As a
consequence, we made an attempt to compare the effect of various surface modification
approaches and the results are presented in Chapter 7. Four different approaches were
used for the modification of interfacial interactions in polypropylene/wood flour composites: maleinated polypropylene, two surfactants (stearic acid and cellulose palmitate)
and the chemical modification of wood (benzylation). We found that according to the
expectation the four techniques influence the various properties of PP/wood composites
dissimilarly.
In the final chapter of the Thesis, in Chapter 8, we briefly summarize the main
results obtained during the work, but refrain from their detailed discussion, because the
most important conclusions were drawn and reported at the end of each chapter. This
chapter is basically restricted to the listing of the major thesis points of the work. The
large number of experimental results obtained in the research supplied useful information and led to several conclusions, which can be used during further research and development related to the optimization of interfacial interactions in fiber reinforced composites. Nevertheless, as usual, quite a few questions remained open in the various parts
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of the study, their explanation needs further experiments. Research continues in this
project at the Laboratory and we hope to proceed successfully further along the way
indicated by this Thesis.
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Chapter 2
Surface chemistry and adhesion in carbon fiber reinforced
epoxy microcomposites
2.1. Introduction
As described earlier the performance of all fiber-reinforced composites depends strongly on the interaction of the components [1,2]. Good adhesion is achieved
almost exclusively by surface treatment, through the covalent bonding of the matrix and
the fiber [3,4]. The surface of carbon fibers is usually rather inactive after graphitization, only a limited number of active groups can be found on the surface [5-7]. The
functional groups necessary to couple the fiber to the matrix are usually formed in an
oxidation process, which can be carried out under dry conditions in air or oxygen [8], by
plasma treatment [9-11], but oxidizing solutions are applied the most often [12-16].
Electrochemical oxidation is frequently used for functionalization in industrial practice
[17,18]. In this process a wide variety of oxygen containing reactive groups form on the
surface of the fiber, their type and amount depends on the electrolyte used, its concentration, as well as on the time and potential of the treatment [12,13]. The strength and
surface area of the fiber are claimed to remain constant during such oxidation [19, 20],
but surface activity increases considerably shown by the significant improvement of
interfacial shear stress [21]. The proper selection of the conditions of electrochemical
oxidation of carbon fibers is essential for achieving optimum composite properties.
Although it is widely accepted that electrochemical oxidation improves interfacial adhesion, the exact mechanism of this improvement is still under debate. Years ago
Drzal et al. [22] developed a hypothesis claiming that oxidation removes a weak layer
from the surface of the fiber, which otherwise initiates the fracture of the composite.
They claimed that about 80 % of the improvement in interfacial shear stress (IFSS) is
caused by the removal of the weak layer and only the rest is related to the creation of
chemical bonds or other mechanisms. Although the idea of the weak layer was accepted
by several groups [11,23,24], others attribute the improvement of adhesion mainly to
the formation of covalent bonds between functional groups formed in the oxidation
process and the matrix polymer, usually an epoxy resin [25-27]. This latter explanation
is supported by an extensive analysis of the fiber surface. The number of oxygen containing groups usually increases upon oxidation and the increase is closely related to the
improvement in interfacial adhesion [4,5,9].
The surface is analyzed by various techniques including infrared spectroscopy,
(FTIR) [25-31], secondary ion mass spectroscopy (SIMS) [5,20,32], but X-ray photoelectron spectroscopy (XPS) is used most often for the quantitative determination of the
Dányádi, L., Százdi L., Gulyás, J., Bertóti, I., Pukánszky, B.: Surface chemistry and adhesion in carbon fiber
reinforced epoxy microcomposites, Compos Interfaces 12(3-4), 243-258 (2005)

Surface characteristics of carbon fibers

26

amount of functional groups [7,33-36]. Although the type of the active groups formed
on the surface is large [4,11], usually only a few, e.g. carboxyl and hydroxyl groups, are
considered in these studies as active sites, which improve interfacial adhesion [5,8].
Occasionally the possible effect of other groups (quinones, lactons, amines) is also
raised [5], but quantitative correlations are rarely found between their concentration and
interfacial adhesion. Occasionally the oxidized surface of carbon fibers was derivatized
to identify and quantitatively determine the concentration of certain groups
[20,28,29,32], but this approach did not help much either the identification of reactive
species, which contribute the most actively to interfacial adhesion. Additionally, up to
now, little attention was paid to the role of sulfur containing groups in the improvement
of adhesion in carbon fiber reinforced epoxy composites, oxidized with sulfuric acid.
Although carbon fiber reinforced composites are widely used in industrial
practice, numerous questions are still open about the mechanism of interfacial interactions and their effect on composite properties. As a consequence, the goal of this project
was to study the effect of electrochemical oxidation on the surface chemistry of carbon
fibers and to relate it to interfacial adhesion in an epoxy matrix. We intended to characterize the surface activity of the fibers by various means and determine the type and
number of active groups on the surface formed in the oxidation process. We made an
attempt to estimate the effect of the various groups on adhesion and find the ones, which
are the most active in its improvement. Finally, we briefly consider the relative significance of the weak boundary layer compared to that of chemical bonding.

2.2. Experimental
In an extensive series of experiments a PAN based carbon fiber (Panex 33)
supplied by Zoltek Co. was subjected to electrochemical oxidation under a wide variety
of conditions. The fibers had a diameter of 7 µm and a tensile strength of about 3.6 GPa.
Sodium hydroxide, ammonium hydrogen carbonate, ammonium carbonate, sulfuric acid
and nitric acid were used as electrolytes in concentrations of 3, 5, 10 and 20 wt%. The
potential applied was changed in the range of 0.5 and 5.0 V in four steps. Oxidation was
carried out in a continuous process. The time of the treatment was changed by the linear
rate of the fibers passing through the electrolyte. Two different rates, 20 and 30 cm/min,
were applied in the experiments. The results reported in this paper were obtained on
fibers oxidized at 20 cm/min corresponding to 2 min treatment time. Only fibers oxidized in sulfuric acid were used in this part of the study; the conditions of electrolysis
can be found in Tables 2.1 and 2.2.
In cyclic voltammetry a bundle of fibers was used as working electrode and
current vs. potential correlations (CV traces) were recorded with 100 mV/s scan rate. A
platinum plate was the counter electrode and saturated calomel electrode the reference.
The measurements were done in 1 M KNO3 electrolyte using various electroactive
probes.
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XPS analysis was carried out using a Kratos XSAM 800 spectrometer using
MgKα radiation with fixed analyzer transmission (pass energy 40 eV). The spectra were
referenced to the C1s line of the dominating C-C bonds in the samples set at a binding
energy of 284.6 eV. The Kratos Vision 2000 software was applied for data acquisition
and processing. Survey spectra were recorded with 0.5 eV, while the high resolution
spectra of the O1s, C1s and S2p lines with 0.1 eV steps. The ratio of the different bonding states were determined by fitting the overall peak envelopes by Gaussian shape
components. Fibers were analyzed by Fourier transform infrared spectroscopy (Mattson
Galaxy 3020, Unicam) in the diffuse reflectance mode (DRIFT). They were cut to small
pieces, milled and diluted with KBr powder in a ratio of 9.6/750 mg. The spectra were
taken in 256 scans between 4000 and 400 cm-1 with a resolution of 4 cm-1.
The epoxy matrix consisted of 100 phr epoxy resin (Eporezit E 064), 25 phr
isophoron diamine hardener (Polypox IPD) and 15 phr reactive extender (Eporezit AH24). P+M Ltd. (Hungary) supplied all components. Curing was carried out in two steps,
first at 25 °C for 1.5 hours, followed by the second step at 100 °C for 2 hours. Interfacial shear stress (IFFS) was determined by fragmentation. Five parallel measurements
were carried out and the number of fragments, as well as their length was measured
under a light microscope after reaching the maximum number of fragments. IFSS was
calculated by the Kelly-Tyson equation [37,38].

2.3. Results
The results of the experiments are presented in several sections. Changes in the
electrochemical activity of the fibers induced by oxidation are shown first, then the
chemical composition of the fiber surface is analyzed by various methods. Subsequently, chemistry is related to interfacial adhesion. The mechanism of interaction, the
possible role of the various functional groups formed and the consequence of the results
for practice are discussed in a separate section.

2.3.1. Cyclic voltammetry
Cyclic voltammetry is a sensitive method, which gives information about the
electrochemical activity of the electrode [33,39-43]. Carbon fibers can be used as electrodes and several studies showed that the electrochemical activity of the fibers changes
considerably upon oxidation [34,43]. Background [10] or peak [41,42] current were
shown to depend on the conditions of electrolysis. Although the technique is unable to
identify specific groups, the location of oxidation or reduction peaks may give some
indication about the electrochemical processes taking place on the surface of the fiber in
the electrolyte [39,43].
The cyclic voltammograms of fibers oxidized in sulfuric acid of 20 wt% concentration at various potentials are presented in Fig. 2.1. Naphthoquinone was used as
probe molecule in this series of experiments. The presence of oxidation and reduction
peaks clearly indicates electrochemical activity, the intensity of which increases with
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Figure 2.1

Cyclic voltammetric traces recorded on carbon fibers oxidized in H2SO4
at various potentials; concentration: 20 wt%, naphthoquinone probe;
Potential: ————— neat, ------ 0.5 V, ⋅⋅⋅⋅⋅⋅ 5 V.
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Correlation between the peak current measured by CV on oxidized fibers
and the interfacial adhesion of CF/epoxy micro-composites.
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oxidation potential. Changing electrolyte concentration also modifies the electrochemical activity of the fibers. In this study, peak current was used for the quantitative characterization of electrochemical activity. In Fig. 2.2, IFSS determined on epoxy microcomposites by fragmentation is plotted against the peak current measured at around 0 V
potential. A solid line is drawn through the points to guide the eye and to help to identify deviations from the general tendency. The same approach is used in most Figures of
the Thesis. A close correlation can be found between the electrochemical activity of the
fiber and interfacial adhesion. As a consequence, we may assume that functional groups
develop during oxidation, which take part in electrochemical reactions, but might also
improve interaction with the matrix. The naphthoquinone molecule used as probe may
take part in several electrochemical reactions. However, we observe considerable increase in the activity of the fiber as a result of oxidation even without a probe molecule.
The cyclic voltammograms of fibers oxidized under the same conditions as above is
presented in Fig. 2.3; no probe molecule was used in this case. Although somewhat
smaller, but still considerable electrochemical activity can be observed also in this case.
The oxidation peak detected at around 0.4 V may be related to the presence of quinones
[43] reacting according to Scheme 1:
O

OH

O
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e -, H

O

OH
H

O

O

OH
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Figure 2.3

Cyclic voltammetric traces recorded on carbon fibers oxidized in H2SO4
at various potentials; concentration: 20 wt%, no probe molecule;
Potential: ————— neat, ------ 0.5 V, ⋅⋅⋅⋅⋅⋅ 5 V.
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Naturally, we do not have unassailable proof that the reactions presented above
result in the CV peak appearing on the voltammograms in Fig. 2.3. However, together
with evidence derived from XPS studies [28,29,34,35,43] we may assume that a considerable number of quinoidal groups develop on the surface of the fiber during electrochemical oxidation under the conditions used. Moreover, we can definitely state that
increased electrochemical activity is closely related to interfacial adhesion, i.e. cyclic
voltammetry is a quick, simple and adequate tool for the monitoring of the electrochemical oxidation of carbon fibers.

2.3.2. Surface chemistry
In a previous part of this project we proved that FTIR spectroscopy supplies
valuable information about the chemical composition of the fiber surface [31]. The
DRIFT spectra of the neat and the oxidized fiber are presented in Fig. 2.4. A variety of
functional groups formed on the surface of the fiber (R-SO2-OR’, R-O-SO2-OH, R-SO2OH, C=O, etc.) and their concentration depends strongly on the conditions of oxidation.
Carbonaceous oxygen containing groups can be detected in the wavenumber range of
1850 and 1550 cm-1, while sulfur containing SOx groups appear at lower wavenumbers.
The amount of these latter seems to be much larger than that of the carbonyl and carboxyl groups. However, we cannot identify all groups unambiguously, do not know
their extinction coefficient either, thus spectra can be compared only with the utmost
care.
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Figure 2.4

Comparison of the DRIFT spectra of neat CF fiber and a fiber oxidized in
H2SO4 of 20 wt% at 5 V potential.

31

Chapter 2

The effect of electrolyte concentration on the integrated intensity of adsorption
is presented in Fig. 2.5 for the range of 1850-1550 cm-1. Intensity increases linearly with
concentration. The number of functional groups formed, including SOx groups, increase
also with increasing oxidation potential. FTIR spectroscopy offers additional information to that obtained by cyclic voltammetry. We can conclude that besides quinoidal,
carbonyl and caboxyl groups, a considerable amount of sulfur containing compounds
also develop during oxidation in H2SO4, which may influence interfacial adhesion.
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Figure 2.5

Effect of electrolyte concentration on the number of functional groups
formed on the surface of carbon fiber during electrolytic oxidation at 5 V
as determined by DRIFT.

The XPS survey spectrum presented in Fig. 2.6 corroborates these conclusions
further. Considerable amount of oxygen can be detected on the surface of the fiber and
the presence of sulfur is also obvious. In accordance with procedures published in the
literature [7,34-36], the C1s peak was deconvoluted into four components: the graphitic
C-C bond, alcohol and ether (C-OH, C-O-C), carbonyl (C=O, mostly quinone), carboxyl and ester (COOH, COOR) groups. The deconvoluted C1s peak is presented in
Fig. 2.7. It shows that the amount of oxygen containing groups is relatively small,
which implies that SOx groups might be in considerable concentration on the surface
thus confirming the results of FTIR analysis (see Fig. 2.4). The relative amount of the
various groups is compiled in Table 2.1. The surface composition of eight fibers oxidized under various conditions (electrolyte concentration, potential) was analyzed in
this series of measurements. Hydroxyl and related groups can be found in the largest
quantity on the surface; the amount of carbonyls and quinones is approximately the
same. The chemical composition of the surface changes in a wide range with the condi-
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tions of the electrolysis. More intensive oxidation, i.e. increasing voltage and concentration, increases the amount of practically all groups. We must call attention here to the
fact, though, that although the amount of all groups increases with oxidation intensity,
the rate of increase is not necessarily the same for all of them, on the contrary, it
changes from one group to the other.
Table 2.1

Quantitative analysis of the C1s peak of the XPS spectra of carbon fibers
electrochemically oxidized in sulfuric acid under different conditions

Concentration
(wt%)

Potential
(V)

3

Surface composition (atomic %)
ΣC

C–C

C–O

–COO

C=O

5

84.2

78.1

5.1

0.9

0.1

5

5

54.2

45.8

6.0

1.2

1.2

10

5

69.8

61.8

4.1

2.1

1.8

20

5

62.8

52.2

5.0

3.6

2.0

20

2

70.1

63.9

3.4

1.7

1.1

20

1

79.7

74.5

4.1

0.7

0.4

20

0.5

68.1

59.6

6.3

1.2

1.0

Intensity (counts)

O1s

C1s

N1s
S2s

S2p

Binding energy (eV)
Figure 2.6

Fragment of XPS survey spectrum recorded on a carbon fiber oxidized in
H2SO4 of 20 wt% concentration at 5 V.
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Figure 2.7

Deconvolution of the C1s peak of carbon fiber oxidized in H2SO4 of 20
wt% concentration at 5 V.
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Binding energy (eV)
Figure 2.8

O1s peak envelop and components assigned to oxygen containing groups
on the surface of oxidized in H2SO4 of 20 wt% concentration at 5 V.
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The O1s peak was analyzed in a similar way as the C1s signal. The overall
peak can be fitted by three components, sulfoxy and carbonyl, alcohol and ether, as well
as adsorbed oxygen and water (Fig. 2.8). The amount of these latter compounds is rather
small. Unfortunately, oxygen attached to carbon or sulfur cannot be distinguished, thus
their relative amount cannot be determined either from the XPS analysis. The results of
the quantitative analysis are collected in Table 2.2. The relatively large concentration of
SOx, as well as alcohol and ether groups is clearly shown by the table. Carbonyls and
S=O groups develop in the smallest amount on the surface. The influence of electrolysis
conditions is obvious again. The results of chemical analysis indicate that the number of
sulfur containing oxidation products is considerable and may exceed that of the carbonyls and related compounds. The variety of functional groups forming in electrochemical
oxidation is wide and their amount increases with the intensity of oxidation. However,
these results do not reveal their activity in the improvement of interfacial adhesion.

Table 2.2

Quantitative analysis of the O1s peak of the XPS spectra of carbon fibers
electrochemically oxidized in sulfuric acid under different conditions

Concentration
(wt%)

Potential
(V)

3

Surface composition (atomic %)
ΣO

SOx

–OH, ROR

O=S, O=C

5

10.1

4.9

4.2

1.0

5

5

30.3

17.6

10.3

2.4

10

5

23.1

12.4

6.9

3.9

20

5

29.4

13.7

10.1

5.6

20

2

20.5

11.7

7.0

2.8

20

1

14.3

8.6

4.6

1.1

20

0.5

22.4

12.6

7.6

2.2

2.3.3. Chemistry and adhesion
The positive effect of electrochemical oxidation on interfacial adhesion has
been proven many times and the process became an industrial technology as a result
[17,18]. The improvement in adhesion was related to changes in the chemical composition of the fiber surface, although the role and significance of chemistry in adhesion is a
debated question [11]. However, in those cases when the major part of adhesion improvement is assigned to the removal of a weak layer, the formation of chemical bonds
between the fiber and the matrix is not excluded completely [4,5,9,11]. In earlier studies
we showed that the functional group content of the surface increases as an effect of
oxidation and interfacial adhesion could be related quantitatively to the conditions of
electrochemical oxidation and to the chemical composition of the surface [31]. How-
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ever, the reactions leading to the improvement of adhesion have not been identified
unambiguously.
Based on XPS experiments, the extent of oxidation and the activity of the surface are often characterized by the total oxygen content of this latter [9,22,44], which is
usually determined from the deconvolution and quantitative analysis of the C1s peak. In
this study we characterized the total oxygen content of the surface by the ratio of the
O1s and C1s peaks. The values cover a very wide range from practically 0 to about 0.6.
The influence of oxygen content on interfacial adhesion determined by fragmentation is
presented in Fig. 2.9. A rather loose correlation can be observed between the two quantities, which indicates that total oxygen content alone does not explain the improvement
of adhesion. However, the obvious tendency indicates that some of the oxygen containing groups play a role in interfacial adhesion, but their identity is unclear at the moment.
We must also keep in mind here that the ratio used in Fig. 2.9 as independent variable
includes all oxygens attached to carbon atoms including hydroxyls, quinones and carboxyls, but also those coupled to sulfur containing groups. As we showed in the previous section these latter represent a major part of the groups formed during oxidation in
H2SO4, but they are usually neglected in evaluation.
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Figure 2.9

Interfacial adhesion of epoxy/CF micro-composites plotted against the
relative oxygen content (O/C atomic ratio) on the surface of the fiber.

In order to check their possible effect on interfacial adhesion, IFSS was plotted
against the amount of SOx groups in Fig. 2.10. The correlation obtained is even looser
than the one presented in Fig. 2.9. We may conclude that the total amount of SOx
groups cannot be related to the improvement in interfacial adhesion. Since their concentration changes very similarly with changing oxidation conditions as that of the number
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of carbon related functional groups, we may assume that sulfur containing compounds
play a minor role in interfacial adhesion.

48
44

IFSS (MPa)

40
36
32
28
24
20
16
12

2

3

4

5

6

SOx groups (S, atomic%)

Figure 2.10 IFSS of epoxy/CF micro-composites plotted against the amount of SOx
groups formed on the surface of oxidized fiber.
This leaves the functional groups containing oxygen, which are attached to
carbon. The deconvolution of the C1s peak yields three types of compounds which all
might improve adhesion. Usually, carbonyls and quinoidal compounds are assumed to
be less reactive than alcohol and carboxyl groups. The amount of carboxyl groups calculated from the component of the C1s peak shifted by 4.0 eV relative to the graphite
peak at 284.6 eV is in very close correlation with IFSS (Fig. 2.11). We must emphasize
here that the fibers used in this study were oxidized in different runs under dissimilar
conditions. The correlation presented in the figure is exceptionally good, which confirms the prominent role of carboxyl groups in the improvement of interfacial adhesion,
in accordance with literature data [5,8]. However, IFSS correlates almost as well with
carbonyls, which include also a large amount of quinoidal compounds (peak component
shifted by 2.5 eV). The correlation of the two types of functional groups is presented in
Fig. 2.12 strongly supporting the statement of the previous sentence. As a consequence,
based on this evidence, we cannot exclude them as potential active sites for adhesion
improvement. However, the good correlation can result also from the fact that the concentration of practically all functional groups increases with the intensity of oxidation.
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Figure 2.11 Effect of the carboxyl group content of the fiber surface on interfacial
adhesion in epoxy/CF composites.
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Figure 2.12 Correlation between the number of >CO and –COO-groups formed on
the surface of the fiber during electrolytic oxidation in H2SO4.
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2.4. Discussion
The results presented in the previous sections prove that electrochemical oxidation leads to the formation of functional groups on the surface of carbon fibers, which
might contribute to the improvement of interfacial adhesion. All results indicate that the
number of these groups increases with the intensity of oxidation, but probably not in the
same extent. Besides functional groups consisting of oxygen and carbon, a large number
of SOx groups also form in sulfuric acid. However, based on Fig. 2.11, as well as on
chemical considerations, these can be excluded among those, which improve adhesion.
Although quinoidal compounds participate in electrochemical reactions, their chemical
reactivity is low, probably do not react during the curing of the resin.
These considerations leave hydroxyl and carboxyl groups attached to the edges
of the carbon crystals. We may consider the following reactions during curing (Scheme
2):
CH2

CH CH2

CH2

HO

+

CH CH2

O

OH

O

CF

CF

Scheme 2

The secondary –OH group formed in this reaction may react further (Scheme 3):

CH2

CH CH2

+

CH2

CH CH2

CH2

O

O

O

OH

O

CH CH2

CF

CH2

CF

CH CH2
OH

Scheme 3

The reactivity of ester groups is limited, but carboxyl groups formed on the fiber surface
react readily with the epoxy functionality of the resin (Scheme 4):
CH2

CH CH2
O

+

HOOC

CH2

CH CH2 OOC
OH

CF

CF

Scheme 4

The rate of these reactions was studied in model reactions earlier [45]. Rate constants
determined at 115 ºC are listed in Table 2.3. The results clearly show that the rate of the
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third reaction, which is presented in Scheme 4, is one or two orders of magnitude larger
than that of the other two, thus justifying the assumption and corroborating literature
sources, which claim that the number of carboxyl groups dominate the improvement in
interfacial adhesion.
We did not consider the possible reactions of amine groups located either on
the fiber surface or in the curing agent. Alexander and Jones [5] showed in their excellent SIMS study that protonated primary amines are found on the original fiber, which
however, are removed by oxidation. The nitrogen containing groups formed in the oxidation process are not reactive and can be neglected. The amine groups of the hardener
may also react with carboxyl groups, but probably with a somewhat slower rate than the
epoxy functionality (see Table 2.3).
Table 2.3

Rates for some of the reactions of the epoxy group, which may occur
between the fiber and the matrix during the curing of the resin at 115 °C

Reaction partner

Rate constant
(min-1)

Activation energy
(kcal/mol)

phenolic –OH

9.56 · 10-3

3.27

secondary –OH formed

7.88 · 10-4

aromatic acid

5.89 · 10-2

15.70

-2

11.70

aromatic amine

1.73 · 10

Finally we must consider the role of the weak layer, as well as that of its removal in the determination of adhesion strength. The ablation of the surface of the fiber
during electrochemical oxidation was shown in several studies [19,33] and the removal
of the weak layer probably contributes to the improvement of adhesion. On the other
hand, the domination of this effect needs further verification. The claim that the number
of functional groups is low on the surface might not be a sufficient proof, since the
creation of a limited number of covalent bonds was shown to improve adhesion considerably in PC/CF composites [46]. The hypothesis of weak layer was based on experiments in which functional groups were removed by heat treatment in vacuum or hydrogen [22,44]. However, functional groups always remained on the surface and we proved
above that total oxygen content does not necessarily correlates with the reactivity of the
surface. The existence of clear relationships between certain functional groups (Fig.
2.11) and adhesion, as well as the lack of such correlation in other cases (Figs. 2.9 and
2.10) is also very difficult to explain on the basis of the weak layer theory. Moreover,
one would expect rather a stepwise than a continuous change as a function of oxidation
conditions, since we may assume that the majority of treatments would remove the
weak layer. A threshold intensity of oxidation might also exist, which is necessary to
remove the layer, but this should also lead to a stepwise change of properties. As a consequence, in accordance with literature sources [25,26], we conclude that chemical
reactions with the surface –OH and –COOH groups play an important role in the im-
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provement of interfacial adhesion in carbon fiber reinforced epoxy composites and the
conditions of oxidation must be optimized in order to reach the maximum performance
of a given fiber/matrix combination.

2.5. Conclusions
Electrochemical oxidation of carbon fibers in five different electrolytes and
under altogether 160 different conditions proved that the type and amount of functional
groups formed on the surface of the fiber depend very much on the conditions of oxidation. Besides the usual functional groups containing carbon and oxygen, a large number
of sulfoxides also form in sulfuric acid. The amount of these groups increases with the
intensity of oxidation, but in different extent. Only a few types of functional groups
improve interfacial interaction; sulfur containing groups and quinoidal compounds are
not very reactive and do not increase adhesion. Chemical reactions take place on the
fiber surface during the curing of the resin, which depend on the chemical composition
of both the fiber surface and the resin system. Carboxyls seem to be the most reactive
groups forming on the surface of carbon fiber activated by chemical oxidation in sulfuric acid. The chemical activity of the fiber can be characterized well by cyclic voltammetry, because the number of electroactive and reactive groups increase in a similar
way with increasing intensity of oxidation. Although the removal of a weak layer during
oxidation may contribute to the improvement of adhesion, chemical coupling plays a
predominant role.
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Chapter 3
Wood flour filled PP composites – preliminary experiments
3.1. Introduction
As described in Chapter 1, the information published on these materials is
often contradictory, in spite of the extensive work done in the area. Most authors agree
that the introduction of a functionalized polymer, improves composite properties, but
opinions often differ concerning its effect on individual characteristics. Some authors
claim that MAPP does not influence stiffness [1-3], but only strength, while others are
convinced about the opposite [4,5]. Besides functionalized polymers also other treatments are tried in order to improve interfacial adhesion and properties practically with
the same effect. Some properties improve, while others deteriorate and the effect is
often very moderate [1,6-8]. Much information is available on the stiffness and strength
of these materials [1-8], but much less on fracture resistance [4,9-12]. Even less is
known about the micromechanical processes occurring around the reinforcement during
loading [13], although these determine the deformation and failure characteristics and
finally the performance of the composites.
Consequently, the goal of this point of the study was to obtain information
about the impact resistance and failure characteristics of wood flour filled PP composites. Although two functionalized polymers were added to the composites to modify
interactions, much less attention is focused on them, than on deformation and failure.
Micromechanical deformations are investigated with acoustic emission and volume
strain measurements and an attempt is made to identify the main process causing the
failure of the composites.

3.2. Experimental
The polymer used as matrix in the experiments was the Tipplen K948 grade
block copolymer (ethylene content: 8-11 %, density: 0.9 g/cm3, MFR: 45 g/10 min at
230 °C and 21,6 N) produced by TVK, Hungary. The Filtracel EFC 1000 grade wood
flour was obtained from J. Rettenmaier and Söhne GmbH, Germany. This particular
grade is produced from soft wood and its average particle size is 210 µm. Two maleinated polypropylenes with considerably different characteristics were added to the composites in order to improve properties. Licomont AR 504 obtained from Clariant GmbH,
Germany, is a low molecular weight (Mn = 3500 g/mol) polymer with high maleic anhydride content (3.5 wt%). On the other hand the Orevac CA 100 polymer (Atofina,
France) has a much lower functionality (1.0 wt%), but larger molecular weight (Mn =
25000 g/mol). The wood flour content of the composites changed between 0 and 70
Dányádi, L., Renner, K., Szabó, Z., Nagy, G., Móczó, J., Pukánszky, B.: Wood flour filled PP composites:
adhesion, deformation, failure, Polym Adv Technol 17(11-12), 967-974 (2006)
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wt% and MAPP/wood ratio was varied from 0 to 0.25 in 0.05 steps.
The components were homogenized in a Werner and Pfleiderer LDUK IKRPV
internal mixer at 180 °C in order to minimize the degradation of the wood. The homogenized material was compression molded into 1 mm thick plates, which were used
for tensile testing and morphological characterization. Molding was carried out at 190
°C using a Wickert WLP 800/4/2.5 machine. Selected composites were injection
molded to 4 mm thick tensile bars for micromechanical and fracture testing using an
Engel ES 330/75, HL-V machine.
The mechanical properties were characterized by tensile testing using an Instron 5566 apparatus. Stiffness (E) was determined at 0.5 mm/min cross-head speed and
60 mm gauge length. Tensile strength (σ), and elongation-at-break (ε) were calculated
from force vs. deformation traces recorded on the same specimens at 5 mm/min crosshead speed. Instrumented impact testing was carried out using a CEAST Resil 5.5 apparatus with a 4 J instrumented pendulum on specimens with 80x10x4 mm dimensions cut
from injection molded tensile bars. Notching was made according to the ISO 179-1A
standard. Acoustic emission signals were recorded with a Sensophone AED 40/4 apparatus. Volume strain was determined by measuring also the change in one lateral dimension of the specimen by a strain transducer. We assumed that dimensional changes are
the same in both lateral directions. The volume strain and acoustic emission measurements were carried out at 5 mm/min cross-head speed and 80 mm gauge length. Five
parallel specimens were measured in all mechanical and micromechanical experiments.
The structure of the composites was studied by SEM on fracture surfaces created at
liquid nitrogen temperature. Micrographs were taken from the broken surfaces using a
JEOL 5500 LV equipment.

3.3. Results
The results of the study will be presented in several sections. First we describe
briefly the effect of wood and MAPP content on the tensile properties of the composites
and then we discuss the results of instrumented impact testing more in detail. Micromechanical deformations are analyzed subsequently, while possible deformation mechanisms and structure-property correlations are discussed in a final section.
3.3.1. Tensile properties
One of the main advantages of wood flour as reinforcement is its high stiffness
and strength at low density. Accordingly, wood flour filled composites also possess
considerable stiffness. However, large reinforcement is achieved only if anisometric
particles are aligned parallel with the load and their adhesion to the matrix is strong. The
goal of the introduction of functionalized polymers or any other surface modification is
the improvement of interfacial adhesion. The Young’s modulus of our wood flour filled
composites is presented as a function of filler content in Fig. 3.1. Stiffness increases
with wood content as expected. The extent of reinforcement is independent of the
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amount of MAPP present, which agrees with some literature sources [4], while contradicts others [14-16]. Earlier experience showed that modulus is less sensitive to interfacial interactions than properties measured at larger deformations [17]. The stiffness of
the composite is principally calculated at zero deformation and it is determined mainly
by the volume fraction of the reinforcement added. The results presented in Fig. 3.1
were obtained on composites prepared with the larger molecular weight functionalized
polymer (Orevac CA 100). The correlation was very similar also in the presence of the
other MAPP, thus in order to save place we refrain from the detailed discussion of results obtained with it.
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Figure 3.1

Effect of wood content and the amount of MAPP on the stiffness of
PP/wood composites. Maleinated PP: Orevac CA 100, MAPP/wood ratio: (s) 0, () 0.05, () 0.10, (1) 0.15, (&) 0.20, () 0.25; ()PP.

Deviation from the general tendency is observed only at the largest filler content in Fig. 3.1. Composites containing small amounts of MAPP are less stiff than the
rest. Such deviations usually can be related to structural effects. We may assume that at
large, 70 wt% filler content considerable aggregation takes place leading to inferior
properties. At this high filler content easier debonding of large particles may take place
or aggregates fall apart under the effect of external load, which results in the development of voids and in decreased stiffness. The results indicate that in accordance with
some literature sources, MAPP facilitates the dispersion of wood particles.
Properties measured at larger deformations indicate much more sensitively the
effect of structure and interaction than stiffness. The tensile strength of the composites
is plotted against filler content in Fig. 3.2. The composites contained the same MAPP as
those discussed in the previous paragraph. Strength increases up to about 40 volume
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percent wood content and then decreases again with further increase in filler loading.
The maximum in strength must be related to the formation of aggregates, which fall
apart during deformation and initiate the catastrophic failure of the composites at high
reinforcement content. The effect of the functionalized polymer is drastic in this case.
Already a small amount of MAPP increases strength considerably; hardly any further
improvement in strength is observed at higher MAPP/wood ratio. The maximum of the
strength vs. filler content correlation is reached at smaller wood content in the absence
of MAPP, which confirms again the positive effect of the functionalized polymer in the
homogenization of the filler.
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Figure 3.2

Dependence of the tensile strength of PP/wood composites on filler content and on the relative ratio of MAPP and wood amounts. Maleinated
PP: Orevac CA 100, MAPP/wood ratio: (s) 0, () 0.05, () 0.10, (1)
0.15, (&) 0.20, () 0.25; ()PP.

Besides homogeneity, interfacial adhesion must also play a role in the improvement of composite strength. The average particle size of the wood flour is relatively large compared to traditional mineral fillers; it contains a few very large, millimeter sized particles as well. Such particles debond very easily from the matrix leading to
void formation and catastrophic failure at relatively small deformations. The composition dependence of strength and the effect of MAPP on the relationships indicate that
debonding of the wood particles is one of the most important micromechanical deformation processes taking place in our composites. According to some papers tensile strength
is not influenced by the addition of a functionalized polymer [1]. The contradiction
might be related to the different composition of the studied systems: the particle size of
the filler, the type and amount of MAPP, as well as filler content, since all these factors
influence properties.
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The conclusions drawn about the effect and role of MAPP in homogeneity and
in the determination of properties are further corroborated by Fig. 3.3 showing the composition dependence of the elongation-at-break values of the composites. Although the
standard deviation of the measurement is large because of the presence of large particles
and the heterogeneous nature of the composites, ultimate elongation clearly differs in
the presence and absence of MAPP. Increased adhesion leads to decreased deformability in most composites, but the introduction of the functionalized polymer increased
elongation here. The change indicates again that debonding is one of the major deformation processes and improved adhesion hinders the formation of large voids, thus preventing catastrophic failure. The occurrence and role of debonding in the performance
of the composites can be checked by volume strain measurements.
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Figure 3.3

Elongation at failure of PP/wood composites plotted against wood content. Effect of MAPP/wood ratio. Maleinated PP: Orevac CA 100,
MAPP/wood ratio: (s) 0, () 0.05, () 0.10, (1) 0.15, (&) 0.20, ()
0.25; ()PP.

3.3.2. Impact resistance
Since wood flour filled polymers are used mainly in structural applications,
their fracture and impact resistance are important practical aspects. Rather surprisingly
relatively few studies focus on the study of the fracture mechanics of such materials
[4,9-12].The load vs. time traces of selected composites recorded by an instrumented
impact apparatus are presented in Fig. 3.4. All materials, including the PP matrix fail by
brittle fracture; the traces are triangular with a sharp maximum.
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Figure 3.4

Instrumented impact testing of PP/wood composites. Effect of wood
content. MAPP: Orevac CA 100; MAPP/wood ratio: 0.10; a) PP, b) 40,
c) 50, d) 60, e) 70 wt% wood.
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Figure 3.5

Effect of wood loading on the notched Charpy impact resistance of
PP/wood composites. MAPP: Orevac CA 100; MAPP/wood ratio: 0.10.
Injection molded specimens
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The stiffness of the composites increases with increasing wood loading in
accordance with results presented in the previous section. The maximum force recorded
during fracture increases, but the area under the traces decreases at the same time indicating decreased impact resistance. These changes are in accordance with the expectations and the general rule that increased stiffness is usually accompanied by decreased
fracture resistance. The effect of wood content on impact resistance is shown much
better by Fig. 3.5, in which this property is plotted against the wood content of the composites. Improved adhesion usually leads to decreased fracture resistance and the aspect
ratio of the filler particles is relatively small and their orientation limited in our case,
which explains the observed tendency.
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Figure 3.6

Instrumented impact testing of PP/wood composites. Effect of type and
amount of MAPP. Wood content: 30 wt%; a) PP, b) Orevac CA 100,
MAPP/wood: 0.05, c) Orevac CA 100, MAPP/wood: 0.20, d) Licomont
AR 504, MAPP/wood: 0.05, e) Licomont AR 504, MAPP/wood: 0.20.

Another important question is the effect of MAPP type and content on the fracture resistance of the composites. A few instrumented impact traces are compared to
each other in Fig. 3.6 at 30 wt% wood flour content. The presence of the reinforcement
increases stiffness and seems to decrease impact resistance just as before. The appearance of the traces and impact resistance depends considerably on the type and amount of
MAPP present. The largest maximum force is measured at 0.05 MAPP/wood ratio when
Orevac CA 100 is used. Maximum force decreases slightly with increasing MAPP content. The effect of the small molecular weight functionalized polymer is much more
pronounced. The maximum force measured on the composite containing Licomont AR
504 is smaller already at 0.05 MAPP/wood ratio than in the presence of Orevac CA 100
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and decreases more significantly when further amount of this functionalized polymer is
added. On the other hand, it is difficult to estimate impact resistance from the mere
observation of the traces.
Notched Charpy impact resistance was determined and is plotted as a function
of wood content in Fig. 3.7. Considerable, close to 100 % differences can be seen in the
impact resistance of the composites containing the various functionalized polymers in
different amounts. In the absence of MAPP, impact resistance decreases with increasing
wood content. Impact strength decreases even more with increasing filler content in the
presence of the small molecular weight additive and the effect becomes more pronounced as the MAPP/wood ratio increases. The large functionality and the small molecular weight obviously increases adhesion, on the one hand, but prevents the formation of entanglements, on the other, which leads to easier crack propagation. This explanation is further supported by the performance of the high molecular weight MAPP.
Impact resistance increases with wood content in this case probably due to the combined effect of improved dispersion, better adhesion and the modifying effect of MAPP.
Further, more detailed study must be carried out to determine composition-structureproperty correlations in all details and find optimum composition for practical applications.
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Figure 3.7

Effect of the type and amount of maleinated PP on the notched Charpy
impact strength of PP/wood composites. () PP/wood (without MAPP),
() Licomont AR 504, MAPP/wood: 0.05, (1) Licomont AR 504,
MAPP/wood: 0.20, (&) Orevac CA 100, MAPP/wood: 0.05, () Orevac
CA 100, MAPP/wood: 0.20. Compression molded specimens.
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3.3.3. Micromechanical deformation processes
Usually debonding is the dominating deformation mechanism in particulate
filled polymer composites, but other processes especially shear yielding, i.e. the plastic
deformation of the matrix, may also take place simultaneously. Debonding stress necessary to separate the matrix and the filler at their interface depends on the stiffness of the
matrix, on interfacial adhesion and on the size of the particles (see Eq. 1.4) [18-20].
Debonding becomes easier with increasing size of the particles. The size of wood flour
is large, thus we must expect debonding to be the dominating micromechanical deformation process in our composites. Volume strain and the corresponding stress vs. strain
correlation of some composites are presented in Fig. 3.8. The initial almost linear increase in volume strain can be attributed to the homogeneous elastic deformation of the
composites with a constant lateral contraction ratio, i. e. Poisson’s ratio is smaller than
0.5. After this initial stage a steep increase can be observed in volume strain, which is
caused by debonding and microvoid formation. As a result of this processes, the matrix
polymer located between debonded particles deforms more easily and undergoes considerable shear yielding. The increased stiffness of the composites is evident from the
stress vs. strain traces and volume strain also increases with increasing filler loading.
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Figure 3.8

Stress and volume strain vs. elongation traces of PP/wood composites.
Wood content: 40, 50, 60 and 70 wt% in increasing order from right to
left on both sets of traces. MAPP: Orevac CA 100; MAPP/wood ratio:
0.10.

The deformability of the composites, i.e. their elongation-at-break values decrease at the same time. According to the traces, volume starts to increase at very small
deformations, much before the maximum in the stress vs. strain correlation is reached.
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This observation is in accordance with our previous explanation and assumption that
debonding is the dominating process and because of the large size of the particles, it is
initiated at very small stresses.
Acoustic emission is an excellent technique to study micromechanical deformations. Some local processes, like fiber fracture, pull out or debonding might be accompanied by the emission of sound and the detection of these signals might help to
reveal the dominating mechanism [21-23]. The stress vs. elongation correlation of a
composite containing 40 wt% wood and 4 wt% modified polymer (Orevac CA 100) is
presented in Fig. 3.9 together with the amplitude of the acoustic signals detected during
the deformation of the specimen. Each individual event is indicated by a circle; naturally overlapping signals cannot be distinguished in the figure. A large number of events
(signals, hits) are detected during deformation and their amplitude covers a relatively
wide range. It is interesting to note that the deformation at which the first acoustic signals appear is considerably larger than the initiation of volume strain. Apparently, two
independent processes take place during the deformation of our composite samples; one
is accompanied by volume increase while the other emits sound.
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Figure 3.9

Acoustic emission testing of a PP/wood composite. Wood content: 40
wt%, MAPP: Orevac CA 100, MAPP/wood ratio: 0.10. () individual
acoustic signals, ⎯⎯⎯ stress vs. elongation correlation.

The evaluation of acoustic signals is rather difficult in the form presented in
Fig. 3.9. Various quantities are generated from the individual signals, which facilitate
the evaluation of the results. One of these is the cumulative total number of events,
which is plotted as a function of elongation in Fig. 3.10 for composites with different
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wood contents. The tensile curves of the same composites are also plotted for comparison. The figure resembles very much to Fig. 3.8 with two major differences. Initiation
of acoustic signal occurs above 3 % deformation, while volume increase starts already
below 1 %. Similarly to volume strain, the number of signals also increases with increasing wood content except at the largest amount of wood flour. At 70 wt% wood
loading smaller number of hits were recorded than at any other composition. These
differences confirm our assumptions about the occurrence of two different processes, on
the one hand, and indicate the effect of structure, on the other. The composition dependence of tensile strength indicated the aggregation of wood particles at large filler contents and these aggregates influence also the micromechanical processes taking place
during the deformation of the composites.
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Figure 3.10 Dependence of the cumulative number of total hits on the deformation of
the specimen. Stress vs. strain curves are included for comparison.
MAPP: Orevac CA 100, MAPP/wood ratio: 0.10, wood content: a) 40, b)
50, c) 60, d) 70 wt%.

3.4. Discussion
The evaluation of results obtained from acoustic emission and volume strain
measurements indicated the occurrence of local processes during deformation. Additionally, wood particles probably aggregate at large filler content, which also influence
properties. Although we may safely assume that volume increase is primarily initiated
by debonding, we do not have much indication about the process leading to the emis-
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sion of acoustic signals. This process cannot be debonding, since volume increases
considerably before the first signal is emitted.
In order to obtain some idea about the process emitting sound, we analyzed
various quantities derived both from acoustic emission and the volume strain measurements. One of these quantities, the stress measured at the initiation of volume strain and
the acoustic signals, respectively, is plotted against wood flour content in Fig. 3.11. We
can see that the stress necessary to initiate the increase of volume is relatively small and
does not change with composition. As explained above, debonding is relatively easy
because of the large size of the filler particles and aggregation may lead to a constant or
decreasing initiation stress with increasing wood content [24]. Much larger stresses are
needed to initiate sound emission and initiation stress increases as filler loading becomes larger. One possible process which might emit sound is the fracture of large
wood particles. The strength of the particles must be more or less the same, thus larger
engineering stresses are needed to initiate fracture, since local stresses are decreased by
the interaction of the stress fields of neighboring particles. The poor transverse strength
of wood and natural fibers is one of the disadvantages of these composites, which indirectly confirms our tentative explanation.
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Figure 3.11 Dependence of the stress initiating different micromechanical deformation processes on wood content. MAPP: Orevac CA 100, MAPP/wood ratio: 0.10, () volume strain, () acoustic emission.
The SEM study of the fracture surface of broken samples supplies a more substantial proof for the various processes related to reinforcement and for the fracture of
wood particles. The micrographs presented in Fig. 3.12 indicate the simultaneous occur-

Adhesion, deformation and failure in wood flour filled PP composites

54

rence of at least three processes. The separation of matrix/filler interface, i.e. debonding
is shown by Fig. 3.12a. The filler is pulled out from the matrix in Fig. 3.12b, while a
large fractured particle appears in the middle of the micrograph in Fig. 3.12c. Obviously, all three may lead to volume increase, but because of the different initiation stress
and deformation levels we must assume that debonding takes place first. The other two
processes are initiated later at larger stresses. The relative importance of the three processes depends on homogeneity, particle size and orientation, but further study is needed
to determine it quantitatively.

Figure 3.12a

Figure 3.12b
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Figure 3.12c
Figure 3.12 SEM micrographs of various wood related micromechanical deformation
processes. a) debonding, wood content: 10 wt%, MAPP: Orevac CA 100,
MAPP/wood ratio: 0.20, b) fiber pull out, wood content: 10 wt%, c) wood
fracture, wood content: 10 wt%, MAPP: Licomont AR 504, MAPP/wood
ratio: 0.05.
Based on these conclusions, we may explain also the decreased acoustic activity of the composite with the largest wood content. Aggregation becomes considerable
at this filler loading. The forces bonding the particles in the aggregates are relatively
weak, their disruption does not result in sound emission and the total number of emitted
signals decreases considerably at 70 wt% filler content (Fig. 3.10). On the other hand,
disintegration of aggregates also initiate volume increase leading to the continuous
increase of volume strain with increasing wood content (see Fig. 3.8).

3.5. Conclusions
The study of the mechanical properties of PP/wood composites showed that
stiffness increases with wood content and it does not depend very much either on the
type or the amount of the functionalized polymer used. On the other hand, ultimate
tensile properties are strongly influenced by the amount and properties of MAPP; larger
molecular weight and smaller functionality are more advantageous both for strength and
impact resistance. The optimum MAPP/wood ratio was found to be around 0.05 in
accordance with some literature data. Because of their large size, wood particles debond
very easily from the matrix leading to volume increase and catastrophic failure at small
deformations. When adhesion is improved by the introduction of MAPP, large wood
particles fracture thus also contributing to the failure of the composite. At large wood
content considerable aggregation of the particles may take place leading to inferior
strength.
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Chapter 4
Wood flour filled PP composites - micromechanical deformations
4.1. Introduction
The main application areas of wood flour filled composites are the automotive
and building industries in which they are used as structural materials in the form of
fencing, decking, outdoor furniture, window parts, roofline product, door panels, etc.
[1,2]. In such applications the load-bearing capacity of the dispersed component is crucial. This latter is determined by the particle characteristics of the reinforcement and by
interfacial adhesion [3-7]. The dominating micromechanical deformation process is the
debonding of the phases in particulate filled and short fiber reinforced composites [8,9].
In the absence of chemical coupling interfacial interactions can be characterized by the
reversible work of adhesion [10-12], which is very weak in wood flour filled composites, because the surface free energy of both components is small [13]. As a consequence, in polyethylene and polypropylene matrices adhesion is improved practically
always by the addition of maleic anhydride modified polymers [14-18]. Modified adhesion usually leads to increased strength [14-16], but further improvement in properties
can be achieved only by the thorough study and control of the micromechanical deformation processes, which occur around the reinforcing particles.
In Chapter 3 we proved the beneficial effect of MAPP on composite properties,
indeed. Debonding occurred at low stresses in composites prepared without MAPP,
while strength and even deformability increased in its presence. Due to better adhesion,
fiber fracture was also detected in these composites, i.e. competitive micromechanical
deformation processes took place simultaneously in them. The detailed knowledge of
the factors controlling the two processes may allow further improvement in composite
properties. As a consequence, the main goal of this part of the project was a more detailed study of micromechanical deformation processes in wood flour filled PP composites. Acoustic emission and volume strain measurements were used for this purpose,
which can identify local deformations and the consequent volume increase. Unlike in
the previous stage (see Chapter 3), these measurements were carried out simultaneously
on the same specimens. We tried to identify the dominating mechanism in each case and
derive stress values characteristic for the initiation of the individual processes. Because
of its importance, we investigated the effect of interfacial adhesion on these processes
and on the specific stress values characterizing them.

Dányádi, L., Renner, K., Móczó, J., Pukánszky, B.: Wood flour filled PP composites: Interfacial adhesion and
micromechanical deformations, Polym Eng Sci 47(8), 1246-1255 (2007)
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4.2. Experimental
The polymer used as matrix in the experiments was the Tipplen R359 grade
random copolymer (ethylene content: 2.6-4 %, density: 0.9 g/cm3, MFR: 8-12 g/10 min
at 230 ºC and 2.16 N) produced by TVK, Hungary. The same wood flour and functionnalized polymers were used as in the previous stage (see Chapter 3). The wood flour
content of the composites changed between 0 and 80 wt% at a MAPP/wood ratio of 0.1.
Composites were prepared using the same equipment and conditions as before,
but instead of 1 mm thickness, plates with 4 mm thickness were compression molded to
make possible micromechanical testing.
Mechanical and micromechanical testing was also carried out simultaneously
with slight differences. Five parallel measurements were carried out at 5 mm/min crosshead speed. Initial gauge length was 80 mm and micrographs were taken from broken
surfaces using a JEOL JSM-6380 LA equipment.

4.3. Results
As usual the results of the experiments are reported in several sections. The
properties of PP/wood flour composites are presented first, but unlike to the previous
chapter with special attention to the effect of MAPP addition on properties. The results
of acoustic emission and volume strain measurements are reported in separate sections,
while the relationship of micromechanical processes and composite properties is discussed in the final part of the chapter.

4.3.1. Properties, interfacial adhesion
The Young’s modulus of the composites is plotted against wood flour content
in Fig. 4.1. A strong increase of stiffness is observed with increasing wood content as
expected. A continuously increasing line is drawn through the points to guide the eye
and to help to identify deviation from the general tendency. We believe that this latter,
i.e. smaller modulus values measured at large wood contents, are caused by the aggregation of wood particles. The effect is much stronger here, than it was in the case of 1 mm
thick plates (see Fig 3.1 in Chapter 3). The same approach is used in Figs. 4.2 and 4.3.
The extent of modulus increase depends on particle size, shape and orientation [19-21];
the anisometric shape of the wood flour used and the orientation of the particles determine composite stiffness. The independence of modulus from adhesion, i.e. from the
presence or absence of MAPP, seems to be much more important than the mere fact of
stiffness increase. Either MAPP does not improve adhesion or the modulus of wood
flour filled PP composites is not sensitive to adhesion, similarly to some particulate
filled composites [7,10] The presence of MAPP appears to influence properties only at
large filler content. At 60 and 70 wt% wood content (about 0.5 and 0.6 volume fraction)
the composite containing the small molecular weight Licomont AR 504 coupling agent
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has the largest stiffness, while the unmodified PP/wood composite the smallest. We
must keep in mind that Licomont has large functionality, i.e. 3.5 wt% MA content,
compared to 1.0 wt% in Orevac, thus adhesion may increase more in its presence than
with the other MAPP. However, we must take into account also another factor here. Not
only the MA content, but also the viscosity of the two coupling agents differs considerably from each other, what may influence the homogeneity of the composites considerably. The effect of this factor is demonstrated well by the decrease of modulus at the
largest wood contents. Wood particles aggregate at high filler loadings and the failure of
the aggregates leads to the observed decrease in modulus. The joint effect of better
adhesion and homogeneity may determine stiffness at 60 wt% wood content.
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Figure 4.1

Effect of filler content and the type of the functionalized polymer on the
Young’s modulus of PP/wood composites. Symbols: () no MAPP, ()
Orevac CA 100, () Licomont AR 504.

Properties measured at large deformations, i.e. tensile yield stress and tensile
strength, were shown to indicate the influence of adhesion much better than stiffness
[7,10] (see also Chapter 3). A strong effect and much larger differences can be observed
in the composition dependence of tensile strength in the presence and absence of
MAPP, indeed (Fig. 4.2). The tensile strength of the composite not containing MAPP
decreases continuously with increasing filler content. The dominating micromechanical
deformation process is usually debonding in such cases. The introduction of MAPP into
the composite leads to increased strength due to improved interfacial adhesion. Strength
decreases drastically at the largest filler contents obviously because of the lack of matrix
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continuity and aggregation. The high molecular weight MAPP seems to be more efficient in the improvement of strength than Licomont having the smaller molecular mass,
in spite of the larger functionality of the latter coupling agent. This follows from the
mechanism of coupling. MAPP forms chemical bonds on the surface of wood particles
and improve stress transfer through the formation of entanglements [22-24]. Obviously,
a larger number of entanglements may form with a polymer having larger molecular
weight. This explanation is confirmed also by a small increase in the elongation-atbreak values of the composites (see Fig 3.3 in Chapter 3) in the presence of MAPP,
which is larger for the composite containing Orevac CA 100 than in those prepared with
Licomont AR 504. Although the mechanism of the dominating micromechanical deformation process cannot be deduced unambiguously from the composition dependence
of tensile strength, the increase of strength indicates that besides debonding another
mechanism may have been activated by improved adhesion.
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Figure 4.2

Dependence of the tensile strength of PP/wood composites on wood
content and on the type of MAPP. Symbols: () no MAPP, () Orevac
CA 100, () Licomont AR 504.

The strength of interfacial adhesion can be expressed quantitatively by the
simple model developed earlier for the description of the composition dependence of the
tensile yield stress and tensile strength of particulate filled composites [5,6,25] (see
Section 1.5). The model presented there for yield stress can be modified to describe also
the composition dependence of strength, i.e.
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σ T = σ T 0 λn

1−ϕ
exp(B ϕ )
1 + 2.5 ϕ

(4.1)

where σT and σT0 are the true tensile strength (σT=σλ, and λ=L/L0) of the composite and
the matrix, respectively, λ is relative elongation, n is related to the strain hardening of
the matrix, ϕ is the volume fraction of wood in the composite, while B is a parameter
expressing the load-bearing capacity of the filler. The term λn takes into account changing specimen dimensions during deformation and the increase of strength due to strain
hardening, (1-ϕ)/(1+2.5ϕ) expresses the effective load-bearing cross-section of the
matrix, while exp(Bϕ) is related to interfacial adhesion. In the case of PP/wood flour
composites the effect of elongation, i.e. λn, can be neglected because of the small, less
than 100 % elongation of the composites. Eq. 4.1 can be rearranged and expressed in
linear form similarly to Eq. 1.3, according to which the plot of lnσTred against filler
content should result in a straight line with a slope of B, which is a measure of the load
carried by the filler and depends on interfacial adhesion.
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Figure 4.3

Tensile strength of PP/wood composites plotted against filler content in
the linear form of Eq. 4.1. Symbols: () no MAPP, () Orevac CA 100,
() Licomont AR 504.

The composition dependence of the tensile strength of the composites is plotted
in the linear form of Eq. 4.1 in Fig. 4.3. We obtain straight lines at low wood contents as
expected, but the last points deviate from the line. We showed earlier that structural
effects (aggregation, orientation, phase inversion in blends) lead to non-linear correla-

Micromechanical deformations in wood flour filled PP composites

62

tions and indicate the presence of such effects very well [6,26]. We believe that the
deviation is due to the aggregation of wood particles in this case, which occurs in spite
of the large size and the low surface energy of the particles. Although these latter usually do not favor the formation of aggregates, the theoretical maximum packing fraction
of spheres is between 0.52 and 0.74, while for fibers between 0.52 for random orientation and 0.92 for parallel hexagonal orientation [19]. Considering that the aspect ratio of
our wood flour particles is small, around 7, and their orientation is more or less random,
we may assume that maximum packing fraction is around 0.5-0.6 volume fraction. This
value is below or close to the largest filler content used by us thus the aggregation of
wood flour particles is highly probable for simple geometrical reasons. The correlations
presented in Figs. 4.1-4.3 strongly support this explanation. The introduction of MAPP
changes the slope of the lines considerably thus expressing the effect of improved adhesion in quantitative terms. The two functionalized polymers differ from each other only
slightly in their effect. The small difference between them is caused by their dissimilar
molecular weights, as discussed above. These results prove that the introduction of
MAPP changes properties measured at larger deformations drastically and might induce
new micromechanical deformation processes, which are initiated at larger stresses.

4.3.2. Acoustic emission
In polymer composites local deformations initiated around the heterogeneities
during loading often generate sound, which can be detected by microphones attached to
the specimen. The number of events (or hits) and their amplitude depend on the mechanism of the deformation process. Micromechanical deformations are competitive processes, which are initiated under different conditions. Characteristic deformation or stress
values may give information about the mechanism of the individual processes and indicate ways to improve composite properties.
The stress vs. strain curve of a PP/wood flour composite not containing MAPP
is shown in Fig. 4.4. The small circles also plotted in the figure indicate the acoustic
events detected by the microphone. A considerable number of acoustic events are
picked up during the deformation of the sample. The events seem to be distributed quite
evenly during the elongation of the specimen and the detection of any possible increase
in the number of events in any specific deformation range is difficult to identify from
Fig. 4.4. The same correlations are presented in Fig. 4.5 for a sample containing MAPP.
The amount of wood flour is the same, 20 wt%, the two composites differ only in the
presence of the functionalized polymer. The comparison of Figs. 4.4 and 4.5 reveals
considerable differences in the appearance of both correlations, i.e. the stress vs. strain
and amplitude vs. strain plots. Improved adhesion leads to the increase of the loadbearing capacity of the filler; larger stresses are measured at the same deformations. The
change in the acoustic behavior of the composite prepared with MAPP is even more
drastic. The number of events is significantly larger in the composite containing the
maleinated PP. The majority of the events occur above a certain deformation or stress
level and also their amplitude is somewhat larger than in the former case. We may conclude that the introduction of MAPP induced considerable changes in the local deformation processes of the composite, indeed.
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Acoustic activity of a composite sample during deformation in comparison to its stress vs. strain curve. Composition: 20 wt% wood. ⎯⎯⎯
stress vs. elongation curve, () individual acoustic events.

Stress (MPa)

Figure 4.4
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Figure 4.5

Acoustic activity of a PP/wood/MAPP (Orevac CA 100) specimen with 20
wt% filler content in comparison to its stress vs. strain curve. ⎯⎯⎯
stress vs. elongation curve, () individual acoustic events.
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Although the differences in the behavior of the two composites presented in
Figs. 4.4 and 4.5 are clearly visible, based on these figures we cannot express the dissimilarities in quantitative terms and cannot derive characteristic values from them
either. In order to facilitate evaluation, the cumulative number of acoustic events is
calculated and plotted as a function of elongation in Fig. 4.6 for the same composite as
in Fig. 4.4. The corresponding correlations of the neat matrix PP not containing any
modifier (wood flour, MAPP) are also presented in the figure for comparison. Smaller
ultimate stress and especially elongation are measured in the composite, because of the
easy debonding of the wood particles and due to their small load-bearing capacity. On
the other hand, much smaller number of acoustic events is detected in the matrix polymer than in the composite. In this latter, the cumulative number of events shows a small
increase at low deformations, before yield stress is reached and then increases continuously. The main deformation mechanism of the matrix is obviously shear yielding,
which does not emit much sound. At small deformations shear yielding is accompanied
by limited cracking or fracture of the PP crystals and/or spherulites [27,28] leading to
the small stepwise increase in the cumulative number of hits at around 2 % elongation.
The considerably larger number of acoustic events detected in the composite must be
related to the presence of wood flour particles. Moreover, acoustic events are initiated in
two subsequent steps indicating the occurrence of two processes with different initiation
stress levels. The first acoustic events start to appear above a certain threshold deformation or stress value. The process is completed in a relatively small deformation range,
and then a new process starts at a higher stress level. The process initiated at larger
stresses proceeds until the fracture of the specimen.
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Figure 4.6

Acoustic activity expressed as the cumulative number of hits for neat PP
(---------) and for a composite containing 20 wt% wood without MAPP
(⎯⎯⎯).
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The deformation behavior of the composite containing MAPP is presented in
similar way in Fig. 4.7. The larger stress levels developing in this composite, as compared to that prepared without the coupling agent were discussed already before (see
Fig. 4.5). The larger number of local deformation events is clearly shown by the cumulative number of hits trace. The step detected at small deformations in the composite
prepared without MAPP is not visible on the correlation; it is difficult to detect even at a
larger magnification of the corresponding plot, because of the large number of total
events. The process initiated at larger deformation, at above 4 % elongation, dominates
in this composite. Besides the different character of the cumulative number of events vs.
elongation trace, we must call the attention here also to the almost one order of magnitude larger absolute number of acoustic events than in the composite not containing
MAPP (compare Figs. 4.6 and 4.7). The analysis of the results of acoustic emission
measurements proves that the macroscopic deformation and failure of the matrix polymer and those of the PP/wood flour composites are caused by different micromechanical processes. Deformation proceeds without the development of sound in the matrix,
while wood particles initiate several different micromechanical processes at dissimilar
stress levels.
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Figure 4.7

Sound generation in a PP/wood composite with good adhesion. Composition: 20 wt% wood, wood/MAPP ratio 0.1 %, Orevac CA 100.

4.3.3. Volume strain
Volume strain is the increase in the volume of a specimen during deformation.
Volume increases because the Poisson’s ratio of most polymers is smaller than 0.5, but
a much larger volume increase is measured when voids form in the specimen. Voids can
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be generated in neat matrices by cavitation [29-31], but in particulate filled and reinforced polymers the main source of volume increase is the debonding of the components. Earlier experience has shown that considerable irreversible increase in volume is
detected only after the plastic deformation of the matrix, which is usually initiated by
debonding [32]. The stress necessary to initiate detectable volume strain often takes a
very similar value to yield stress.
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The volume increase of specimens prepared from PP/wood flour composites
without MAPP is shown in Fig. 4.8. The corresponding stress vs. strain traces are also
presented for comparison. Decreasing yield stress and tensile strength, as well as early
failure of these composites are clearly shown by the traces. The volume of the composites increases considerably with deformation and wood flour content. Volume increase
is initiated at relatively small deformations, i.e. at small stresses. The processes are
difficult to follow at large wood flour content because of the premature failure of the
composites. Nevertheless, Fig. 4.8 unambiguously proves that volume increases considerably in wood flour filled PP composites prepared without a functionalized polymer,
i.e. in which interfacial adhesion is weak.
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Figure 4.8

Effect of filler content on volume changes in PP/wood composites. Stress
vs. elongation traces are plotted for comparison. Wood content: 
20,    40,    60 and  80 wt%.

Similar correlations are presented in Fig. 4.9 for composites prepared with the
small molecular weight MAPP (Licomont AR 504). The drastic difference in the behavior of the two sets of composites is obvious for the first glance. Because of better adhesion, the tensile strength of the composites is much larger, but this was discussed al-
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ready before. On the other hand, volume strain decreases drastically in these composites
as a result of MAPP addition, and it basically does not depend on wood flour content.
Composites containing the other functionalized polymer (Orevac CA 100) behave very
similarly to those prepared with Licomont AR 504. Similarly to the acoustic emission
measurements, the comparison of the volume strain traces proves that the presence of
MAPP changes the dominating micromechanical deformation processes drastically in
PP/wood flour composites.
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Figure 4.9

Stress vs. elongation and volume strain vs. elongation traces recorded in
composite samples prepared with Licomont AR 504. Wood content:
 20,    40,    60 and  80 wt%.

4.4. Discussion
The results presented above indicate that several micromechanical deformation
processes take place during the deformation of the matrix polymer and the PP/wood
flour composites studied. The matrix deforms mainly by shear yielding, which does not
emit much sound. The presence of wood particles initiates at least two further processes,
which start at different deformation and stress levels. Two consecutive processes take
place in composites, which do not contain a functionalized polymer, while basically a
single one dominates in those prepared with MAPP. In order to identify and further
study these processes, the acoustic emission and volume strain traces were analyzed
quantitatively. Characteristic stress values were derived from the cumulative number of
event vs. elongation and the volume strain vs. elongation traces, which indicate the
minimum stress necessary for the initiation of the given process. Two characteristic
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stress values were derived from the acoustic emission traces and one from the volume
strain measurements.
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Figure 4.10 Characteristic stress values derived from the cumulative number of hits
vs. elongation traces according to the procedure shown in Fig. 4.6. Symbols: (, , ) σAE1, (, , ) σAE2, (,) no MAPP, (,) Orevac
CA 100, (,) Licomont AR 504.
The characteristic stress values derived from the acoustic emission measurements are plotted against filler content in Fig. 4.10. The definition of the two values,
σAE1 and σAE2, is demonstrated in Fig. 4.6. First we determine the corresponding deformations, εAE1 and εAE2 in the way shown in the figure and then derive the characteristic
stress values from the stress vs. elongation traces. We must emphasize here that because
of the dominating role of the second process, the determination of σAE1 was very difficult in composites containing MAPP and both the values and the related conclusions
must be treated with care. Our previous statement that different micromechanical deformation processes take place in the matrix than in the composites is corroborated by
the small value of the characteristic stress determined for the matrix and by the fact that
none of the correlations shown in Fig. 4.10 extrapolate to this value. The identification
of the processes occurring in the composites is more difficult. Earlier experience shows
that weak interaction and large particle size lead to debonding [32-34], which is initiated
at very small stresses. Accordingly, the dominating process in the composite not containing MAPP must be debonding and this assumption is strongly confirmed by Fig.
4.11a showing the SEM micrograph taken from the surface of such a composite after
failure in the tensile testing machine. The large voids and the well defined interfaces
observed agree well with the explanation presented above.

Chapter 4

69

Figure 4.11a

Figure 4.11b
Figure 4.11 SEM micrographs indicating different dominating micromechanical deformation mechanisms in the case of poor and good adhesion, respectively; a) debonding, no MAPP, b) wood fracture, Licomont AR 504.
The σAE2 values (, ) determined in composites containing MAPP are much
larger and increase slightly with wood content. The values are practically independent
of the type of the MAPP and they are very consistent. The much larger stresses are
coupled with larger amplitudes indicating a completely different process. We believe
that these acoustic signals are generated by the fracture of large wood particles. The
transverse strength of soft wood is known to be small, which supports our explanation
and it is further corroborated by the SEM micrograph shown in Fig. 4.11b, in which the
fracture of a wood particle can be clearly seen. According to the micrograph fibrillation
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occurs easily, but no debonding is observed at the matrix/wood interface in spite of the
large size of the particle.
The identification of the third process, which is initiated at intermediate stress
levels is more difficult and it is complicated by the fact that the correlation is composed
of σAE1 values (, ) obtained for composites containing MAPP and σAE2 () values
determined for the composites prepared without coupling agent. The larger σAE1 value
for the composites with MAPP might be explained by improved adhesion, but this explanation cannot be valid for the σAE2 values of the composites prepared without MAPP.
In this case, we cannot assign this process occurring at larger stress to the fracture of the
wood particles, since the strength of the particles must be independent of the presence
or absence of MAPP. The only reasonable explanation is that debonding is initiated at
larger stresses in composites containing MAPP, while pull-out of fibers also occurs in
PP/wood composites prepared without MAPP at the same or approximately the same
stress level. The pull-out of fibers is practically impossible at the increased level of
adhesion created by the presence of MAPP, thus we cannot detect this process in composites containing a coupling agent. Naturally, we need further proof to verify this tentative explanation.
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Figure 4.12 Composition dependence of characteristic stress values derived from
volume strain measurements. Symbols: () no MAPP, () Orevac CA
100, () Licomont AR 504.
The fact that different processes dominate in composites prepared with and
without MAPP is further supported by Fig. 4.12, in which the characteristic stress values derived from volume strain measurements are plotted against filler content. Simi-
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larly to the σAE1 value, σVOLS also decreases with filler content for the composite not
containing any MAPP. Much larger characteristic values are measured for the two other
sets of composites and the values are independent of MAPP properties.
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Figure 4.13 Effect of wood content on various characteristic stress values derived
from different measurements. Orevac CA 100 MAPP. Symbols: () σy,
() σAE2, () σVOLS.
In Fig. 4.13, various characteristic stress values are plotted against wood content for the PP/wood flour/Orevac CA 100 composites. The σAE1 values were omitted
from the graph, because of the uncertainty in their determination and also because they
belong to different processes than the other three obtained from tensile, volume strain
and acoustic emission measurements, respectively. The three sets of characteristic stress
values obtained from completely different, independent measurements agree extremely
well what proves that they describe the same deformation process. In MAPP containing
composites, the fracture of the wood particles generates sound (σAE2), leads to the formation of voids and to volume increase (σVOLS), which results in the plastic deformation
of the matrix and overall yielding (σy). The similarity of the characteristic stress values
and the explanation presented above agrees well with earlier experience which shows
that volume starts to increase only when considerable plastic deformation of the matrix
occurs and not immediately after the debonding of filler particles [32]. Naturally, plastic
deformation is limited in this case because of the small elongation-at-break values of the
composites, but the general principle is valid here too. The results clearly prove that the
macroscopic properties of composites, like tensile yield stress and tensile strength, are
determined by micromechanical deformation processes and they may be modified considerably by changing interfacial adhesion. Changing the mechanism of micromechani-
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cal deformation from debonding to particle fracture led to a considerable improvement
in composite strength. Further improvement is possible only by the increase of the inherent strength of wood particles.

4.5. Conclusions
At least three or four micromechanical deformation processes have been identified by the detailed analysis of acoustic emission and volume strain measurements in
PP/wood flour composites. The matrix polymer deforms mainly by shear yielding
which does not emit much sound. The presence of wood flour initiates particle related
processes in composites. Debonding dominates in the absence of coupling agent; it is
initiated at very small deformations and stresses. The pull-out of fibers may follow the
debonding of large particles at an intermediate stress level. The introduction of a functionalized polymer increases interfacial adhesion considerably and completely changes
the deformation mechanism. Although debonding of very large particles may take place
at intermediate stress levels, the dominating deformation process is the fracture of wood
particles. Further improvement of composite strength is possible only by the increase of
the inherent strength of the wood. The type of MAPP does not affect the mechanism of
deformation; it influences adhesion only slightly, but has a strong effect on other properties (viscosity, deformability, impact strength).
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Chapter 5
Wood flour filled PP composites - compatibilization
5.1. Introduction
As described earlier (see Chapter 1 and 3) contradictory information is available about the effect of the amount of functionalized polymer on composite properties.
Some sources claim that tensile and flexural strength as well as impact resistance pass
through a maximum as a function of the amount of functionalized polymer [1], but most
research groups do not study this question, but apply the coupling compound in a fixed
amount related to the mass of the wood [2,3]. Similarly, the effect of the characteristics,
i.e. molecular weight and degree of functionalization, of the compatibilizer on composite properties is not completely clear. Several authors claim that larger molecular weight
and smaller functional group content are more advantageous than the opposite [4,5].
Their conclusions are based on the measurement of tensile strength and interfacial shear
strength, but the number of such studies is limited and most of them do not offer a satisfactory explanation for the effect of these factors on composite properties.
In previous chapters we presented the effect of various factors on the deformation and failure of wood flour filled PP composites (see Chapter 3 and 4). We found that
the dominating micromechanical deformation mechanism is debonding in these materials, indeed. A more detailed study revealed that besides debonding, other deformation
processes, like the disintegration of aggregates and the fracture of wood particles also
occur during the failure of the composites (see Chapter 4). In accordance with literature
information, interfacial adhesion plays a crucial role in the determination of composite
properties and the introduction of functionalized polymer considerably influences
strength. However, up to now we have not investigated the effect of the amount and
properties of the functionalized polymer. As a consequence, the main goal of this point
of the study was to determine the strength of interfacial interaction quantitatively both
in the presence and absence of functionalized polymers and to define the influence of
MAPP characteristics on the properties of PP/wood composites.

5.2. Experimental
The components and the composition of the composites were the same as in
Chapter 3. The components were homogenized in a Brabender W 350 E internal mixer
of 350 cm3 nominal volume at 180 °C and 50 rpm for 15 min. The homogenized material was compression molded into 1 mm thick plates at 180 °C using a Wickert WLP
800/4/2.5 machine with 1 min preheating and 5 min molding time at 150 bar. SpeciDányádi, L., Janecska, T., Szabó, Z., Nagy, G., Móczó, J., Pukánszky, B.: Wood flour filled PP composites:
Compatibilization and adhesion, Compos Sci Technol 67(13), 2838-2846 (2007)
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mens cut from the plates were used for tensile testing and morphological characterization.
The average particle size and the size distribution of the filler were determined
using a Malvern 2000 laser diffraction particle analyzer equipped with a Sirocco 2000
sampling unit. The crystalline structure of the components was characterized by X-ray
diffraction (XRD) using a Phillips PW 1830/PW 1050 equipment with CuKα radiation
at 40 kV and 35 mA anode excitation. Melting and crystallization characteristics of PP
were determined by differential scanning calorimetry (DSC) using the DSC 30 cell of a
Mettler TA 4000 instrument in the temperature range from 30 to 220 °C. Two heating
and cooling runs were carried out in nitrogen atmosphere on about 10 mg samples with
heating and cooling rates of 10 °C/min. Characteristic values derived from the second
heating and cooling run were used for evaluation. Changes in the viscosity of the melt
were followed by the determination of melt flow rate (MFR) using a Zwick 4105 instrument. The measurements were done at 190 °C with 5 kg weight. Mechanical properties were characterized by tensile testing using an Instron 5566 apparatus at 23 °C and
50 % relative humidity. Samples were conditioned for 48 h in this atmosphere before
testing. Stiffness (E) was determined at 0.5 mm/min cross-head speed and 60 mm gauge
length. Tensile strength (σ), and elongation-at-break (ε) were calculated from force vs.
deformation traces recorded on the same specimens at 5 mm/min cross-head speed. Five
parallel specimens were measured in all mechanical experiments. The structure of the
composites was studied by scanning electron microscopy (SEM) on fracture surfaces
created at liquid nitrogen temperature. Micrographs were taken from the broken surfaces using a JEOL 5500 LV equipment.

5.3. Results
A large number of factors influence the properties of wood flour filled polymers. The particle size and size distribution of the wood, its aspect ratio and attrition
during processing, the molecular weight and functionality of the maleinated polymer all
play an important role in the determination of composite properties. Composition is
determined by wood flour and MAPP content. Wood was shown to modify the crystalline structure of PP and to induce transcrystallization [6]. The orientation, orientation
distribution and possible aggregation of wood particles all add to the structural variety
of such composites. Finally, interfacial adhesion is determined by the presence or absence of MAPP, but also by its functionality, since larger maleic ahydride content was
claimed to lead to stronger interaction and decreased impact resistance [7]. It is impossible to consider all these factors simultaneously, thus although we mention most of
them, we focus our attention on composition, interaction and MAPP characteristics.

5.3.1. Structure
We can obtain some idea about the particle characteristics of the wood flour
used in our composites from Fig. 5.1. According to the micrograph the particles are
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anisotropic and their average aspect ratio is around 7. Their size covers a wide range
from several microns to several millimeters. According to the results of particle size
analysis, the average size of this particular wood flour is around 210 µm. This value
must be treated with caution, because anisotropy biases somewhat the results of the
laser diffraction measurements. However, the knowledge of the magnitude of particle
size is of real importance for us, since large particles debond easily under the effect of
external load [8-10]. Already very small loads induce the separation of the interfaces at
500-1000 µm size. Extensive debonding leads to the decrease of strength with increasing filler content [11,12].

Figure 5.1

SEM micrograph showing the particle characteristics of the wood flour
used in the study.

Cellulose is a crystalline material. Processing at high temperatures may change
its structure and properties. On the other hand, cellulose fibers, as well as processing
conditions may also influence the crystalline structure of the matrix polymer [3,13].
Wide angle X-ray diffraction was used for the detection of changes in the crystalline
structure of both the wood and the PP matrix. The XRD traces of the components and
that of two composites containing different amounts of wood flour are presented in Fig.
5.2. The XRD trace recorded on the wood flour is characteristic for the cellulose I form
[14,15] and it does not change during compounding. Our PP block copolymer crystallizes in the α-form. The possible presence of the β modification was checked by comparing the recorded pattern to that of a sample crystallized entirely in this form [16]; no
trace of the β modification could be found either in the neat polymer or in the composites. Compounding did not change the crystal modification of PP, and the addition of
functionalized polymers did hot have any effect on crystalline morphology either.

77

Chapter 5

Intensity

d)

c)

b)
a)
5

10

15

20

25

30

35

Angle of reflection, 2 θ

Figure 5.2

40

o

XRD traces recorded on the components and on some composites. a)
wood flour, b) PP, c) composite with 10 wt% and d) with 70 wt% wood;
no MAPP was added.

Crytallization temperature (°C)

130

128

126

124

122

120

0

20

40

60

80

Wood content (wt%)

Figure 5.3

Changing crystallization temperature of PP with increasing wood content. MAPP/wood ratio: 0.2. Symbols: (U) no MAPP, ( ) Orevac CA
100, (c) Licomont AR 504.
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Cellulose was shown to nucleate PP and induce transcrystallinity [6,13, 17,18].
Nucleation results in decreased spherulite size, while increased crystallization temperature leads to higher crystallinity and thicker lamellae [19]. These changes lead to an
increase in the stiffness of the polymer matrix [20]. The crystallization temperature of
PP is presented in Fig. 5.3 as a function of wood flour content. Rather surprisingly,
crystallization temperature decreases with increasing wood flour content and does not
increase as some literature information predicts [3,6,13]. Obviously, wood flour does
not nucleate the polymer used in the study, but some other factor leads to the decrease
of crystallization temperature. We selected this grade of polymer to obtain good processability (MFR) and impact resistance (block copolymer) for the final product. However, the additive package contained talc as nucleating agent. Talc must interact with the
wood flour, or the functionalized polymer may encapsulate it, thus it loses its nucleation
effect. Interaction with the wood is surprising, but very probable, since crystallization
temperature decreases also in the absence of a functionalized polymer. We may conclude from these results that the crystalline structure of either the polymer or that of the
reinforcing wood flour is not influenced significantly by compounding or by the incorporation of a functionalized polymer.
5.3.2 Properties, interfacial adhesion, reinforcement
The Young’s modulus of the PP/wood composites prepared is plotted as a
function of composition in Fig. 5.4. MAPP/wood ratio was 0.1 in these composites.
Stiffness increases from about 1.4 GPa to about 4.0 GPa, i.e. wood particles exerted the
expected reinforcing effect. Stiffness is completely independent of the presence or absence and also of the amount of the functionalized polymer (not shown). This result
agrees well with some literature sources claiming that the presence of maleinated PP
does not influence stiffness [4,21,22] and also with those presented in previous chapters
(see Figs. 3.1 and 4.1), although others found some effect on flexural modulus [21,22].
Literature references and our previous experience also showed that stiffness is less sensitive to changes in interfacial interactions than properties measured at larger deformations [23]. We may safely conclude, though, that some of the wood fibers orientate
parallel to the direction of load and orientation is very similar in all composites.
As expected, much larger differences are observed in the composition dependence of the tensile strength of the composites than in stiffness (Fig. 5.5). Reinforcement
is observed in all cases due to the proper orientation of the wood particles, but its extent
differs considerably in the three sets of composites. Neat wood has the smallest reinforcing effect. The maleinated PP with the larger functionality and smaller molecular
weight improves strength only slightly, while composites containing the Orevac CA 100
grade have considerably larger strength. The use of functionalized polymers with larger
functionality was claimed to be more beneficial in PP/wood composites before, based
on the reasoning that larger number of MA groups would result in stronger interaction
and decreased impact resistance [7,24]. One may wonder here about the definition of
the strength of interaction, though.
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Figure 5.4

Effect of wood content and the type of MAPP on the stiffness of PP/wood
composites. MAPP/wood ratio: 0.1. Symbols: (U) no MAPP, ( ) Orevac
CA 100, (c) Licomont AR 504.
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Figure 5.5

Tensile strength of PP/wood composites plotted as a function of wood
content. Effect of MAPP characteristics. MAPP/wood ratio: 0.1. Symbols:
(U) no MAPP, ( ) Orevac CA 100, (c) Licomont AR 504, 1 mm thickness; (S) no MAPP, 4 mm thick sample.
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We can also observe a maximum in strength as a function of wood flour content, which is difficult to explain without further analysis and study. It may result from
changes in the orientation of the wood flour fibers with increasing filler content. Orientation was shown to depend on composition in PP/talc composites [25]. Decreased orientation was observed at larger filler content due to the physical interaction of the particles, what may occur also in our wood composites. However, the practically linear correlation between Young’s modulus and wood content contradicts this explanation (see
Fig. 5.4); stiffness should also exhibit a maximum if orientation changes considerably.
The aggregation of wood flour particles was observed at high filler content as reported
in the previous chapters (see Chapter 4) [1]. The probability of the formation of aggregates increases with increasing wood flour content and strength decreases with increasing number and size of the aggregates. The maximum appears at the same composition,
thus aggregation depends on composition, while the value of the maximum is determined by adhesion and the load carried by the wood flour particles. The tensile strength
of composite samples with 4 mm thickness and not containing any MAPP is also plotted
in the figure for comparison (see also Chapter 4). Strength decreases continuously with
increasing wood content in this case indicating strong differences in the average orientation of the particles. A sharper decrease is observed in strength at the largest wood content showing considerable aggregation. Although these composites were prepared with a
different matrix polymer, we believe that processing conditions and part dimensions
determine the structure and properties of the composites.
The elongation-at-break values of the composites are plotted against wood
flour content in Fig. 5.6 at the same MAPP/wood ratio as before. The two functionalized polymers have different effect on this property as well, i.e. they influence the deformation and failure of the composites slightly differently. This difference may result
from the dissimilar strength of interaction as claimed by some sources [7] or some other
factors influencing stress transfer between the polymer and the reinforcing fibers. It is
interesting to note that the deformability of composites containing the neat wood flour
and of those prepared with the small molecular weight coupling agent is very similar,
although interfacial adhesion must be different in the two cases.
All mechanical properties presented above were determined at the same
MAPP/wood ratio of 0.1; we have not discussed the effect of this variable practically at
all. One of the reasons was that the dependence of mechanical properties on wood flour
content is very similar at all MAPP/wood ratios, i.e. continuous increase of stiffness,
maximum in strength and decreasing deformability with increasing wood content. This
statement is confirmed by Fig. 5.7, in which the tensile strength of PP/wood composites
is presented as a function of MAPP/wood ratio at 70 wt% wood content. The MAPP
with the larger molecular weight increases strength already at 0.05 MAPP/wood ratio,
and further addition of the functionalized polymer does not change strength. The small
molecular weight coupling agent also increases strength, but the correlation exhibits a
maximum in agreement with published results [5]. The maximum is reached at 0.050.10 MAPP/wood ratio also in this case; this is the optimum amount of coupling agent
in the combination of polymer, wood flour and processing conditions used in our experiments.
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Figure 5.6

Influence of filler content and the properties of MAPP on the deformability of PP/wood composites. MAPP/wood ratio: 0.1. Symbols: (U) no
MAPP, ( ) Orevac CA 100, (c) Licomont AR 504.
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Effect of MAPP type and content on the tensile strength of PP/wood composites at 70 wt% wood loading. Symbols: ( ) Orevac CA 100, (c) Licomont AR 504.
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The composition dependence of tensile strength is plotted in the linear form of
Eq. 4.1 in Fig. 5.8 for composites with 0.10 MAPP/wood ratio. We obtain straight lines
in all three cases with different slopes indicating different relative load bearing capacity
of the filler. The fit of the lines is relatively good (R2=0.96-0.98) considering the standard deviation of the measurement. The smallest B value is determined for composites
containing the neat wood, which agrees well with the expectations. Both MAPP coupling agents improve adhesion, but in a different extent. The smaller value obtained for
Licomont AR 504 contradicts the explanation that larger maleic anhydride content results in stronger interaction [7]. The largest B value of 3.67 was obtained for the composites containing the larger molecular weight coupling agent, it is the most efficient in
transferring stress and improving strength.
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Figure 5.8

Tensile strength of PP/wood composites plotted against filler content in
the linear form of Eq. 4.1. Effect of MAPP type and specimen thickness.
MAPP/wood ratio: 0.1. Symbols: (U) no MAPP, ( ) Orevac CA 100,
(c) Licomont AR 504, 1 mm thickness; (S) no MAPP, 4 mm thick sample.

The strength of the composites with the largest wood content deviates slightly
from the straight line. Such deviations usually indicate the influence of structural effects. In the present case we may assume the occurrence of aggregation. At large wood
flour content particles touch each other, form larger bundles, which fall apart relatively
easily under the effect of external load. The strength of the 4 mm thick plates mentioned
earlier is significantly smaller and the deviation from the straight line is larger indicating the strong effect of processing conditions and structure. In the 1 mm thick plates
fibers align much more in the plane of the plate than in the thicker sample and larger
shear stresses developing during compression molding result in less aggregation. The
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presence of aggregates was also confirmed by SEM micrographs taken from the fracture
surface of composites with the largest filler content (Fig. 5.9). Although large wood
content complicates analysis, the presence of aggregates is clear in the micrograph.

Figure 5.9

Aggregation of wood particles at high wood content (70 wt%) in PP/wood
composites; no MAPP.
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Figure 5.10 Effect of MAPP properties on stress transfer and on the load bearing
capacity of the filler in PP/wood composites. Symbols: ( ) Orevac CA
100, (c) Licomont AR 504.
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The extent of reinforcement, i.e. parameter B, was determined at each
MAPP/wood ratio studied. We obtain basically the same correlation as in the case of
strength (see Fig. 5.10), which supports our earlier statement that the composition dependence of all properties is very similar independently of the amount of functionalized
polymer added. The relative load carried by the wood flour increases up to 0.05 or 0.10
MAPP/wood ratio, levels off for Orevac CA 100, and shows a maximum for Licomont
AR 504. These results prove again that interfacial adhesion is an important factor in the
determination of composite properties, the amount of functionalized polymer has an
optimum and that processing conditions and the resulting structure also affects strongly
the performance of the composites.

5.4. Discussion
The results presented in the previous sections proved that an optimum exists in
MAPP/wood ratio. We also saw that the characteristics of MAPP influence the mechanical properties of the composites. The evaluation of primary results did not offer an
unambiguous explanation for these observations, thus we need further analysis in order
to resolve these questions. Papers published in the literature showed that strong interaction, in most cases chemical bonds form between the active –OH groups of cellulose
and the functionalized polymer [26,27]. However, the number of available groups depends on the size of the wood particles, which is relatively large compared to usual
mineral fillers. The specific surface area of the wood flour used in these experiments is
only 1.3 m2/g. The limited surface area of the filler explains the fact that all properties
approach a constant value as a function of MAPP content.
The larger molecular weight functionalized polymer proved to be more efficient in improving stress transfer than its smaller molecular mass counterpart in spite of
its lower functionality. Decreased impact strength of PP/wood composites was explained with the stronger interfacial adhesion and rigidity created by the larger functionality of MAPP used [7]. If we define the strength of adhesion by the strength of the
covalent bonds formed, it must be the same for all MAPP coupling agents. A larger
number of bonds may form on a unit surface of the wood in the case of larger functionality and this could lead to better stress transfer, but this was contradicted by our results.
However, the filler/coupling agent interaction is only one side of the interphase forming
in these composites and we must consider also the coupling agent/polymer interface.
Large functionality leads to more reactions with the wood and shorter free chains, which
cannot entangle with the polymer as efficiently as longer molecules. This leads to
smaller deformability of the interphase, and of the entire composite. This effect is demonstrated well by Fig. 5.11 presenting the stress vs. elongation traces of three composites containing 50 wt% wood flour at 0.1 MAPP/wood ratio. The composite containing
the high molecular weight coupling agent deforms more than twice as much as the other
two composites. The smaller strength of the neat composite is caused by the easy
debonding of the fibers leading to the free deformation of the matrix afterwards, until
the voids merge to catastrophic cracks. The small molecular weight MAPP creates the
same interfacial adhesion as the other compound, but it results in the lowest deform-
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ability. At high MAPP content the smaller number of entanglements per molecule decreases also the deformability of the matrix and not only that of the interphase, which
leads to premature failure and smaller strength.
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Figure 5.11 Stress vs. elongation traces of PP/wood composites containing 50 wt%
wood at 0.10 MAPP/wood ratio. a) no MAPP, b) Licomont AR 504, c)
Orevac CA 100.
Although the larger molecular weight MAPP with smaller functionality improves interfacial adhesion more efficiently than the other compound used, there are
other aspects of composite preparation which merit some considerations. The viscosity
of PP/wood composites increases dramatically at large wood contents. As a consequence, processability deteriorates leading to low productivity and bad surface quality.
The molecular weight of the functional polymer can influence the rheological properties
of the composites considerably. This is demonstrated clearly by Fig. 5.12 presenting the
melt flow rate of PP/wood composites with 70 wt% filler content plotted as a function
of MAPP/wood ratio. MFR remains practically the same at a very low value when the
high molecular weight coupling agent is used, but increases very rapidly with MAPP
content when Licomont is added. The effect becomes stronger with increasing wood
flour content. Obviously, optimization of properties is needed to achieve simultaneously
good load bearing capacity of the reinforcement and acceptable processability of the
composite.
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Figure 5.12 Effect of the properties and the amount of the functionalized polymer on
the viscosity of PP/wood composites at 70 wt% wood content. Symbols:
( ) Orevac CA 100, (c) Licomont AR 504.

5.5. Conclusions
The study of PP/wood flour composites in a wide range of wood content and
relative amount of MAPP used as coupling agent showed that the morphology of the
components and that of the composites do not change as a result of compounding. The
wood flour used in these experiments does not nucleate PP. The most important structural phenomena determining properties are the orientation of the anisotropic wood
flour particles and their aggregation. Results obtained on specimens with various thicknesses proved that both phenomena depend on processing conditions and on the dimensions of the product. Much larger improvement could be achieved by the addition of
functionalized polymer in thicker samples than for thinner specimens. The amount of
MAPP has a maximum efficiency at around 0.05-0.10 MAPP/wood ratio in the composites of this study. The introduction of further amount of functionalized polymer is superfluous because of the limited surface available for coupling. MAPP with larger molecular weight and smaller functionality proved to be more advantageous in the improvement of composite strength, because it can form larger number of entanglements per
molecule than the small molecular weight coupling agent. The quantitative determination of reinforcement proved that more entanglements lead to increased deformability
and to larger load bearing capacity of the wood fibers. On the other hand, the smaller
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molecular weight coupling agent decreases viscosity and improves processability considerably, thus optimization of composition is essential to achieve maximum performance.
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Chapter 6
Surface modification of wood flour and its effect on the
properties of PP/wood composites
6.1. Introduction
The modification of interfacial interactions with functionalized polymers discussed in the previous three chapters usually does not solve all the problems encountered in polyolefine/wood composites, like aggregation, appearance of the product, and
water adsorption.
As a consequence cellulose and wood flour are often modified chemically in
order to increase the strength of the particles, to decrease water absorption or to improve
composite properties generally. Esterification or etherification of the hydroxyl groups
are the most often applied approaches for modification [1-8], but attempts are made also
for the impregnation of the wood flour with various monomers and their subsequent
polymerization [9-11]. Benzylation and also plastification of wood are used for example
for the preparation of all wood (or wood/wood) composites [12-14]. Thiebaud et al.
[3,4] reacted cellulose with fatty acid chlorides of various chain lengths, which is a good
example for modification by esterification. All these reactions lead to the substitution of
the hydroxyl groups of the cellulose by less polar groups, which decrease water adsorption and the tendency for aggregation. They might have disadvantageous effect on other
properties.
The goal of this part of our study was to modify the surface of wood flour used
as reinforcement in PP composites by benzylation. We determined the influence of
reaction time on the degree of modification, and the effect of the reaction on the structure and properties of the wood flour. PP composites were prepared from the modified
wood and they were characterized by various methods in order to see the effect of modification on composite properties. The advantages and drawbacks of the modification
and its consequences for practical applications are discussed in this chapter.

6.2. Experimental
The Filtracel EFC 1000 grade wood flour used in the experiments was obtained
from J. Rettenmaier and Söhne GmbH., Germany. This particular grade is produced
from soft wood and its volume average particle size is 210 µm. The modification of the
wood was carried out in a three neck flask attached with a reflux condenser. The temDominkovics, Z., Dányádi, L., Pukánszky, B.: Surface modification of wood flour and its effect on the properties of PP/wood composites. Composites A38(8), 1893-1901 (2007)
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perature of the reaction was set to 105 °C with the help of an oil bath. First 25 gram
wood was put into the flask and then 150 ml NaOH solution of 20 wt% concentration
and a surplus amount of benzyl chloride (100 ml) were added to the wood flour. Vigorous stirring of the slurry was achieved by the use of a mechanical stirrer, which was
operated always at the same rate of 500 rpm. The time of the reaction was changed
between 5 and 360 min in seven steps. When the predetermined time of the reaction
expired, the mixture was filtered and washed 5-6 times both by distilled water to remove sodium chloride, and by ethanol to eliminate surplus benzyl chloride and other
side products, respectively. The product was washed until the pH of the washing solution became neutral. The treated wood flour was dried in an oven until its weight
reached a constant value.
Composites containing 20 wt% of the neat and the treated wood flours were
homogenized in a Brabender W 50 EH internal mixer at 190 °C, 50 rpm for 10 min. The
polymer used as matrix in the experiments was the Tipplen K948 grade block copolymer (ethylene content: 8-11 %, density: 0.9 g/cm3, MFR: 45 g/10 min at 230 °C and
21,6 N) produced by TVK, Hungary. The homogenized material was compression
molded into 1 mm thick plates, which were used for the measurement of mechanical
properties and water absorption. Molding was carried out at 190 °C using a Fontijne
SRA 100 machine with 5 min preheating and 2 min compression time.
The modified wood flour was characterized by various methods. Its chemical
composition was determined by diffuse reflectance infrared spectroscopy (DRIFT).
Spectra were recorded using a Mattson Galaxy 3020 equipment in the wavenumber
range of 4000-400 cm-1. Thermal decomposition of the wood was followed by thermogravimetry (TGA) using a Perkin Elmer TGA6 apparatus. The measurements were done
on 10-20 mg samples between 30 and 600 °C with a heating rate of 10 °C/min in nitrogen atmosphere. Changes in the morphology of the wood were followed by X-ray diffraction (XRD) measurements using a Phillips PW 1830/PW 1050 equipment with
CuKα radiation at 40 kV and 35 mA anode excitation. The surface tension of the wood
flour was determined by inverse gas chromatography (IGC), which was done by using a
Perkin Elmer Autosystem XL apparatus with columns of 50 cm length and 6 mm internal diameter. Vapor samples of 5-20 µl were injected into the column conditioned at 60
°C. Retention peaks were recorded by flame ionization (FID) detector. High purity
nitrogen was used as carrier gas with a flow rate of 3-20 ml/min. Each reported value is
the result of three parallel runs. Measurements were done on samples dried at 110 °C
for 72 hours to remove water.
The water absorption of the wood filler and the composites, respectively, was
determined on samples dried to constant weight at 80 °C. The samples were placed into
a container in which relative humidity was kept at 60 % at 23 °C and the absorption of
water was followed as a function of time. The dynamic mechanical analysis of composite samples was carried out using a Perkin Elmer DMA 7e apparatus at 1 Hz frequency
and 2 °C heating rate in the temperature range of -80 and +100 °C. The mechanical
properties of the composites were characterized by tensile testing using an Instron 5566
apparatus. Young’s modulus (E) was determined at 0.5 mm/min cross-head speed and
60 mm gauge length. Tensile strength (σ), and elongation-at-break (ε) were calculated
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from force vs. deformation traces recorded on the same specimens at 5 mm/min crosshead speed. Five parallel specimens were measured in all mechanical experiments. The
structure of the composites was studied by SEM on fracture surfaces created in the
tensile test. Micrographs were taken from broken surfaces using a Hitachi 3000 N
equipment.

6.3. Results
The results of the experiments are reported in several sections. First we discuss
the extent of modification and the corresponding changes in the chemical composition
of the wood flour. The properties of the modified filler are presented next, followed by
the analysis of composite properties in a subsequent section. The consequences of modification on the deformation behavior as well as on the application of the composites are
discussed in the final section of the chapter.
6.3.1. Modification
Because of the chemical heterogeneity of wood, the exact degree of substitution cannot be determined easily, thus the extent of modification is usually characterized
by the increase in the weight of the modified wood [12,14]. Weight increase is plotted
as a function of reaction time in Fig. 6.1. The solid line drawn through the measured values in this and in all other figures was not obtained by fitting and its only purpose is to
guide the eye. The correlation clearly shows that considerable increase in weight is
achieved with increasing reaction time. The number of hydroxyl groups substituted by
the benzyl moiety increases rapidly at short times, then the reaction slows down and the
weight of the sample achieves a more or less constant value. The character of the correlation clearly shows that hydroxyl groups located on the surface of the wood react relatively fast, while the reaction of groups inside the particles requires a much longer time.
We must also mention that the usual pretreatment of wood with sodium hydroxide was
omitted to avoid the extensive swelling of the filler and the modification of internal
hydroxide groups. In spite of the obvious difficulties, we made an attempt to calculate
the average degree of substitution. Assuming 75 % cellulose content of our wood flour,
we arrived to a maximum degree of substitution of 1.24, which means that one third of
all available hydroxyls reacted under the conditions used. We can safely draw the conclusion that mainly surface hydroxyls were modified in our procedure.
The chemical composition of the surface changed considerably as a consequence of the modification. The DRIFT spectrum of the neat wood flour and the spectra
recorded after 20 and 120 min reaction time, respectively, are presented in Fig. 6.2a.
Considerable changes occurred in two regions of the spectrum, in the upper wavenumber range (3700-3250 cm-1) where the hydroxyl groups of cellulose absorb and in the
lower range of the >CH deformation vibrations of the aromatic ring (1000-600 cm-1).
The intensity of absorption decreases with increasing reaction time in the former region,
i.e. hydroxyl groups are consumed in the reaction as expected. Besides the decrease in

Chapter 6

91

the intensity of the hydroxyl vibration, also the shape of the absorption peak changes, it
becomes narrower due to the decrease in the number of hydrogen bonds formed. In
order to make the chemical changes more visible, a larger magnification of the lower
range of interest is shown in Fig. 6.2b. The spectrum was drastically modified and instead of a wide, diffuse absorption peak, two rather sharp bands appear, which can be
assigned to the >CH deformation vibration of the aromatic ring. Other, less intense
vibrations characteristic for the aromatic ring can be detected in the spectrum at the
corresponding ranges. The intensity of the bands shown in Figs. 6.2a and 6.2b increases
with increasing reaction time in accordance with the changing degree of substitution.
The correlation between the weight increase of the samples and the chemical composition of the surface is presented in Fig. 6.3. All three correlations are extremely close and
prove that all the changes are related to each other, which increases our confidence in
our analysis. Moreover, a very close linear correlation was obtained between the intensity of the –OH vibration and those assigned to the aromatic ring (not shown). We may
conclude from this analysis that we could successfully modify our wood flour and the
majority of the modification reactions took place on the surface of the filler.
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Figure 6.1

Progressive weight change of wood during benzylation with increasing
reaction time.
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Figure 6.2

Changes in the chemical composition of wood flour as a result of benzylation; a) overall DRIFT spectra, b) magnification of the spectra in the
range of the deformation vibrations of aromatic >CH groups. A) neat
wood, B) 20 min, C) 120 min reaction time.
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Figure 6.3

Correlation between the change in the chemical composition of the surface and the weight increase of the samples during reaction. Symbols:
() –OH vibration at 3450 cm-1, () aromatic >CH vibration at 740
cm-1 and () at 699 cm-1 wavenumbers.

6.3.2. Characteristics of the modified wood

The characteristics of the wood flour changed considerably as a result of benzylation. The results of TGA experiments indicated some modification in the thermal
degradation and stability of the samples. Instead of the primary traces we present the
derivative of weight change of some samples in Fig. 6.4. Several changes can be observed as reaction time increases. Two peaks can be observed on the trace of the neat
wood and on the one recorded on the filler after 10 min reaction time. The small peak at
low temperature is assigned to the loss of water, while the second to the thermal decomposition of wood. The small peak is completely absent already after 20 min reaction
time, which forecasts decreased water absorption and smaller water content. Both the
shape and the position of the main decomposition peak are modified as a result of the
reaction. Although the temperature of maximum weight change (peak temperature)
moves to lower temperature, which might indicate lower stability, the initial temperature of degradation increases somewhat. The changes in the shape and position of the
main decomposition peak indicate the modification of the chemical structure and probably also the morphology of wood.
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Figure 6.5

XRD spectra of wood fillers with various degrees of modification. Reaction time: a) 0, b) 5, c) 20, d) 120, e) 360 min.

Chapter 6

95

Cellulose is a crystalline material with various crystal modifications. Treatment
with sodium hydroxide is known to initiate the transformation of cellulose from cellulose I modification prevailing in nature to the more stable cellulose II form [8,15]. The
XRD traces of the neat wood and several modified ones are presented in Fig. 6.5. Considerable changes are observed in the traces, the double peak characteristic for the cellulose I modification transforms into a form which possesses only a single reflection peak.
The trace does not correspond completely to the cellulose II modification [8], and further study is needed for a more complete analysis of the structure related to the form
obtained. Nevertheless, we can state that besides the chemical composition of the surface also the physical structure of cellulose changes as a result of modification. All
changes take place in about 2 hours under the conditions used; a further increase of
reaction time does not influence structure any more.
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Figure 6.6

Dependence of the dispersion component of surface tension (γsd) of wood
flour on reaction time

One of the goals of benzylation is the modification of the surface characteristics of wood flour. The dispersion component of the surface tension of the filler was
determined by IGC and it is plotted as function of reaction time in Fig. 6.6. The surface
free energy of wood filler decreased as an effect of modification up to about 40 min and
remained constant afterwards. The decrease of surface tension must be related to the
disappearance of free –OH groups from the surface. Hydroxyl groups are capable of
interacting with other groups and forming hydrogen bonds as well. Although benzyl
groups can be polarized, they are not able to form H-bonds, i.e. the modification leads
to weaker interactions and a lower surface energy. The lack of hydroxyl groups on the
surface is expected to decrease also the affinity towards water and the water absorption
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decreased, indeed, from 4.5 % of the neat filler to less than 1 wt% for the one reacted
for the longest time.
6.3.3. Composite properties

Interfacial interactions were shown to influence the properties of all particulate
filled and reinforced polymers [16,17]. The stiffness of composites is less sensitive to
interfacial adhesion, because modulus is determined at very low, principally at zero
deformation [18]. Significant changes in stiffness with the modification of the strength
of interaction can be observed only in composites with a very large interfacial area [19].
On the other hand, properties measured at larger deformations respond quite sensitively
to all changes in the strength of interfacial adhesion [16,17].
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Figure 6.7

Decrease in the modulus of PP composites containing 20 wt% wood as an
effect of surface modification of the wood by benzylation.

The modulus of the composites containing wood flour with different degrees of
modification is presented in Fig. 6.7 as a function of reaction time. In spite of the reasoning presented above and contrary to all expectations, stiffness decreases with increasing reaction time, i.e. increasing degree of modification. The reasons for such a
change are not completely clear; they may result from the changing properties of the
wood or can be a result of modified interfacial interactions. In particulate filled polymers, interfacial adhesion results in the adsorption of polymer chains onto the surface of
fillers or reinforcements. This usually leads to a drastic decrease of deformability, the
elongation-at-break values of composites rapidly decreases with increasing filler con-
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tent. On the other hand, decreased interaction facilitates the separation of the matrix and
the filler at the interface, i.e. promotes debonding, which results in increased deformability. Elongation measured at the failure of our composites is plotted against reaction
time in Fig. 6.8. Rather surprisingly, elongation-at-break values also decrease, which is
rather difficult to explain, because both the plasticization of the wood and weaker interaction should lead to increased deformability. Tensile strength depends on reaction time
the same way as modulus and elongation-at-break, i.e. it shows a gradual decrease with
increasing degree of modification (not shown).
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Figure 6.8

Influence of the degree of modification of wood on the deformability of
PP/wood composites containing 20 wt% filler.

The surface modification of wood flour led to the decrease of the number of
free hydroxyl groups on the surface and it was expected to influence water absorption,
one of the disadvantageous characteristics of wood, when it is applied as reinforcement
for composites. The time dependence of water absorption is presented in Fig. 6.9 for
composites containing wood flour with different degree of substitution. Water uptake
decreases drastically with increasing reaction time, i.e. modification has a beneficial
effect in this case. The equilibrium value of water uptake was calculated from the correlations presented in Fig. 6.9 and we found that it decreases from an initial value of about
0.9 % to less then 0.2 % at the highest degree of substitution. These results clearly show
that surface modification of wood by benzylation has a very positive effect on the water
adsorption of the composites, but all the measured mechanical properties decreased
slightly, i.e. the composites became less stiff and their strength and deformability also
decreased.
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Figure 6.9

Water adsorption of PP/wood composites containing 20 wt% filler with
different degree of modification. Symbols: (c) 0, (U) 5, ( ) 20, (V) 60,
(i) 120, () 360 min reaction time.
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Figure 6.10 DMTA spectra of PP/wood composites containing 20 wt% filler with
different degree of modification. a) E’ b) E” neat wood, c) E’, d) E” 120
min reaction time.
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6.4. Discussion
The results presented above proved that the benzylation reaction used for the
surface modification of wood flour changed the properties of the filler, but also those of
the composites prepared from them. Some of the changes corresponded to the expectation, but some others, like the slight deterioration of mechanical properties, could not be
explained very easily. A further analysis of the results might reveal the reason for these
changes and offer some guidance to improve composite properties further.
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Figure 6.11 Effect of changes in the surface tension of wood flour on the tensile
strength of PP/wood composites containing 20 wt% filler.

One of the unexpected changes was the decrease of composite modulus with
increasing degree of modification. As mentioned above, this might be caused by the
plasticization of wood, which may lead to a more compliant, softer interphase and decreased reinforcing effect. DMTA measurements were carried out in order to see the
possible effect of modification on the relaxation transitions in the composites and on the
interaction of the components or phases. The storage and loss moduli of composites
containing the neat filler and wood flour reacted for two hours, respectively, are presented in Fig. 6.10 as a function of temperature. Two distinct and one or two weaker
transitions appear on the traces. The glass transition temperature of PP is detected at
around -5 °C and its position does not change as an effect of modification. The other
distinct transition appearing at around -50 °C belongs to the glass transition of the ethylene-propylene (EP) phase of the block copolymer used as matrix. This transition shifts
to lower temperatures after modification, which is very difficult to explain again. All
other structural units are stiffer than the EP segments, thus any interaction should move
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their transition temperature towards higher values. Smaller transitions can be detected in
the temperature range of 40-70 °C. These belong to the β relaxation of cellulose [20,21],
which become more pronounced after plasticization. However, none of the slight
changes detected by DMTA justify the decrease in all mechanical properties of the
composites.
The other possible reason for the changes in the mechanical properties of the
composites is the decrease of interfacial adhesion. Weaker adhesion results in easier
debonding and in decreased tensile yield stress and strength as a result [22,23]. The
tensile strength of the composites is plotted against the dispersion component of the
surface tension of the wood in Fig. 6.11. The very close linear correlation completely
confirms the relationship of adhesion and strength, but does not explain the decrease in
modulus and deformability. However, the fact that the surface characteristics of the
wood are closely related to mechanical properties proves that facilitated debonding is
the main reason for changing mechanical properties. Large wood particles must debond
already at the very small deformations of the modulus measurement and the voids
formed decrease stiffness. Moreover, large voids merge to catastrophic cracks very
rapidly resulting in premature failure and a decrease of the elongation measured at failure. This explanation is further supported by Fig. 6.12 presenting scanning electron
micrographs taken from the fracture surface of specimens after the tensile test. The
micrograph in Fig. 6.12a shows the surface of the composite containing neat wood
particles, while Fig. 6.12b was taken from a composite prepared with wood benzylated
for 2 hours. Although the differences are not very large, the composite prepared with the
modified wood seems to contain more voids and debonded particles than the one reinforced with the neat wood flour. In the case of strong adhesion particles break and fibrillate instead of debonding (see Fig. 4.11b). Adding up all the evidence we may conclude that the main effect of surface modification is the decrease of polarity and surface
energy, which leads to the decrease of all kinds of interactions. This results in smaller
water absorption, but also in the decrease of all mechanical properties.

Figure 6.12a
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Figure 6.12b
Figure 6.12 SEM micrographs taken from the fracture surface of specimens after
failure in the tensile test. PP/wood composites containing 20 wt% filler,
a) neat wood, b) wood modified for 120 min.

6.5. Conclusions
The surface of wood flour used as reinforcement in PP/wood composites was
successfully modified by benzylation. The majority of the active hydroxyl groups at the
surface were replaced by benzyl groups in about two hours under the conditions used.
Further increase in reaction time did not change the properties of the filler. Both the
structure of the wood flour and its surface tension changed as an effect of modification.
The reduction of surface tension led to considerable changes in all interactions between
the wood flour and other substances resulting in a considerable decrease of water absorption, which is the major benefit of this modification. All measured mechanical
properties of the composites decreased slightly with increasing degree of modification.
A detailed analysis of the results proved that the dominating micromechanical deformation process of these PP/wood composites is debonding, which is further facilitated by
the decrease in the surface tension of the filler. Chemical modification of wood flour
slightly improved processability and the surface appearance of the products and considerably decreased their water absorption. On the other hand, the decrease of mechanical
properties is disadvantageous, which may not be tolerated by practice. A possible solution might be the combination of benzylation with the simultaneous use of functionalized polymers to preserve strength, but exploit the benefit of chemical surface modification at the same time.
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Chapter 7
Effect of various surface modifications of wood flour on the
properties of PP/wood composites
7.1. Introduction
As discussed earlier, surface modification is often used to regulate the properties of polyolefine composites reinforced with wood. Functionalized polymers are added
to improve interfacial adhesion (see Chapters 3-5), while the surface of the filler can be
modified chemically to decrease water adsorption and improve processability (Chapter
6). Chemical modification is usually considerably more complicated than the simple
addition of a component to the composite during homogenization. The interaction of
wood particles as well as their water sensitivity may be decreased also by covering the
particles with a surfactant. This technology is extensively used for the surface modification of particulate fillers [1-3]. At very high wood content the particles may aggregate
or touch each other purely from geometrical reasons. Surfactants can improve the processability and aesthetics of the product by decreasing interaction and friction among
them, and they may decrease water absorption as well. This approach was successfully
used earlier to decrease aggregation in wood flour reinforced composites by Raj et al.
[4,5].
All these approaches used for the modification of the surface properties of
wood and interfacial interactions in polymer/wood composites must have dissimilar
effect on composite properties. We have not found many papers in the open literature
which compare these techniques as a function of the extent of treatment, and analyze
their benefits as well as possible drawbacks [6-8]. As a consequence, the goal of our
study was to modify interfacial interactions in PP/wood composites by the usual
method, i.e. by the addition of a maleinated PP, but also by chemical modification of the
wood surface (benzylation) and by the application of surfactants. The effect of various
treatments on the mechanical properties, homogeneity, processability and water absorption of composites was determined and is compared in this chapter.

7.2. Experimental
The polymer and the wood flour used in these experiments was the same as
those described in Chapter 3. The maleinated polypropylene (MAPP) and the stearic
acid (StAc) surfactant were commercial products and they were used as received. The
Orevac CA 100 MAPP polymer (Atofina, France) has a functionality of 1.0 wt% maleic
anhydride content and a molecular weight of Mn = 25000 g/mol. Cellulose palmitate
(CP), the other surfactant used, was prepared by us and the benzylation of wood was
Dányádi, L., Móczó, J., Pukánszky, B.: Effect of various surface modifications of wood flour on the properties
of PP/wood composites-submitted to Composites A (2008)
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also done in our laboratory as described in Chapter 6. Most composite properties are
compared to each other at two wood flour contents, at 20 and 50 wt%, since the amount
of benzylated wood was limited. On the other hand, the amount of surfactant (StAc, CP)
or coupling agent (MAPP) was varied to check the effect of treatment level on properties. For the benzylated wood the extent of modification was changed by the time of the
reaction that modified the average degree of substitution from about 0.1 to 1.15. Naturally, this overall degree of substitution means larger extent of modification at the surface.
Cellulose palmitate was produced by the esterification of cellulose with palmitoyl chloride in heterogeneous phase esterification reaction [9,10]. 10 g cellulose was
dispersed in 200 ml pyridine in a flask under stirring at 400 rpm. The mixture was
heated up to 80 °C, then 80 ml palmitoyl chloride was added to the suspension and
mixing was continued for 2 hours. The product was washed with 5 % NaHCO3 solution,
distilled water and ethanol, and finally it was extracted with acetone.
The surface modification of wood with stearic acid was carried out by dryblending at 100 °C for 10 min in a Haake Rheomix 600 internal mixer attached to a
Haake Rheocord EU10V driving unit. The amount of stearic acid used for coating was
0, 0.25, 0.5, 0.75, 1.0, 2.0 and 5.0 g/100 g wood. MAPP and cellulose palmitate were
added to the composite during homogenization. MAPP/wood ratio, i.e. the degree of
modification, changed from 0 to 0.3 in 0.05 steps, while CP was added in amounts of 0,
0.5, 1.0, 2.0 and 4.0 g/100 g wood.
The conditions of composite preparation were described in Chapter 5. Changes
in the viscosity of the melt were followed by the determination of melt flow rate (MFR)
using a CEAST 7027 instrument. The measurements were done at 190 °C with 2.16 kg
weight. The mechanical properties of the composites were characterized by tensile testing using an Instron 5566 apparatus. Young’s modulus (E) was determined at 0.5
mm/min cross-head speed and 60 mm gauge length. Tensile strength (σ), and elongation-at-break (ε) were calculated from force vs. deformation traces recorded on the same
specimens at 5 mm/min cross-head speed. Five parallel specimens were measured in all
mechanical experiments. The structure of the composites was studied by scanning electron microscopy (SEM) on fracture surfaces created during failure in the tensile testing
machine. Micrographs were taken from the broken surfaces using a JEOL JSM 6380
LV equipment. The water absorption of the wood filler and the composites, respectively, was determined on samples dried to constant weight at 80 °C. The samples were
placed into a container in which relative humidity was kept at 60 % at 23 °C and the
increase in weight was followed as a function of time.

7.3. Results and discussion
The results are discussed in several sections in accordance with the goals of the
study. First we present the effect of various surface modifications of the mechanical
properties of the composites and on reinforcement. Then we discuss structure and homogeneity, processability, and finally changes in water absorption are related to the type
and amount of treatment used. We must call the attention already here, that the compari-
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son of the various modifications is rather difficult because of their different character
and extent. The surfactants (StAc, CP) are added in several weight percentages, while
MAPP/wood ratio changed for the functionalized polymer. Accordingly this latter was
added to the composite in considerable larger amounts than the surfactants. Finally, the
time of reaction and the degree of substitution changed in benzylation. Nevertheless,
since properties varied according to a saturation type correlation in most cases, we can
compare the direction and extent of changes, and also properties at selected levels of
treatment.
7.3.1. Interfacial adhesion, reinforcement
Stress vs. strain traces recorded in tensile testing are presented in Fig. 7.1 for
PP composites containing 20 wt% wood flour without and with modification. The extent of modification was selected to be representative for the treatment. The strength of
the composite prepared with the neat wood (a) is moderate, but we must call attention
here to the very small, approximately 2 % elongation-at-break of the sample. Surface
modification does not change the character of the traces, but considerably influences the
values measured at failure; both strength and ultimate elongation changes, in some cases
quite considerably. Surfactants, stearic acid (b) and cellulose palmitate (c) decreases
strength and increases elongation slightly. Benzylation (d) has a very similar effect to
that of the surfactants, while the use of MAPP (e) leads to an increase in both properties.
The comparison and evaluation of the relative extent of changes, and the estimation of
the relative stiffness of the various materials are very difficult in this representation.
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Figure 7.1

Effect of surface modification on the deformation behavior of PP/wood
composites. Wood content: 20 wt%. a) neat wood, b) 1 wt % StAc, c) 1
wt% CP, d) benzylation, 120 min, e) MAPP 0.1 MAPP/wood ratio.
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Figure 7.2

Dependence of composite stiffness on the extent of surface modification in
PP/wood composites. Wood content: 20 wt%. () MAPP, (∆) StAc, (∇)
CP, (z) benzylation.

The Young’s modulus of the samples is plotted against the extent of surface
modification in Fig. 7.2. The quantities mentioned earlier are used as variables for the
various treatments, i.e. weight percentage for surfactants, MAPP/wood ratio for the
functionalized polymer and reaction time for benzylation. One would not expect much
change in this property, since stiffness is not very sensitive to the modification of interfacial adhesion. Rather surprisingly modulus changes with surface modification and the
extent of the changes depends on the type and amount of treatment. MAPP modifies
stiffness in the smallest extent, modulus remains constant or increases very moderately
with increasing MAPP/wood ratio, i.e. the predicted lack of effect is more or less true
here. Modulus decreases with increasing amount of both surfactants and an even larger
decrease is casued by benzylation. The considerable decrease in stiffness can be explained only with the change of deformation mechanism; changes in interaction and
chain mobility would not justify such a large decrease in modulus. The wood used for
the experiments has an average particle size of 210 µm and it contains also very large,
millimeter sized particles. These particles debond very easily even at the very small
deformations of the modulus measurement leading to a decrease of measured stiffness.
MAPP improves interfacial adhesion and prevents the debonding of even very large
particles. On the other hand, surfactants and benzylation decrease the surface energy of
the filler, which decreases the strength of interaction as well. Even smaller particles can
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debond as a consequence, and stiffness decreases. Although the tendency of changes
corresponds to expectations, the strong effect of benzylation is rather surprising. This
kind of modification seems to be very efficient in decreasing interfacial interactions in
the composite.
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Figure 7.3

Effect of the type and extent of surface modification on the tensile
strength of PP/wood composites. Wood content: 20 wt%. () MAPP, (∆)
StAc, (∇) CP, (z) benzylation.

The effect of surface modification on the ultimate strength of the composites is
presented in Fig. 7.3. The tendency is practically the same as for modulus, only the
differences in the effect of the various treatments are larger, as expected. Also the two
surfactants, stearic acid and cellulose palmitate behave slightly differently here. Tensile
strength increases in the presence of MAPP, while cellulose palmitate and benzylation
decreases strength considerably. The performance of stearic acid is quite surprising. Its
application leads to an increase in strength at small surfactant contents, and strength
decreases slightly only later, when the compound is used in larger amounts. This behavior is very difficult to explain, since we know that surface free energy and interactions
decrease continuously with surface coverage. The only reasonable explanation is improved processability and homogeneity at small surface coverage, while the decrease in
interaction dominates at larger amounts. Naturally further evidence is needed to verify
this tentative explanation.
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The reduced tensile strength of the studied composites is plotted against wood
flour content in Fig. 7.4 in the linear form of Eq. 4.1. The results for benyzlated wood
cannot be plotted in the same way, since only a single composite was prepared from it at
20 wt% wood content. Although parameter B was calculated from this single value and
it is included in Table 7.1, it must be treated with the outmost caution. We obtain
straight lines for the rest of the treatments indeed, with some deviations at large filler
contents due to structural effects, possibly aggregation. The slope of the straight lines is
compiled in Table 7.1 together with the estimated strength of the matrix as well as the
goodness of the fit.
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Figure 7.4

Changes in the reinforcing effect of wood with surface modification. The
slope of the straight lines is proportional to the load carried by the wood
particles (see Table 7.1). () neat wood, () 0.1 MAPP/wood ratio, ()
1.0 wt% StAc, (&) 1.0 wt% CP.

The quantitative evaluation of interfacial adhesion reflects well the relationships shown by Figs. 7.2 and 7.3. MAPP increases adhesion, while cellulose palmitate
and benzylation decreases it considerably. We applied cellulose palmitate in the hope
that it will improve processability, but does not deteriorate strength. Obviously, the
almost complete substitution – the degree of substitution was approximately 2.5 on the
surface of the particles – of the active –OH groups of cellulose prevent the formation of
any hydrogen bonds and decreases interaction to a low level. Benzyl groups are attached
chemically to the surface of the wood and decrease interaction even more efficiently.
The decrease of strength was shown to be proportional to the decrease in surface energy
due to benzylation (see Chapter 6). As mentioned above, the slight increase in reinforcement in the presence of stearic acid is somewhat surprising, but confirmed also by
the model calculation. Both literature references [11,12] and our experience shows that
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under certain conditions stearic acid may react with cellulose, on the one hand, and that
it improves homogeneity [4,5], on the other. The combined effect of these factors may
lead to the slight improvement in strength observed. We can draw the conclusion from
these results, though, that the use of the functionalized polymer improves interfacial
adhesion and strength of PP composites, but surfactants and chemical modification
decrease polymer/wood interaction. They may have other benefits, though.
Table 7.1

The effect of the type of surface modification on reinforcement in
PP/wood composites

σ0ca (MPa)

Bb

R2c

Neat wood

17.8

3.31

0.9943

MAPP (0.1 MAPP/wood ratio)

18.8

4.22

0.9770

Stearic acid (1 wt%)

18.0

3.46

0.9944

Cellulose palmitate (1 wt%)

17.5

2.77

0.9890

Benzylation (120 min)

17.4

1.44d

–

Type of surface modification

a

calculated strength of matrix, measured strength is 18.0 MPa
load bearing capacity of the filler, see Eq. 4.1
c
goodness of the fit
d
calculated from a single composition
b

Interfacial interactions and the strength of adhesion determine micromechanical deformation processes and the failure mode of the composites (Chapter 4) [13].
SEM micrographs taken from the surface of broken specimens offer some indirect information about failure mode and interfacial adhesion. Fig. 7.5a presents the fracture
surface of a specimen prepared with MAPP. The coverage of the wood with the polymer and the relatively small number of holes related to debonding or fiber pull out indicate good adhesion. On the other hand, the opposite is observed in composites prepared
with the neat wood or with wood samples surface coated with the surfactants or modified by benzylation. The number of debonded particles is very high, the contours of
particles remaining on the surface are sharp, and adhesion seems to be poor, at least
compared to MAPP modification (see Fig. 7.5b, 0.5 wt% cellulose palmitate).
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Figure 7.5a

Figure 7.5b
Figure 7.5

SEM micrographs taken from the broken surfaces of tensile specimens.
Wood content: 20 wt% a) MAPP/wood ratio: 0.05 b) 0.5 wt% CP.

7.3.2. Dispersion, homogeneity

Proper homogenization is always a problem in particulate filled polymers containing small particles [14,15]. The tendency for aggregation depends on the size of the
particles and on their surface energy; small size and high surface energy favors aggregation. However, wood particles are usually large and their surface energy is small thus
one would not expect aggregation to occur in polymer/wood composites. On the other
hand, the amount of wood is quite large in these composites; extruded parts may contain
as much as 80 % wood flour. At such high loadings aggregation may occur purely from
geometrical reasons, the maximum packing fraction of the filler is smaller than the
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actual filler content. The association of particles was observed earlier, indeed, and properties often deteriorated at high filler contents.
Structural effects often can be detected in the composition dependence of properties, mostly in strength; stiffness is much less sensitive to changes in structure. The
tensile strength of the composites is plotted against wood flour content in Fig. 7.6. Composites prepared with the neat wood and with MAPP compatibilization contained wood
flour in a wider composition range, and the decrease of strength at large wood content
as an effect of aggregation, can be seen quite well. Because of low surface energy the
strength of aggregates is small and they easily fall apart even under small external load.
Wood content covered a narrower range in composites in which interactions were modified by surfactants, but we can see that composition dependence is clearly different in
these cases. Composite strength is smaller because of weaker interfacial adhesion, but
strength remains constant (CP) or even increases at high wood flour content for the
composites containing particles modified with stearic acid. The different composition
dependence indicates the beneficial effect of the surfactants on homogeneity and in the
case of wood surface modified with 1.0 wt% stearic acid even the reinforcing effect of
wood improved due to the better homogeneity of the composite (see Fig. 7.4 and Table
7.1). We can conclude here that non-reactive surface modification decreases stress
transfer, but improves homogeneity in wood flour filled polymers.
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Figure 7.6

Changes in the composition dependence of composite strength with the
type of surface modification. Effect of aggregation at large wood content.
Symbols: () neat wood, () 0.1 MAPP/wood ratio, () 1.0 wt% StAc,
(&) 1.0 wt% CP.
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7.3.3. Viscosity, processability

Time of reaction (min)
0

100

200

300

400

50

MFR (g/10 min)

40

30

20

10

0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

5

6

MAPP/wood ratio
0

1

2

3

4

Treatment (wt%)

Figure 7.7

Effect of the type and extent of surface modification on the viscosity
(MFR) of PP/wood composites. Wood content: 20 wt%. () MAPP, (∆)
StAc, (∇) CP, (z) benzylation.

The viscosity of polymers is known to increase drastically at large wood content. This hampers processing and deteriorates the surface appearance of the product.
Processing aids are offered for wood composites which are expected to solve these
problems. We assumed that decreasing polymer/wood flour and particle/particle interactions will result in a decrease of viscosity, better processability and surface properties.
The MFR of the composites, which is inversely proportional to viscosity, is plotted
against the extent of surface modification in Fig. 7.7. At 20 wt% wood content, stearic
acid and cellulose palmitate decrease viscosity according to the expectation. The maximum in viscosity is difficult to explain. The only reasonable explanation might be that
surfactants are removed from the surface of the wood at high extent of coating, form a
separate phase and loose their efficiency. It is known that the extent of surface modification has an optimum both for reactive and non-reactive treatment which depends on
the polymer/filler/coating combination [16]. Obviously the use of excessive amounts of
surfactant is disadvantageous and may cause processing difficulties through the migration of non-bonded surfactant to the surface of the part. Smaller amounts, however,
increase viscosity and improve processability considerably without much sacrifice in
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strength as shown by the treatment with 1 wt% stearic acid (see Figs. 7.2-7.4 and Table
7.1). Properties must be obviously optimized by selecting the proper type and amount of
surface modification.
Unlike the two surfactants discussed above, MAPP does not change MFR
much; a slight decrease is observed at most, which is within the standard deviation of
the measurement. This behavior is not surprising in the case of large molecular weight
MAPP creating strong interfacial adhesion, but the effect of benzylation is not expected.
Viscosity does not increase at all with this treatment in spite of the considerable decrease in surface energy (see Chapter 6) and interaction (see Fig. 7.3 and Table 7.1). We
did not find a plausible explanation for this behavior. We may speculate that the surface
tension of benzylated wood is very close to that of PP, on the one hand, while nonbonded surfactants behave like true lubricants decreasing friction among all components
during flow, on the other. However, this tentative explanation needs further checking
and verification.

MAPP/wood ratio

MFR (g/10 min)

0.00
12

0.05

0.10

0.15

0.20

0.25

0.30
12

10

10

8

8

6

6

4

4

2

2
0

0
0

1

2

3

4

5

Treatment (wt%)

Figure 7.8

Enhanced effect of surfactants on the MFR of PP/wood composites at 50
wt% wood content. Influence of the level of modification. Symbols: ()
MAPP, (∆) StAc, (∇) CP.

The lubrication effect of surfactants is visible even more at larger wood content
as Fig. 7.8 shows for the composite containing 50 wt% wood. Viscosity does not change
with MAPP content at all, just like at smaller wood loading. On the other hand, MFR
increases five times in the presence of the two surfactants. The maximum is absent, but
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it might have shifted to larger surfactant concentrations at this large wood content. The
lack of maximum might be explained with the larger overall surface of the particles and
the smaller amount of polymer present, while the larger effect with the dominating role
of particle/particle friction, which is efficiently decreased by the surfactants. These
observations strongly support our previous conclusions that optimization is unavoidable
if we want to produce composites with good properties and high productivity.
7.3.4. Water absorption

Wood can absorb large amounts of moisture; its water content can reach levels
as high as 10 wt%. Moreover, even wood embedded into the polymer absorbs considerable amount of water, which may change the dimensions of large products and cause
problems in certain applications. Wood also may deteriorate with time if its water content is continuously at a high level. Accordingly the decrease of the water absorption
capacity of wood used in composites would have beneficiary effect on the lifetime of
the product and on its application properties. The various surface modification methods
used in this study are expected to change water absorption in different ways.
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Figure 7.9

Water absorption kinetics of neat wood and wood modified with StAc as
well as benzylation. () neat wood, () 1 wt%, () 5 wt% StAc, () 5
min, (z) 120 min benzylation time.

The effect of stearic acid coating and benzylation on the water absorption of
wood is presented in Fig. 7.9, in which absorption isotherms are plotted for selected
treatment levels. We must remind the reader here that cellulose palmitate and MAPP
were added to the composite during homogenization thus their effect on the water absorption of neat wood could not be determined. Neat wood particles absorb water very
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Relative water absorption (%)

fast and reach the equilibrium level of about 9 wt% under the conditions used. Small
amounts of stearic acid do not have much effect on the final level of water uptake,
which decreases considerably only at above 1 wt%. On the other hand, benyzlation
changes water sensitivity drastically, water absorption decreases below 1 wt% at around
the equilibrium level of substitution, i.e. above 120 min reaction time. Although both
approaches decrease surface energy significantly, chemical modification seems to be
considerably more efficient in decreasing water absorption than the simple coating with
a surfactant.
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Figure 7.10 Effect of surface modification on the water absorption kinetics of
PP/wood composites. () neat wood, () 0.1 MAPP/wood ratio, () 1.0
wt% StAc, (&) 1.0 wt% CP, (z) 120 min benzylation time.

The effect of various modification techniques on the kinetics of water absorption is presented for the composite containing 20 wt% wood in Fig. 7.10 at treatment
levels compared also in earlier sections (see Figs. 7.1, 7.4 and 7.6). The rate of water
absorption is much more moderate for the composites than for the neat wood, the presence of the polymer obviously hinders diffusion. Also the level of equilibrium absorption is smaller, but it corresponds more or less to the wood content of the composite
indicating that most of the surface modifications do not influence water absorption. The
only method considerably decreasing water uptake is benzylation which leads to a final
water content of about 0.1 wt%.
The effect of the extent of modification on the equilibrium water absorption is
presented in Fig. 7.11 for composites containing 20 wt% wood. MAPP and the surfactants do not influence water absorption practically at all, while benzylation decreases it
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very efficiently with increasing degree of substitution. Water forms strong hydrogen
bridges with the active –OH groups of wood and surfactants cannot prevent its diffusion
to the wood surface and the formation of these bonds. Even MAPP, which is claimed to
react chemically with surface hydroxyls [17,18], does not decrease water absorption
either because the formed ester bonds hydrolyze or because of their small number. On
the other hand, the reaction with benzyl chloride decreases the number of active hydroxyls practically to zero and the water repellent surface formed prevents water uptake
very efficiently. The various surface modification techniques studied have considerably
different effect on this characteristic of the composites again, benzylation proved to be
the most beneficiary in this case.
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Figure 7.11 Changes in the equilibrium amount of water absorbed with the type and
extent of surface modification. Wood content: 20 wt%. () MAPP, (∆)
StAc, (∇) CP, (z) benzylation.

7.4. Conclusions
The four surface modification techniques compared in this study influence the
various properties of PP/wood composites dissimilarly. Interfacial adhesion and reinforcement improves upon the addition of a maleinated polymer as expected. Nonreactive surface modification leads to a moderate decrease of interaction, while benzyla-
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tion decreases interfacial adhesion quite considerably. MAPP does not influence any
other property of interest; homogeneity, viscosity and water absorption remain unchanged independently of the amount of coupling agent used. Surfactants improve homogeneity and processability, while the chemical modification of wood by benzylation
decreases water absorption significantly. Rather surprisingly, benzylation does not decrease viscosity at all in spite of decreasing all interactions in the composites. The results clearly prove that the proper selection of the approach and level of surface modification may lead to considerable improvement in targeted properties, on the one hand,
and properties must be optimized for good overall performance, on the other.
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Chapter 8
Summary
The interest for raw materials derived from renewable resources increased considerably in recent years. The use of natural fibers and wood become increasingly popular in the building, automotive and furniture industries. Although these materials are
used extensively already, the demand for newer and cheaper materials increases continuously. Accordingly, intensive research is going on in this field. We could not avoid
being involved in this research either; the laboratory was approached by several companies, but also other research institutions to initiate projects on such materials. We had
and have two industrial projects related to the use of natural reinforcements, and several
larger national and European projects. These projects are related to natural fibers, wood
flour reinforced polymers, the modification of cellulose acetate, and to plasticized starch
and its composites. This Thesis started on the investigation of carbon fiber reinforced
themoplastics and thermosets. However, the lack of interest in carbon fibers and the
pressure to study natural reinforcements resulted in a change in the materials studied
and also in our goals. Accordingly, this Thesis was dedicated to the investigation of
interfacial interactions in fiber reinforced polymers and specifically to the study of
wood flour filled polypropylene. Besides interfacial interactions and their modification,
structure-property correlations, micromechanical deformations and failure mechanisms
were also studied during our work. Although we summarized the most important results
of the research at the end of each chapter, we briefly repeat them here to give a concise
overview of our achievements. At the end of this chapter we compile the most important
new findings of this work in a few thesis points.
Carbon fibers were studied and characterized in detail in the first stage of the
research. The fibers were oxidized electrochemically in five different electrolytes and
under altogether 160 different conditions. Their characterization by several techniques
proved that the type and amount of functional groups formed on the surface of the fiber
depend very much on the conditions of oxidation. Besides the usual functional groups
containing carbon and oxygen, a large number of sulfoxides also form when oxidation
is carried out in sulfuric acid. The number of all these groups increases with the intensity of oxidation, but in different extent. Only a few types of functional groups improve
interfacial interaction; sulfur containing groups and quinoidal compounds are not very
reactive and do not increase adhesion. Chemical reactions take place on the fiber surface
during the curing of an epoxy resin, which depend on the chemical composition of both
the fiber surface and the resin system. Carboxyls seem to be the most reactive groups
forming on the surface of carbon fiber activated by chemical oxidation in sulfuric acid.
The results proved that the usual approach of characterizing surface activity by the total
oxygen content of the fiber surface is misleading, since manly carboxyl groups participate in coupling reactions. The chemical activity of the fiber can be characterized well
by cyclic voltammetry, because the number of electroactive and reactive groups increase in a similar way with increasing intensity of oxidation. Although the removal of a
weak layer during oxidation may contribute to the improvement of adhesion, chemical
coupling plays a predominant role.
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The study of the mechanical properties of PP/wood composites showed that
stiffness increases with wood content and it does not depend very much either on the
type or the amount of the functionalized polymer used. On the other hand, ultimate
tensile properties are strongly influenced by the amount and properties of MAPP. At
large wood content considerable aggregation of the particles may take place purely from
geometric reasons leading to inferior strength. At least three or four micromechanical
deformation processes have been identified by the detailed analysis of acoustic emission
and volume strain measurements in PP/wood flour composites. The matrix polymer
deforms mainly by shear yielding which does not emit much sound. The presence of
wood flour initiates particle related processes in the composites. Debonding dominates
in the absence of coupling agent; it is initiated at very small deformations and stresses.
The pull-out of fibers may follow the debonding of large particles at an intermediate
stress level. The introduction of a functionalized polymer increases interfacial adhesion
considerably and completely changes the deformation mechanism. Although debonding
of very large particles may take place at intermediate stress levels, the dominating deformation process is the fracture of wood particles. Further improvement of composite
strength is possible only by the increase of the inherent strength of the wood.
A more detailed study on the structure of the composites showed that the morphology of the components and that of the composites does not change as a result of
compounding. The wood flour used in our experiments does not nucleate PP. The most
important structural phenomena determining properties are the orientation of the anisotropic wood flour particles and their aggregation. Results obtained on specimens with
various thicknesses proved that both phenomena depend on processing conditions and
on the dimensions of the product. Much larger improvement could be achieved by the
addition of functionalized polymer in thicker samples than for thinner specimens. The
amount of MAPP has a maximum efficiency at around 0.05-0.10 MAPP/wood ratio.
The introduction of further amount of functionalized polymer is superfluous because of
the limited surface available for coupling. MAPP with larger molecular weight and
smaller functionality proved to be more advantageous in the improvement of composite
strength, because it can form larger number of entanglements per molecule than small
molecular weight coupling agents. The quantitative determination of reinforcement
proved that more entanglements lead to increased deformability and to larger load bearing capacity of the wood fibers. On the other hand, smaller molecular weight coupling
agents decrease viscosity and improve processability considerably.
The surface of wood flour used as reinforcement in PP/wood composites was
successfully modified by benzylation. The majority of the active hydroxyl groups at the
surface were replaced by benzyl groups in about two hours under the conditions used.
Further increase in reaction time did not change the properties of the filler. Both the
structure of the wood flour and its surface tension changed as an effect of modification.
The reduction of surface tension led to considerable changes in all interactions between
the wood flour and other substances resulting in a considerable decrease of water absorption, which is the major benefit of this modification. All measured mechanical
properties decreased slightly with increasing degree of modification. A detailed analysis of the results proved that the dominating micromechanical deformation process of
these PP/wood composites is debonding, which is further facilitated by the decrease in
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the surface tension of the filler. Chemical modification of wood flour slightly improved
processability and the surface appearance of the products.
The comparison of four surface modification techniques indicated that they influence the various properties of PP/wood composites dissimilarly. Interfacial adhesion
and reinforcement improves upon the addition of a maleinated polymer as expected.
Non-reactive surface modification leads to a moderate decrease of interaction, while
benzylation decreases interfacial adhesion quite considerably. MAPP does not influence
any other property of interest; homogeneity, viscosity and water absorption remain
unchanged independently of the amount of coupling agent used. Surfactants improve
homogeneity and processability, while the chemical modification of wood by benzylation decreases water absorption significantly. Rather surprisingly, benzylation does not
decrease viscosity at all in spite of decreasing all interactions in the composites. The
results clearly prove that the proper selection of the approach and the level of surface
modification may lead to considerable improvement in targeted properties, on the one
hand, and properties must be optimized for good overall performance, on the other.
The most important conclusions of this thesis can be briefly summarized in the
following points:
1.

2.

3.

4.

5.

We proved by the detailed characterization of the surface of carbon fibers oxidized in sulfuric acid under a wide variety of conditions and by the thorough
analysis of the results that the usual approach of characterizing surface activity
by the total oxygen content is misleading, since mainly carboxyl groups participate in coupling reactions.
We observed and proved by the study of the structure and properties of highly
filled PP/wood composites that wood particles may aggregate at large fiber content purely from geometric reasons in spite of their large size and small surface
energy, which otherwise facilitate homogeneous dispersion.
We analyzed the micromechanical processes taking place during the deformation
and failure of PP/wood composites with advanced methods and showed for the
first time that several processes take place parallel or consecutively in these materials. The matrix polymer deforms mainly by shear yielding. Debonding and
fiber pull-out are the dominating processes when interfacial adhesion is poor,
while limited debonding occurs and fiber fracture dominates in the presence of
an efficient coupling agent.
We predicted by the detailed analysis of the micromechanical deformation processes occurring in PP/wood composites that the strength of these composites can
be increased further only by improving the inherent strength of the wood particles. The prediction was later proved in another project which showed that fiber
fracture decreased and the deformation mechanism changed when the size of the
wood particles was decreased.
We could confirm the coupling mechanism of functionalized polymers with the
quantitative estimation of interfacial adhesion. We proved that longer chains lead
to more entanglements that result in increased deformability and in larger load
bearing capacity of the wood fibers.
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We developed a technology for the benzylation of wood, which resulted practically exclusively in the modification of the surface of wood particles. We proved
that such a modification decreases the water absorption of the wood drastically,
but does not influence significantly other properties.
We proved by the comparison of three different surface modification approaches
(functionalized polymer, surfactants, and chemical modification) that the proper
selection of the approach and the level of surface modification leads to considerable improvement in targeted properties, but leaves unchanged or even deteriorate others. As a consequence, properties must be optimized for good overall performance.
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