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NOMENCLATURE
ai
[kJ/m2]
Cell
CTMP
D
E
[MPa]
EC
[MPa]
EF
[MPa]
EA
EB
ESCA
h
HDPE
K
LDPE
M
[g]
Mn
Mw
MAH-SEBS
MA(N)
MFI
NFRC
NVF
PAN
PPgMA
PE
PP
PS
PVC
RA
RC
RH
SEM
STEX
t
TPGDA
XPS
wt%
εB
σB
σF

[g/600s]

[%]
[hour]

[%]
[MPa]
[MPa]

Impact strength
Cellulose
Chemi-thermomechanical pulp
Mass diffusivity
Young’s modulus
Creep modulus
Flexural modulus
Epoxy acrylate
Electron beam
Electron Spectroscopy for Chemical Analysis
Thickness of the specimen
High density polyethylene
Water uptake rate parameter
Low density polyethylene
Mass
Number average molecular mass
Weight average molecular mass
Maleic anhydride acid grafted styrene-ethylene/butylenestyrene block copolymer
Maleic anhydride
Melt Flow Index
Natural fiber reinforced composite
Natural vegetable fibers
Polyacrylonitrile
Maleic anhydride grafted polypropylene
Polyethylene
Polypropylene
Polystyrene
Poly(vinyl chloride)
Reactive additive
Reference composite
Relative humidity
Scanning Electron Microscopy
Steam exploded
Time
Tripropyleneglycol diacrylate
X-ray Photoelectron Spectroscopy
Weight fraction
Elongation at break
Tensile strength
Limit bending strength
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INTRODUCTION
Recycling of polymer structural materials in the next decades of targeted sustainable
development should belong to the good manufacturing practices of most polymer
products [1-3]. The trouble is that the repeated processing of thermoplastics after a
significant period of service life allows only a lower level application of the material,
i.e. each step of reprocessing means a downcycling instead of recycling.
In searching of new, efficient ways of reuse, reprocessing of polymer byproducts and
second-life materials, composite technologies may have a substantial benefit [4]. Not
only the synthetic polymer processing, but also the textile industry are producing a
significant amount of recyclable products, that may be brought together into some very
useful, fiber reinforced composites.
In the last decade, fiber reinforcement of matrices was initially developed by using
man-made fibers, such as glass, carbon, aramid, etc. in order to take advantage of their
high tensile modulus. During the last few years an increasing environmental
consciousness has developed, which has increased the interest in using natural fibres
instead of man made fibres in composite materials [5].
Cellulose-rich fibers have several advantages over glass fibers: they have low density,
low abrasive wear, and they are worldwidely available, renewable and biodegradable
resources of the nature. Their production is economical, with low requirements on
equipment, and they can easily be recycled.
Several investigations have been made to study the potential of natural fibers as
reinforcement in thermoplastics. The results have shown that the natural fibers have a
potential to be used as reinforcement for plastics, but they do not attain the strength
level of glass fiber reinforced plastics. Compounding of cellulose fibers with
thermoplastics reduces the mass of the composite due to their low density, increases the
stiffness of the composites, but tends to reduce their strength and toughness [6]. This is
caused by the poor efficiency of stress transfer between natural fibers and synthetic
polymers due to the incompatibility between the polar, hydrophilic fiber and the
nonpolar, hydrophobic polymer.
The criterium of the usefulness - as in all composite materials - is the good cooperation
between the matrix and reinforcing fiber. Several methods are given in the scientific
literature to create a stronger interface between the matrix and reinforcement material
by using physical or chemical modification.
Many papers deal with the investigations on the adhesion between natural fibers and
synthetic polymers, and the results showed that the composite strength and toughness
are significantly improved when coupling agents are used.
Radiation technology may serve as a tool, not only for surface grafting to improve
such surfaces, but for many other, non-selective methods of reactive compatibilization
[7-9]. Several methods were elaborated for bringing together the benefits of the
advanced method of Electron–Beam (EB) treatment in presence of some chemical
additives, in creating multiphase, recycled and reinforced polymer systems [10, 11].
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The major restrictions in the successful application of polar natural fibers in composites
are not only their incompatibility with nonpolar polymer matrices such as PP, but also
their high moisture absorption and poor dimensional stability (swelling). The water
absorption is one of the most serious problems that prevent a wide use of natural fiber
composites, in fact, in wet conditions, this effect strongly decreases the mechanical
performance of composites.
The goal of the research work is to find answers for some unsolved problems in the area
of hydrophil fiber reinforced polypropylene composites:
– by examination of the effect of water absorption on the properties of vegetable fiber
reinforced polymer composite,
– by testing compatibilizing efficiency of some chemical treatments, and
− to find application fields of the developed polymer composite material.
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1. LITERATURE SURVEY
A basic review of natural fibers, their potential for reinforcement of lightweight
polymer composite structures is given in Chapter 1. Mechanical properties of natural
vegetable fiber reinforced (NVF) composites, compatibilization techniques and their
efficiency, water sorption problems are also introduced.
1.1. NATURAL FIBERS
In general, natural fibers are subdivided as to their origin, coming from plants, animals
or minerals. Plant fibers are usually used as reinforcement in plastics. They are
classified according to what part of the plant they come from [12,13]:
− grasses and reeds: fibers from the stems of monocotyledonous plants, e.g. grasses,
straws (wheat, oat, barley, rice, etc.), reeds, bamboo, sugar cane bagasse;
− leaf fibers: fibers running lengthwise through the leaves of most monocotyledonous
plants. E.g. banana, sisal, henequen, abaca, pineapple;
− bast fibers: fiber bundles from the inner bark (phloem or bast) of the system of
dicotyledonous plants, for example flax, jute, hemp, ramie, kenaf;
− seed and fruit hairs: true seed-hairs and flosses, e.g. cotton, capok, coir, milk weed
floss;
− wood fibers: fibers from the xylem of angiosperm (hardwood) and gymnosperm
(softwood) trees, examples include maple, eucalyptus, spruce, pine, etc.
Bast and leaf fibers are so-called hard fibers (e.g., flax, jute, and ramie) and they are the
most used ones [14]. The properties of cellulose fibers depend on the chemical
composition and the physical structure of the fiber [15]. Climatic conditions, age, and
the digestion process influence not only the structure of fibers, but also their chemical
composition.
1.1.1. Chemical composition
The composition of cellulose fibers is summarized in Table 1.1. With the exception of
cotton, the components of natural fibers are cellulose, hemi-cellulose, lignin, pectin,
waxes, and water-soluble substances.
Cellulose
Cotton
Flax
Hemp
Jute
Ramie
Sisal
Wood
Table 1.1.

82.7
64.1
67.0
64.4
68.6
66-70
43.0

Hemi- Pectin Lignin
cellulose
5.7
16.7
1.8
2.0
16.1
0.8
3.3
12.0
0.2
11.8
13.1
1.9
0.6
12.0
0.8
9.9-12
19.5
25.0

Water
soluble
1.0
3.9
2.1
1.1
5.5
1.2

Wax

Water

0.6
1.5
0.7
0.5
0.3
0.3
3.0-6.0

10.0
10.0
10.0
10.0
10.0
10.0
10.0

Chemical composition of vegetable fibers [wt%] [14,16-19]
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Practically in all cases, cellulose is the main component of vegetable fibers. The
elementary unit of a cellulose macromolecule (Figure 1.1.) is an anhydro-d-glucose,
which contains three alcoholic hydroxy groups (OH). These hydroxy groups form
hydrogen bonds inside the macromolecule (intramolecular), as well as with hydroxy
groups from the air or the environment. Therefore, all vegetable fibers are of a
hydrophilic nature; their moisture content reaches 8-12.6% [14].

OH

OH
O

OH

OH

OH

O
O

OH

O

OH
OH

O

OH

OH

OH
O

OH

O

OH
OH
n-2

Figure 1.1.

Cellulose macromolecule [14]

The mechanical properties of natural fibers depend on the cellulose type, because each
type of cellulose has specific cell geometry, and the geometrical conditions determine
the mechanical properties.
The cellulose in natural vegetable fibers contains different natural substances. The most
important of them are lignin and several waxes. The distinct cells of hard NVF are
bonded together by lignin (or lignin/hemicellulose), acting as a cementing material. The
lignin content of the bast fibers influences their structure, properties, and morphology.
The waxy substances of vegetable fibers can be eliminated by extraction with organic
solvents [14].
1.1.2. Physical structure
A natural fiber is in fact a composite in itself. The general structure of jute, hemp and
flax is comparable. Figure 1.2. shows the structure of a flax fiber.
The 1m long flax fibers isolated from the plant by breaking and scotching processes are
usually called fiber bundles. These fiber bundles are still quite coarse and contain many
weak lateral bonds. The fiber bundles can be further refined, into so-called technical
fibers by hackling. In the traditional textile industry these technical fibers are spun into
yarns for the production of linen. The technical fibers are composed of elementary
fibers in general of diameters around 15 µm, and length between 20 and 50 mm. The
elementary fibers are bound together by a pectin interphase. Depending on the extent of
hackling, the technical fibers contain 10 to 30 elementary fibers.
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a,
Figure 1.2.

b,

c,

a.: Subdivision of stalk in the flax plant (1- branches, 2 - processable
central portion of stalk, 3 - cotyledonary node, 4 – root); b: Structure of
bundle of cells; c: Cross-section through a flax stalk (1 - wax layer
(cuticle), 2 – epidermis, 3 - fiber bundle, 4 - cortical parenchyma, 5 –
cambium, 6 - woody cells, 7 – medulla, 8 – lumen)

The elementary fibers are single plant cells, they consist of a primary cell wall, a
secondary cell wall and a lumen, which is a small open channel in the centre. The
primary cell wall is relatively thin, about 0.2 µm, and consists of pectin, some lignin
and cellulose. The secondary cell wall makes up for most of the fiber diameter. It
consists mainly of highly crystalline cellulose fibrils oriented approximately to the fiber
direction, and amorphous hemicellulose. The secondary cell wall gives the fiber its high
tensile strength. However due to the fibrillar, highly crystalline nature of the secondary
cell wall, the fibers are sensitive to kink band formation under compression [15, 20, 21].
The fibrils of the cellulose macromolecules form spirals along the fiber axis. The
strength and stiffness of hemp, ramie and jute correlates with the angle between the axis
and the fibril of the fiber. The smaller this angle is, the higher are the mechanical
properties [14].
1.1.3. Mechanical properties
Cellulose fibers are suitable for reinforcing plastics because of their relatively high
strength and stiffness [16, 22]. The level of the characteristic values of flax and
softwood craft fibers nearly reaches the values of E-glass fibers. The deviation of the
characteristic strength values is remarkably higher than that of glass fibers. The values
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are partially determined by the fiber structure, which is influenced by several factors
and varies according to the area of growth, climate, and age of plants. The technical
digestion of the fiber is also an important factor, this determines the structure of fibers
and the characteristic values [16].
Table 1.2 shows the mechanical properties of some type of cellulosic fibers. Data of Eglass and other technical fibers are given for comparison.
Fiber
Literature
Cotton

Density
[g/cm3]
a
b
1.5-1.6

Elongation
[%]
a
b
7.0-8.0

Jute

1.45

1.3

1.5

1.5-1.8

Flax

1.5

1.5

2.4

2.7-3.2

Hemp
Ramie

1.5

-

1.6
1.2

1.6
3.6-3.8

Sisal

1.45

1.5

2.0

2.0-2.5

Soft wood craft
E-glass

2.5

1.5
2.5

2.5

2.5

Aramide
(normal)
Carbon (high
tensile strength)

1.40

-

3.3-3.7

-

1.70

-

1.4-1.8

-

Table 1.2.

Tensile strength
[MPa]
a
b
287597
550
393773
1100
3451035
690
690
870
400938
640
511635
1000
200020003500
3500
30003150
4000
-

Young’s Modulus
[GPa]
a
b
5.5-12.6
13

26.5

100

27.6

128

61.4-128

15

9.4-22

70

40
70

63-67

-

230240

-

Mechanical properties of cellulosic and some classical fibers [a: 14;b: 23]

Hydrophilic properties are a major problem for all cellulose fibers. The moisture
content of fiber (8-12.6 wt% at normal atmosphere) also has great influence on the
values. The tensile strength measured in wet state can be 25% higher, then in dry state
[16].
1.2. NATURAL FIBER REINFORCED POLYMER COMPOSITES
In a fiber reinforced polymer the fibers serve as reinforcement and therefore have to
show a high tensile strength and stiffness, whereas the tasks of the matrix are to hold the
fibers together, to transmit the shear forces, assure the toughness, and to work as a
coating. The behaviour of usually applied matrices is characterized by a functional
relationship of time and temperature, a considerably lower tensile strength and
comparatively higher elongation. Therefore, the mechanical properties of the fibers
determine the stiffness and tensile strength of the composite decisively [24, 25].
The conventional fibers generally used for fiber-matrix composites, are glass, carbon,
steel, polyesters, polyamides, and polyaramides in order to take advantage of their high
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performances. During the last few years an increasing environmental consciousness has
developed, which has increased the interest to use natural fibers instead of man made
fibers in composite materials [5].
The use of cellulose-rich fibers instead of glass fibers has several advantages [12, 13,
26-29]:
− Renewable and worldwide available source of row material: by using them,
petroleum based materials can be saved.
− Biodegradability: the biodegradability of a composite depends primarily on the
matrix. In case of biodegradable matrix, the reinforcing fibers do not hinder the
process.
− Low density: due to their low density - about the half of glass fibers - preparation of
lighter products becomes possible. In case of application in automobile industry this
results in lower fuel consumption.
− High specific mechanical properties (Chapter 2.1.3.): as single filaments, their
modulus is almost as high as that of aramides.
− No abrasion of the processing machines.
− Low price: Its “production” costs are much lower than that of other traditional
reinforcing materials (glass or carbon fibers), its “production” requires less energy.
− Combustibility: composites made of cellulosic fibers and polypropylene are fully
combustible without the production of toxic gases or solid residues.
Using of cellulosic fiber as reinforcement also has some limitations:
− Poor dimensional stability: High moisture absorption of natural fibers is one of their
main drawbacks. Moisture absorption can result in swelling of the fibers, and
concerns about the dimensional stability of the agro-fiber composites cannot be
ignored. The sorption of moisture is due mainly to hydrogen bonding of water
molecules to the hydroxy groups of the cell wall polymers [30]. The hemicelluloses
are mainly responsible for moisture sorption, but the accessible cellulose,
noncrystalline cellulose, lignin and the surface of crystalline cellulose play also
major roles. Moisture swells the cell wall, and the fiber expands until the cell wall is
saturated with water. Beyond this saturation point, moisture exists as free water in
the void structure and does not contribute to further expansion. The process is
reversible, and the fibre shrinks when it loses moisture [31, 32].
Dimensional stability can be greatly improved by bulking the fiber cell wall, either
with simple bonded chemicals or by impregnation with water-soluble polymers. For
example, acetylation of the cell wall polymers using acetic anhydride produces a
fiber composite with greatly improved dimensional stability and biological
resistance. The same level of stabilisation can also be achieved by using watersoluble phenol-formaldehyde polymers followed by curing [31].
− Low biological resistance: agro-based composites are degraded biologically,
because organisms recognise the carbohydrate polymers (mainly hemicelluloses) in
the cell wall and they have very specific enzyme systems capable of hydrolysing
these polymers into digestible units. Biodegradation of the high molecular weight
cellulose weakens the fiber cell wall, because the crystalline cellulose is primarily
responsible for the strength of the cell wall. Strength is lost as the cellulose polymer
undergoes degradation through oxidation, hydrolysis, and dehydration reactions.
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Biological resistance of fiber-based composites can be improved by several
methods. Bonding chemicals to the cell wall polymers increases the resistance due
to lowering of the equilibrium moisture content below that needed for
microorganism attack, and by changing the conformation and configuration
requirements of the enzyme-substrate reactions. Toxic chemicals can also be added
to the composite to stop the biological attack [31].
− Low processing temperature: the thermal stability of cellulose depends on several
factors, such as the duration of the effect, degree of polymerization, environmental
atmosphere, etc. The leading factor is the duration of the effect. The processing
temperature is limited to about 200 °C. Rusznák [33] found that a lower temperature
applied for a long time causes a greater damage, than a short treatment at higher
temperature. Thus the processing temperature should be the lowest possible, and the
processing time should be the shortest in order to minimise the thermal degradation
of cellulose. This requirement limits the type of thermoplastics that can be used with
agro-based fibers to commodity thermoplastics such as PE, PP, PVC and PS.
− Incompatibility with thermoplastic polymers: many possibilities are known to
modify the fiber-matrix interface. These will be discussed in detail later.
1.2.1. Modification of the fiber-matrix interphase
Composite systems consist of a matrix and a reinforcement or filler, such as short fibers,
continuous fibers, powders, spherical balls, etc. The result is a synergetic effect on the
global mechanical properties of the system. For matrices reinforced with fibers, the
stress applied to the whole composite is transferred to the fibers taking advantage of
their high modulus. For this transfer a good adhesion is necessary between the matrix
and fibers [27].
Not only the high moisture sorption capacity of fibers can be attributed to the
hydrophilic nature of cellulose, but also the incompatibility with most of the
thermoplastic polymers. To improve the interaction between the fiber and the matrix,
interfaces can be modified by physical or chemical methods.
Physical methods, such as stretching, calandering, thermotreatment, production of
hybrid yarns [6, 14], application of surfactants (tensides), mercerizing do not change the
chemical composition of the fibers. Although corona and cold plasma treatments result
in oxidation of the fiber surface, they are classified as physical treatment.
− Tensides [34] sorbs by their polar end to the fibre surface, this way forming a
“new,” apolar fibre surface, that results in a stronger interaction between the fibre
and matrix.
− Mercerization [35-38] is a traditional process in textile industry, it means treatment
by a strong (at least 20 wt%) NaOH solution. Due to mercerization the crystal
structure of cellulose changes, Cellulose II crystallites form, the mechanical
properties are improved, and the accessibility of the fibre −which is of crucial
importance − grows.
− Electric discharge (corona, cold plasma) activates the fibres and polymers through
surface oxidation. Inactive polymer substrates, such as polystyrene, polyethylene,
and polypropylene can be activated by this method. Very different results can be
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achieved by cold plasma treatment depending on the applied gases: the surface
energy can be increased or decreased, new functional groups can be formed [12, 14,
23, 39, 40] or free radicals [12]. Hedenberg and Gatenholm [41] pointed out the
effectiveness of an ozone gas treatment of the reinforcement on the adhesion
between low-density polyethylene and regenerated cellulose fibers.
Chemical modification, application of coupling agents is an effective method to
improve interfacial adhesion [42, 43]. The applied chemical component either modifies
the fiber surface or forms a chemical bond (“bridge”) between the fiber and matrix. In
the following sections the most important coupling agents are described.
1.2.1.1. Coupling agents
Maleic anhydride grafted polypropylene
One of the most widely used coupling agents is maleic anhydride grafted polypropylene
(PPgMA). The maleic anhydride present in the PPgMA not only provides polar
interactions, but can link covalently to the hydroxy groups on the lignocellulosic fiber
(Figure 1.3) [44]. However, the effectiveness of coupling agents is the result not only of
the covalent bonds by esterification between the anhydride groups of the PPgMA and
OH-groups of the cellulose, but as well as that of the entanglements of the PP chains of
the adhesion promoter base material with the matrix material [45].

OH
OH

O

O

Figure 1.3.

O
H

+ O
C

O
HO
O

O

C

Covalent bond between PPgMA and cellulose

In the literature, several methods were introduced for using PPgMA as a coupling agent.
The grafting of PPgMA onto the cellulosic fibers can be performed in the following
ways:
− Pretreatment of the fibers in solution
Le Thi and coworkers [46] immersed raw or washed sisal fibers in a solution of
5wt.% PPgMA (calculated on the fibers) in toluene and heated at refluxing for 10
minutes. The fibers were then Soxhlet-extracted to remove all excess reagents.
Mildner and Bledzki [36] immersed jute fibers in an alcoholic solution of PPgMA
(0.1wt%) at 100 °C for 5 minutes. The fibers were dried at 75 °C for 2 hours.
In an other study, ramie fibers were shaken in a solution of toluene containing 10
wt% PPgMA which had been pre-treated at 180 °C for 5 minutes. This treatment
was found to lead to an optimised interface [47].
− Reactive extrusion
In this case pellets of PP, cellulosic fibers, and PPgMA in powder or pellet form are
added in situ into a twin-screw extruder and compounded at 200 ºC. [46, 48-50].
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The effect of PPgMA on the composite properties has been investigated widely. More
details about the results will be provided later.
Organosilanes
Organosilanes were used at first to improve the compatibility between polymers and
mineral fillers [14, 23, 51]. The organosilanes to be used as coupling agent are shown in
Table 1.3.
Functional group

Chemical structure

Polymer matrix
(according to: ASTM 1600)
UP, PE, PP, DAP,
EPDM, EPM

OCH3
CH2

vinyl

CH Si

OCH3

OCH3

OCH3

chlorpropyl

Cl

CH2 CH2 CH2 Si

EP

OCH3

OCH3

CH2

EP, PA, PC, PF,
PVC, PUR

OCH3

O

epoxy

CH CH2 O

(CH2 )3 Si

OCH3

OCH3

CH2

UP, PE, PP, DAP,
EPDA, EPM

OCH3

CH3

methacrylate

C C O
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Table 1.3.

HS

(CH2 )3 Si

EP, PUR, SBR, EPDM

OCH3

OCH3

Organosilanes applied as compatibilizer [14]

After hydrolysis in appropriate conditions the alkoxy functional group reacts with the
hydroxy groups of cellulose (Figure 1.4.). Modification of the fiber surface is carried
out in presence of a catalyst (mainly dicumyl peroxide) by refluxing for several hours in
organic solvent (i.e. methanol) [52-55].
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Figure 1.4.

Chemical reaction of organosilanes and cellulose [14]

George et al. [37], for example, allowed to react flax nonwoven mats with the silane (3aminopropyl-triethoxysilane) by immersing it into silane dissolved in a water-acetone
(5:95, v/v) mixture for 2 hours. The pH of the solution was 9.0. After that the solution
was decanted and the fibers were dried at 105°C for 1 hour.
Isocyanates
Alkyl-isocyanates are also widely studied compatibilizers [27, 37, 56-58]. Its reaction
with cellulose is shown in Figure 1.5.
O
R N C O + HO Cell

Figure 1.5.

R NH C O Cell

Chemical reaction of isocyanates and cellulose

Joly et al. [27] saturated the fibres with alkyl isocyanates having alkyl chains of 3, 8 and
18 carbon atoms. After several hours of heat treatment, the chemically not bonded
reagent was removed by extraction. The hydrophilicity of the treated fibers decreased
significantly, especially in case of long alkyl chains. The interfacial adhesion between
the treated fiber and the matrix was improved.
Similar result was achieved using an other treating technology [59]. Using several types
of isocyanates, the tensile strength of PP-wood fiber composites was improved to a
great extent. Using more than 3 wt% additive resulted in no further improvement [58].
Triazines
Triazine derivatives are used in the reactive dyeing of cotton fibers. Exchanging the
chromophoric group to an alkyl chain results in a compatibilizer that forms a covalent
bond with cellulose chains (Figure 1.6). Since the reaction takes place in alkali
environment, 0.1N NaOH solution is dried into the fiber. After evaporating the solvent,
the fibers were heat treated at 60 °C [59]. According to Joly et al. this reaction takes
place only on the fiber surface, while other reagents (also in non-swelling media) are
able to penetrate into the fiber.
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Chemical reaction of triazine derivatives and cellulose

Due to this treatment the moisture sorption capacity of fibres is decreased [60, 61]. This
effect is explained by
− the drop in the number of hydroxy groups accessible for water,
− decrease in the hydrophilicity of fiber surface,
− crosslinks between the fiber and the matrix decreasing the swellability [14].
1.2.1.2. Radiation treatment
Most of the large-scale applications of ionizing radiations in polymer processing are
based almost exclusively on physical treatments with no participation of reactive
chemistry. Polyolefine crosslinking, sterilization of medical supplies, ion implantation
in electronic devices etc. are typical examples. EB crosslinking of surface coatings is
demonstrating the versatility of the reactive oligomers and monomers in radiation
processing [8, 9, 62]. The reactive radiation processing, applying monomers and
oligomers of high reactivity and electron beam, offers unique methods to bind together
different reinforcing agents and thermoplastic synthetic matrices into one single
multiphase composite system.
Promising results – obtained with composites of wood fiber and polypropylene – were
published by Czvikovszky [63]. Pilot-scale processing of wood-fiber reinforced
polypropylene were studied, and mutual (simultaneous) EB treatment was applied to
achieve:
− chemical bonding between the components (wood fiber and PP) through
− grafted side chains and crossslinking bridges, built up using multifunctional, double
bond containing reactive additives in
− randomly initiated chain reactions started by reactive centres created by EB [10, 64].
The advantageous radiation response of the possible partners is well described in the
literature. It has been demonstrated by Kashiwabara and Seguchi [65] as well as by
Williams [66] that free radicals in PP are living long enough to act as reactive centers
even after days of irradiation. Similarly, the electron treatment creates reactive centers
on the main components of the wood in different ways [11]. Gamma radiation induced
active sites on calcium-carbonate detected by Electron spin resonance (ESR) can also be
used as initiating centers for binding bridges. The positive effect of radiation on the
interaction between rubber and silica has also been described.
A useful concept of radiation processing of cellulosic fiber reinforced composites is to
incorporate the radiation grafting technique into the thermal processing sequence, such
as hot mixing, granulation, and injection moulding. The high temperature
transformation, which is required anyway, could facilitate the radiation-initiated
reaction between suitable components without additional expenditure for heat. The
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grafting should occur in the premixed composite, during the thermoplastic
transformation [63].
Preirradation of the wood fiber –as it was mentioned above– is obviously one way to
apply this concept. Irradiation of dispersed wood or cellulose fibers in the presence of
air produces several types of free radicals, some of which are stable (for hours, even
days) at room temperature. In presence of air, the original cellulose radical can easily be
transformed into a peroxy radical, which can lead to further oxidation of cellulose via a
chain reaction [63].
Clearly, cellulose free radicals and hydroperoxy groups (Cell-OOH) are the most likely
initiators of grafting at the temperatures of plastics processing, when reactive additives
(RA) are present. The RA can be the same monomer, monomer mixtures, or monomeroligomer mixtures that have been used in radiation treated wood fiber reinforced
polymer composites [63].
In comparison with the composite made by simple mixing of wood fiber and PP, by
combining the radiation treated wood fibers with a reactive additive (unsaturated
polyester-styrene mixture) and PP, Czvikovszky achieved significantly higher flexural
strength and modulus, and less deformation under load at elevated temperature [63].
Many different types of RA formulations can be used. Multifunctional acrylic
monomers and oligomers offer a particularly broad range of options. Since one of the
functions of RA is to bind wood fiber and the synthetic polymer matrix, monomers
capable of swelling, both cellulosic fibers and the synthetic polymer matrix are
preferred. By optimizing the ratio between oligomers and monomers, both the radiation
reactivity and the viscosity of RA’s can be controlled.
Khan and Idriss Ali [67] investigated the effect of EB radiation on jute reinforced
biodegradable polymer (Bionelle) composites. The tensile strength of the composite
irradiated by EB radiation of 20 kGy was found to be higher (by 22%) than that of the
unirradiated composite.
It has been clearly seen from the literature that radiation treatment could be a possible
way to bind together the main components of the composite, by producing chemical
links between the hydrophyl fibers and the hydrophobic polymer.
1.2.2. Mechanical properties of NVF composites
Both the matrix and fiber properties are important to improve the mechanical properties
of the composite. It is well known that the dispersion and adhesion between non-polar
PP matrix and polar lignocellulosic fibers are also critical in determining the properties
of the composite. The degree of adhesion depends on several factors, such as the type of
polymer, coupling agent, and filler combination [44, 68-73].
Factors influencing the mechanical properties of short fiber reinforced thermoplastics
are summarised in Table 1.4.
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Tensile strength
Young’s modulus
Impact strength
Table 1.4

-

strong interface
low stress concentrations
fiber orientation
high fiber aspect ratio
fiber wetting
fiber concentration
ductile matrix
energy absorption

Factors affecting mechanical properties of short fiber composites [74]

In general, cellulosic fibers have a higher Young’s modulus as compared to commodity
thermoplastics, thereby contributing to the higher stiffness of the composites. The
increase in the Young’s modulus by the addition of cellulosics depends on many
factors, such as the amount of fibers used, the orientation of the fibers, the interaction
between the matrix and fiber, the ratio of the fiber-to-matrix Young’s modulus, etc.
[74].
The specific Young’s modulus and specific flexural modulus of natural fibers such as
kenaf, jute, flax, etc. are significantly higher than those of wood fibers. The most
efficient natural fibers are those that have a high cellulose content coupled with a low
microfibril angle resulting in high mechanical properties [75].
By increasing the fiber content, different tendencies were found concerning the
mechanical properties. The tensile modulus of aspen reinforced composites increased
steadily by increasing the fiber content [74]. The maximum tensile modulus was
measured for 20 wt% fiber loading in banana-polyester composites, when the fiber ratio
was changed from 10 to 40 wt% [76], while it was almost constant for STEX (steamexploded) softwood fiber reinforced PP materials [77].
Tensile strength is more sensitive to the matrix properties, while fiber properties are
more important for the modulus. The tensile strength of the banana fiber-polyester
composites increased by increasing the fiber concentration, the maximum was observed
for 40 wt% loading [76]. An opposite trend was found by Avella et al. [77] for STEX
reinforced polypropylene, the tensile strength decreased in function of the fiber content,
while composites based on the same matrix and 25 wt% flax fibers showed almost the
same tensile strength than pure PP [50].
Similarly to the tensile properties, in flexural characters also an increasing tendency
was found by increasing the fiber loading, the maximum flexural strength and modulus
was obtained for 40 wt% fiber ratio.
However a balance between the fiber and matrix properties is required to achieve good
impact strength. As it was found in case of the other properties, the impact strength of
banana fiber reinforced polyester composites showed a linear increase with fiber
content − maximum improvement was more than 300% [76] −, while for aspen
reinforced HDPE composites it was steadily decreased [74].
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Different tendencies were found in the literature by increasing the fiber content in the
composite. Without good interfacial adhesion high strength and modulus of reinforcing
fibers can not take their full advantage. Several different types of functionalized
additives (detailed in Chapter 2.2.1.) have been used to improve the dispersion and the
interaction between cellulose-based fibers and polyolefins.
When using coupling agents it is well known that the tensile and flexural strengths
increase dramatically in natural fiber reinforced composites [54, 76, 78]. However, in
case of modulus, the results are more complex: in some cases, uncoupled systems had
much higher modulus than the coupled systems, while in other cases the coupled
systems had slightly higher modulus [79].
The use of coupling agents can change the molecular morphology of the polymer chains
both at the fiber-polymer interphase and also in the bulk matrix phase. Crystallites have
much higher modulus as compared to the amorphous regions and can increase the
modulus contribution of the polymer matrix to the composite modulus [44].
Improved dynamic mechanical properties at higher temperature through the use of
coupling agents are also pointed out. Creep and other long-therm properties are also
affected by the quality of the interphase, although the level of improvement depends
greatly on the molecular weights of the matrix polymer [79].
Proper selection of additives is necessary to improve adhesion between the fiber and
matrix phases [80]. Maleic anhydride grafted polypropylene (PPgMA) has been
reported to function efficiently for lignocellulosic-PP composites [55, 81].
1.2.3. Effect of PPgMA
In the scientific literature many investigations were presented about the effect of the
molecular weight and maleic anhydride content of the PPgMA on the reinforcing
efficiencies of the fibers [82-85]. Apparently, the morphological characteristics of the
PPgMA determine which one is, or both factors are dominant. Snijder and Bos [86]
suggested that for the crystalline varieties of PPgMA the high Mw is the most important.
For the non-crystalline varieties of PPgMA the MA content dominates in the reinforcing
efficiency [87].
Table 1.5 shows the maleic anhydride content, number-average and weight average
molecular weights of some commercial additive.
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Commercial
PPgMA polymers
Modic f300h
Modic p300m
Modic p300f
Polybond 3002
Orevac pp-chv
Admer Qf 500e
Exxelor 1015
Hercoprime G
Table 1.5.

MA content
(µeq/g)
10
9
8
11
7
4
33
303

Mn

Mw

80 900
58 100
78 200
33 500
36 600
63 700
47 600
22 700

216 800
176 600
268 200
163 700
188 400
252 200
104 800
54 400

Maleic anhydride content (measured by titration of washed PPgMA), number
average molecular weights (Mn) and weight-average molecular weights (Mw)
for various commercial products [88]

As it was mentioned above, the amount of maleic anhydride grafted and the molecular
weight are both important parameters in determining the efficiency of the additive.
Caulfield et al. [87] found that the maleic anhydride present in the PPgMA not only
provides polar interactions, but also can covalently link to the hydroxy groups on the
lignocellulosic fiber.
Caulfield et al. [87] pointed out the strong influence of the molecular weight of the
copolymers on the creep behaviour of kenaf reinforced composites, for low molecular
weight ethylen-propylene impact copolymer it was increased significantly. The creep
behaviour of any composites is dependent on several factors including crystallinity,
adhesion between the fiber and the polymer matrix, and the polymer chain
entanglements. A high molecular weight copolymer has a higher entanglement density
than lower molecular weight polymers, and the effect of the coupling agent on the creep
of high molecular weight copolymers is much less pronounced.
By using mechanical testing of the composites Felix [83] found that the greater the
molecular weight of maleated polypropylene, the greater the tensile strength of the
resulting composites. It was indicated that the longer the parent hydrocarbon chains of
maleated polypropylene are, the greater the opportunity for the hydrocarbon chains to
diffuse deeper into the polypropylene matrix is, and thus they become fully involved in
interchain entanglements and thereby contribute to the mechanical contiguity of the
system. With respect to Caulfield and coworkers [87], Felix [83] and Kazayawoko [82]
found no conclusive or direct evidence of ester links between wood fibers and maleated
polypropylenes. Thus there is no reason to assume that the anhydride groups on
maleated polypropylenes may have played a role on the strength properties of the
composites.
The improvement of mechanical properties by adding PPgMA was reported for many
kinds of cellulosic fibers/polymer composites [23, 89]. Steem-exploded softwood was
found to be ineffective, giving similar Young’s modulus and lower strengths as
compared to the unfilled PP matrix and to the composites with raw softwood fibers.
Both the tensile strength and the Young’s modulus of the composites increased when a
functionalized compatibilizer, MAPP was used to coat the fibers [90].
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The tensile strength of composites made by the film-stacking process from flax fiber
fleece and PP sheets decreased by using silane treatment, while an increase of tensile
strength was found by using different maleic anhydride grafted polypropylene as
coupling agent [83, 91]. An increase of tensile strength was found also for kenaf
reinforced PP and STEX fiber reinforced composites by using PPgMA [77, 79], and the
same result was obtained by investigating jute-polypropylene composites. Michaeli et
al. [50] achieved 40% improvement in tensile strength of flax-PP composite by adding 2
wt% PPgMA. The improvement in the tensile strength (and modulus) was attributed to
the better adhesion between the treated fiber and PP. SEM investigations demonstrated
that the fiber pull out is reduced after modification with a coupling [23].
In another study on PPgMA compatibilized flax –PP composites the tensile strength and
the Young’s modulus showed a linear characteristic as a function of the fiber content,
and the optimum PPgMA concentration was found to be different in case of different
fiber loadings. 1 wt% PPgMA was enough to achieve optimum parameters at 15.5 wt%
and 22% fiber content, and 2 or 3 wt% needed at higher, 28.3 wt% and 35 wt% fiber
contents. The maximum increase was 30% in tensile strength, and 70% in the modulus
at the highest fiber content related to the PP [49].
Young’s modulus was found almost double by reinforcing the PP with flax, and even
larger improvement was achieved by using PPgMA [50]. Caulfield et al. [87] measured
also an increase for kenaf reinforced impact copolymer by using MAH coupling agent,
and the same effect was found for STEX fiber reinforced PP composites [77]. The
Young’s modulus of jute-PP system was found almost independent of coupling agent
was added or not [92], while a decrease in the modulus was measured by testing kenaf
reinforced polypropylene [44].
By application of PPgMA an increase of flexural strength was obtained for jute-PP
[23] and flax-PP composites [15] as well, while the bending modulus of jute-PP
composite was almost the same for coupled and uncoupled systems [23].
For good impact strength, an optimum bonding level is necessary. Good bonding may
produce poor impact strength because a crack can propagate rapidly from the matrix
through a fiber and into the matrix again if the interface between fiber and matrix resists
separation. On the other hand, if the fibers are not bonded strongly enough to the
matrix, they may separate easily from the matrix and can divert the crack by absorbing
its energy. The degree of adhesion, fiber pull-out, and a mechanism to absorb energy are
some of the parameters which can influence the impact strength of short fiber filled
composites [74].
Oksman investigated the unnotched and notched impact strength of PP-woodflour
composites. Addition of PPgMA did not affect the notched impact strength, but
improved the unnotched impact strength when added together with elastomers to the
system [5, 89]. In the study of Caulfield and coworkers also a positive effect of PPgMA
was presented, the use of additive enhanced the impact properties of kenaf reinforced
impact copolymer considerably. Gassan and Bledzki [23] found reduced impact energy
for a coupled jute-PP system due to the lower energy absorption in the interphase.
In the previous pages the mechanical properties of different natural fibers combined
with different thermoplastics were introduced, and a survey was presented on the
efficiency of chemical compatibilization. The results indicate that the mechanical and
interfacial properties have a strong dependence on several factors, as the type and
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content of components and additives, the composite production procedure, treating
methods, etc.
1.2.4. Influence of water on properties
Major restrictions in the successful application of natural fibers in composites are their
incompatibility with most of the plastics, their high moisture absorption, and poor
dimensional stability (swelling).
To improve the interfacial adhesion in composites, the reinforcing natural fibers can be
modified by physical or chemical treatments (detailed in Chapter 1.2.1.). Felix et al.
[84, 93] found that by applying PPgMA as a coupling agent, the maleic anhydride forms
covalent bonds with the hydroxy groups of the cellulose fiber (Figure 1.7.a) and assure
compatibilization and adhesion with the matrix by wettability, cocrystallization, and/or
entanglements. The esterification between succinic anhydride and cotton cellulose
occurred in the absence of catalyst at room temperature, while the esterification of the
second acid group requires higher temperature [94]. Water on the fiber surface acts like
a separating agent on the fiber matrix interface [16], and presumably, PPgMA also can
react with water (Figure 1.7.b) sorbed by the strongly hydrophilic fiber.
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Reaction of maleic anhydride grafted polypropylene with cellulose without (a)
and with (b) water

The understanding of water-polymer interactions in polymeric composites is critical to
the prediction of their behaviour when they are exposed to water or moisture. Water
absorption in lignocellulosic composites can be significant, and the rate of absorption is
affected by the amount of the coupled agent. Data on the reduction of the rate of water
absorption by using coupling agents is presented in many studies since this has
consequences on the design of these composites [79].
There is no agreement in the scientific literature, whether the moisture absorption by
cellulosic fiber reinforced PP composites follows [95] or does not follow-Fick’s law
[46]. The moisture content, Mt, as function of the square root of time for a typical Fickprocess is schematically given in Figure 1.8.

C
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Figure 1.8.

Moisture content as a function of time for a typical Fick-process [95, 96]

The slope of the beginning section of the absorption curve can be calculated in the
following way [97]:
slope =

where

M 2 − M1
t 2 − t1

=

4M m
h π

D

(1.)

maximal moisture content,
Mm
h material thickness,
D mass diffusivity.

The moisture content is linear as a function of square root of time until about two weeks
of immersion in water. After that, the moisture content levels off to a maximum value
[95].
Water uptake of natural fiber reinforced composites was investigated by many
researchers [76, 96, 98-100]. Caulfield et al. [87] found that addition of PPgMA helps to
reduce the rate of water absorption in case of sisal-PP composites, after the samples
were boiled in distilled water for 2 hours. Peijs et al. [95] found also lower diffusivity
by using PPgMA as compatibilizer, while the plateau value for moisture uptake is
reached after about one month immersion in water, for both the treated flax/PP and the
untreated flax/PP composite. Similar observations have been made also at the
esterification of woodflour [94], and for polypropylene reinforced with sisal or jute by
using PPgMA [87, 101, 102], while Joly et al. [59] found no measurable effect with this
additive on cotton fibers, neither on their water uptake, nor on kinetic diffusion, but
using several aliphatic isocyanates (R-NCO) a significant decrease of the water uptake,
and an increase in the water diffusion coefficient was showed.
Reduction of water uptake in compatibilized composites might be attributed to some of
the hydrophilic –OH groups reacting with the acid anhydride to form ester linkages and
giving thereby lower water absorption values. Karmaker et al. [103, 104] found that the
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rate of water absorption depends on the fiber orientation in the composite, but the
absolute water content after the maximum absorption time remained the same.
Karmaker et al. [103, 104] published a theory on a positive effect of moisture for
composite properties. It is known that a thermal shrinkage of polypropylene melts
causes gaps between the fibers and polypropylene. The swelling – caused by water
absorption – of an individual fiber embedded in polypropylene is able to fill this gap
and, by producing some radial pressure, is capable of increasing the shear strength.
However, in case of jute reinforced PP, the swelling of individual fibers could not
increase the shear strengths, because not all of the voids can be filled, and thus the shear
strength decreased.
The materials characterized by a large amount of absorbed water (without
compatibilizer) show also a large reduction in mechanical properties [77, 105-107].
Swelling of fibers can lead to microcracking of the composite causing the degradation
of mechanical properties. Using compatibilizers has a different effect on the wet
mechanical properties.
The tensile modulus of PPgMA treated flax-PP composites decreased with increasing
moisture content, the stiffness at the saturation level was found to be reduced by about
30%, while the tensile strength was not significantly affected by water uptake [95].
Gassan [18] found the same results for jute-epoxy composites. Hinrichsen investigated
also flax-PP systems, and after 10 days, both the tensile strength and modulus was
found to be decreased for treated and untreated fiber reinforced composites, as well.
Marcovich et al. [94] also found poorer mechanical properties of wood fiber-polyester
resin composites as the relative humidity of the environment increased. The positive
effect of PPgMA coupling agent was demonstrated also by reducing the decrease in
Young’s modulus of sisal-PP composites due to water absorption [87]. Using silane as
coupling agent in jute-epoxy composites, the tensile strength was found to be
independent on the moisture content of the composite, and for the Young’s modulus the
influence of moisture decreased distinctly [108].
Banana reinforced polyester composite samples – soaked in water for about one month showed a 32% decrease in tensile strength. Pothan et al. [76] found that water molecules
act as a plasticizer by influencing the fibers, matrix and interface simultaneously, and
disturbing thereby the mechanical integrity of the composite system.
Karmaker and Hinrichsen [109] produced composites with polypropylene and jute
woven clothes (60 wt%). Because of water uptake (after 8 days immersion), the
flexural strength and modulus decreased (by about 28 and 52%). The water uptake
caused swelling of the fibers and ultimately an increase of the thickness by about 15%
of the sample. Marcovich et al [94] found also weak flexural properties in wet state. In
comparison with the behaviour of the untreated wood-flour unsaturated polyester
composites, the measurements on composites made from NaOH-treated woodflour was
found lower, and the composites made with MAN-treated wood-flour had the poorest
behaviour in wet condition. On the other hand, in all cases, the mechanical properties
were shown worse as the relative humidity of the environment increases.
The notched impact strength for both coupled and uncoupled sisal-PP composite
samples increased by about 15% after the boil test, and no real difference was observed
between the coupled and uncoupled systems [87]. In the unnotched Izod test, the
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increase was dramatic for STEX fiber reinforced polypropylene composites [77], and
also an increase was found for uncoupled sisal–PP, and further improvement by using a
cuopling agent. This can explain that the moisture plasticizes the fibers, which increases
the fiber toughness and thereby also the energy absorption contribution to the composite
toughness [79].
Water diffusion of sisal-PP composites [46] showed a non-Fickian phenomenon. Le Thi
found the fiber content to be the major factor in moisture uptake, while the influence of
PPgMA was generally small and acted not always in the same direction. PP based
composites – investigated by Anglés and coworkers [90] – absorbed also more water, as
the fiber loading was higher. By using PPgMA coating on fibers resulted in better
adhesion between the matrix and filler, and thus moisture absorbance of these
composites could be prevented.
The effect of water on the absorption kinetics and on mechanical properties is different
for different composites. Several factors, such as the type of compatibilizer, the
treatment method, the fiber/matrix type and content, the specimen producing technique,
etc. can influence the behaviour of composites against the water.
Moisture can have a significant effect on the performance of the composite, therefore it
is necessary to reduce the water absorption.
1.2.5. Application of natural fiber reinforced composites in automotive industry
Wood fiber reinforced polymer composites have one of the most rapidly growing
markets within the plastics industry. In 2002, these products continued their excellent
growth with the combined North American and Western Europe demand reaching 800
kt (1.5 Million lb), valued at $750 million, according to a study recently completed by
Principia Partners [110]. Applications for these composites include a variety of
automotive, building product, infrastructure, and other consumer/industrial applications.
The history of use of long natural (nonwoven) fibers in automotive applications is
relatively recent, starting in 1994/95 with the use of jute-based door-panels in the
Mercedes E class. Since then the automotive industry shows steadily growing interest in
natural fibre reinforced composites, and during the last few years, with the gradual
development of the supply chain, use for a limited range of components has become
commonplace.
Consumption of long natural fibers in polymer composites is expected to increase
substantially during the next 5 years, to at least 35,000 tonnes. Some industry
authorities put the figure even higher, up to 45,000 tonnes/year (Table 1.6) [111].
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Fiber

1996
Germany

Flax
Jute
Hemp
Kenaf
Sisal
Totals
Table 1.6.

1 800
1 800

Rest
Europe
300

400
4 000

300

1999
of Germany
11 000
2 000
1 100
900
500
15 500

Rest
Europe
4 900
1 400
600

6 900

2000
(projected)
of All Europe
+2-10%
+3-15%
+3-20%
0-3%
0-3%
23 000-25 000

Estimated automotive consumption of natural fibers in tonnes/year [111]

The principal long natural fibers now being used for this purpose belong to the bast
fiber group (flax and hemp), grown in the climate of Western Europe, and the subtropical fibers, jute and kenaf, mainly imported from the Indian subcontinent [112].
Many papers deal with the potential of hollow natural fibers for reinforcements in
lightweight structures, the NVF composites and their application in the automotive
construction [113-119]. The main reasons influencing the steady growth of natural
fibers in polymer composites include [120-123]:
− Comparative weight reduction by 10-30% in comparable parts.
− Good mechanical and manufacturing properties.
− The possibility of forming complex components in a single machine passes.
− Relatively good impact performance, with high stability and minimal splintering.
− Occupational health advantages in assembly and handling as compared to glass
fibres, where airborne glass particles can cause respiratory problems.
− Moulding offcuts can be re-used unlike fibreglass.
− No emissions of toxic fumes when subject to heat.
− Good “green” credentials, a sustainable renewable raw material resource.
− Superior environmental balance during their use in materials and energetics.
− Recycling possibilities by incineration with energy recovery or by regrinding.
− Relative cost advantages as compared to conventional constructions.
Constraining factors, which are preventing the more widespread adoption of natural
fibre substrates, include:
− Concerns over the consistency of quality of the bast fibre supply – this is equally
true for hemp, flax and jute.
− Concerns over the long-term availability of fibre.
− Persistent technical problems mostly connected with either fibre quality from batch
to batch, or grouped as emission problems (fogging and odour).
There is a widespread research activity in the field of development of composite
materials and technology for automotive production [124-127].

Literature

26

Technologies
In compression moulding technology −the most common use of bast fibers (jute, flax
and hemp) in automotive applications− medium/long fibers of 80-90 mm staple length
is generally used in the form of a nonwoven mat (usual needlepunched) or felt.
In the thermoplastic process, the most commonly used synthetic polymer is
polypropylene in a 50:50 blend. For special applications where additional strength is
required, more expensive polyesters are sometimes used. This technology is used in
such applications as door liners, parcel shelves and boot liners. Compression moulded
components for the automobile industry (mainly based upon flax and jute) are in
commercial production throughout Europe [111].
More recent developments offer now the possibility of producing injection moulded
composites, reinforced by short natural fibers [128]. For the first time, it may be
possible to produce external components of automobiles such as spoilers and fenders,
although the hydrophilic absorbent properties of bast fibers may continue to restrict
external applications where moisture is present. Injection moulding is also used for
“hard” internal automobile parts such as dash and instrument panels. In this process,
short fiber flax, hemp or jute of a staple length of 4-6 mm is processed with
polypropylene in a single– or twin-screw extruder, either to produce a granulate for
injection moulding, or for continuous processing resulting in moulded parts. Mercedes
and BMW, have taken the possible technology one stage further by initiating inhouse
research into short fibre/polypropylene granulation processes for injection moulding
applications.
A special technology for long fiber reinforcement was developed by Daimler Benz
Research Institute. The so-called EXPRESS technology is a mixture of extrusion and
press moulding. The extruder introduces a mould film into the press, the natural
nonvowen fiber is fed onto the polymer film. Several layers of these materials are
pressed together. The main advantage of this technology is the short cycle time [84, 91,
129].
Market, products
The automobile industry of Germany (Mercedes /Daimler/Chrysler/, BMW,
Audi/Volkswagen) has a totally dominant market position in terms of product
innovation, research, and commercial production of long natural fiber reinforced
polymer composites. Generally, France and UK lag behind Germany in the use of
natural fibers. At present, in the most important market, Germany, there is a distinct
preference for the use of flax, and a growing tendency to consider hemp as prime raw
material [111].
All BMW and Mercedes models now use natural fibers as the base for components such
as door liners, boot liners and parcel shelves. These car producers (OEMs-Original
Equipment Manufacturers) are now making more sophisticated modifications (such as
blends of flax with sisal for extra strength) or looking at new possibilities such as
lightweight headliner structural substrates [111].
Use of natural fibers for these components can be expected to increase steadily with
increased model penetration.
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1.3. Conclusion, main problems, aims
In recent years, polymer composites using natural fibers have received increasing
attention in the light of growing environmental awareness. The growing interest in
using natural vegetable fibers as reinforcement is mainly due to their renewable origin,
relative high specific strength and modulus, light weight and low price. Recycling of
polymers combined with composite technology, an “upcycling” of the waste materials
can be realised instead of “downcycling”.
Maximum reinforcing effect and thus best mechanical parameters can be achieved only
by ensuring good cooperation between the fiber and the matrix polymer. Strong
adhesion can be promoted either chemically or physically. The use of different
functionalized additives such as PPgMA offers an effective way for compatibilization
between polyolefins and natural fibers. Though, many results were found in the
scientific literature on its positive effect for the properties of composites, it acted not in
the same direction at every time.
The behaviour and properties of natural fibers depend on many factors such as the
harvest period, weather variability, quality of soil and climate of the specific geographic
location, as well as on preconditioning. Considering the incompatibility with most of
the non-polar polymeric materials, such as polypropylene, the high moisture uptake of
these vegetable fibers represents another drawback in the application.
To create better connection between fibers and the matrix polymer, several methods are
offered in the scientific literature. In situ application of PPgMA can provide an easy
way for compatibilization in the industrial production of composites. Using radiation
treatment for improving the interfacial adhesion in composites seems to be also
promising.
Many papers deal with the examination of the water uptake of NVF composites and the
effect of water on composite properties. The water uptake showed different
characteristics for cellulosic fiber reinforced composites, and though in most of cases a
negative effect of water was found on the mechanical properties, better properties were
found by compatibilizing. A good wetting of the fiber by the matrix (adequate fibermatrix bonding) can decrease the rate and amount of water absorption in the interfacial
region of the composite. A strong interface between the cellulosic fiber and matrix can
lead to a reduction of the penetration of water, allowing only for a slight worsening of
mechanical performance.
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Aims
After reading the scientific literature, the followings were set as aim of this doctoral
work.
1. The primary goal of our investigations was to study the effect of the original
moisture content of flax fibers on the mechanical properties of polypropylene
composites.
2. Water sorption kinetics and the influence of the water uptake on the mechanical
performances of flax-PP composites were studied by many researchers, but the
results were not consentaneous. To give a clear picture of our composite materials,
studies are also planned on water absorption and wet mechanical properties.
3. Effect of maleic anhydride grafted polypropylene (PPgMA) – added in situ to the
raw materials of the vegetable fiber reinforced polypropylene systems – on the
composite mechanical properties under dry and wet conditions is another subject of
our research. Studies on the influence of the fibers’ original moisture content on the
compatibilizing efficiency are also planned.
4. Our further intention was to develop a composite raw material with appropriate
mechanical properties to be applied in automotive industry by using different
natural fibers and polypropylene (recycled/original).
5. Investigation the potential of “upcycling” (upgrading recycling) of recollected
polypropylene reinforcing by waste fibers was chosen as the last aim of this
research work, and studies were planned also on the efficiency of reactive
compatibilization using radiation treatment on the reinforcing fibers.
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2. EXPERIMENTAL
In this Chapter, raw materials needed for the experiments, composite preparation
methods, and testing methods are introduced. The research work are divided in three
parts, Tables 2.1-2.2 show a survey about the materials, compositions, and testing
methods. Test conditions are given detailed in the Appendix (A1.).
I. Influence of water on the properties of flax fiber reinforced polypropylene composites
Raw
materials
− H681F-PP
− Flax fiber
(20 wt%)
− PPgMA

Moisture content
of fiber

PPgMA
content
[wt%]

3.99 %
7.86 %
11.50 %
26.73 %

0
1
3
5
7

Testing methods

− water absorption test (31 days immersion in water)
− tensile test
− three point bending test before and after 31 days
immersion in water
− Izod notched impact test before and after immersion
in water
− Scanning Electron Microscopy

Compoundation: in a Brabender-type laboratory twin screw extruder (max. 198°C)
Specimen preparation: by injection moulding.
II. Development of natural fiber reinforced composites for industrial application
PP
H116F

HB3065
(recycled)
H116F
HB3065
(recycled)
H681F
H681F/K593
(0, 25, 50, 75,
100%)

Fiber
flax
hemp
cotton
flax
hemp
cotton
flax
hemp
flax
hemp
flax
flax
flax

Fiber
content
[wt%]
8, 16, 25
8, 16, 25
8, 16
8, 16, 25
8, 16, 25
8, 16, 25
25
25
25
25
25
25
25

PPgMA
content
[wt%]
0
0
0
0
0
0
5
5
1,3, 5
5
3
3
3

Filler
chalk
talc
talc

Filler
content
[wt%]
0
0
0
0
0
0
0
0
0
0
3, 4.5, 6, 7.5
3, 4.5, 6
6

Testing methods

− tensile test
− three point bending test
− Izod notched impact test

Compoundation: in a Brabender-type laboratory twin screw extruder (max. 198°C)
Specimen preparation: by injection moulding.

Table 2.1

Survey of the raw materials, composite preparation, and the testing
methods used for the experiments of first and second part
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III. Reactive compatibilization in polypropylene composites
Raw materials
− recycled PP
− PAN fiber, E-glass fiber,
viscose cord, hemp/viscose
mixed fibers (30 wt%)
− epoxy acrylate/tri-propyleneglycol-diacrylate (RA)
− benzoyl peroxide (chem.init.)

Fiber surface treatment
−
−
−
−

reactive additive (RA)(1 wt%)
electron beam (EB) 10kGy)
RA/EB
RA (1wt%)/chem. init. (0,015
wt%)

Testing methods
−
−
−
−

melt flow characteristic
three point bending test
Charpy impact test
Electron spectroscopy for
chemical analysis (ESCA)

Compoundation: in a Brabender-type laboratory twin screw extruder (max. 198°C)
Specimen preparation: by hot pressing (220 °C)

Table 2.2

Survey of the raw materials, composite preparation, and the testing
methods used for the experiments of the third part

2.1. MATERIALS
Results of the research work summarised are divided into three parts as it was
introduced above, and the materials used for the experiments are classified in the same
way.
Composites for testing the influence of water
To study the effect of the moisture content of the reinforcement H681F polypropylene
(MFI= 1.7 g/600s at 230 °C, 21.6 N) supplied by Tiszai Vegyi Kombinát Co., Ltd.
(Hungary) as matrix material, and combed flax fibers with diameters in the range of 30300 µm (from Hungarolen, Komárom, Hungary) as reinforcement were used.
Maleic anhydride grafted polypropylene (Polybond 3002) from Uniroyal Chemical Ltd.
was used as coupling agent (MFI= 7 g/600s at 230 °C, 21.6 N load). Sclavons et al.
found by titration 30 and 11 meq/g maleic anhydride in the raw and in the washed
product, respectively [88].
Composites developed for industrial application
Four different grades of polypropylene were used in this part of the research: H116F
(MFI= 25.0 g/600s at 230 °C, 21.6 N), H681F homopolymer (MFI: see above), K593
(MFI= 4.0 g/600s at 230 °C, 21.6 N) copolymer supplied by Tiszai Vegyi Kombinát
Co., Ltd. (Hungary), and a recycled polypropylene (HB3065, MFI= 2.8 g/600s at 230
°C, 21.6 N), from recollected cups of soft-drink bottles (from Alcoa CSI,
Székesfehérvár).
Combed flax fibers (from Hungarolen, Komárom), hemp fibers and cotton fibers were
used as reinforcement.
Maleic anhydride grafted polypropylene (Polybond 3002) was used as the coupling
agent.
Chalk and talc (Luzenac A-60) fillers were used to examine their effect on the
mechanical properties of the composites.
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A natural fiber reinforced polypropylene composite material (extruded sheet with a
thickness of 2 mm) used actually as door panel in cars was applied as reference
composite (RC) material for the experiments.
Composites for reactive compatibilization by using EB
Recycled polypropylene (Cosmoplene WPY 5273 C, MFI= 12.1 g/600s at 230 °C, 21.6
N) serving originally as car bumpers, and waste fibers from the textile industry,
chopped (3 mm) polyacrylonitrile- (PAN, Flock Crumeron) and E-glass fiber from
Viscosa (Nyergesújfalu, Hungary), viscose cord (from Gardénia, Győr, Hungary), and
hemp-viscose mixed (75:25) fibers were taken for the last series of experiments.
A mixture of epoxy acrylate (EA) and tri-propylene glycol diacrylate (TPGDA)
(EA:TPGDA/40:60) as reactive additive (RA), and benzoyl peroxide (LUCIDOL CA50) as initiator were added.
2.2. PREPARATION OF THE COMPOSITES
The processing of composites is classified in the same way as the materials.
Composites for testing the influence of water
At the moisture sorption experiment a closed, air-tight container with a saturated salt
solution was used. The flax fibers were placed over the salt solution. The salts used
were LiCl, K2CO3, NaCl, and K2SO4 [130]. Relative humidities above the saturated
saline solutions were taken from the literature. The fibers were stored above the
different saturated saline solutions (Table 2.3) at room temperature (23±2°C) for at least
60 hours before processing.
Salt

LiCl
K2CO3
NaCl
K2SO4
Table 2.3

Relative humidity
(RH) at 25°C
[%]
11.3
43.2
75.3
97.3

Equilibrium moisture
content of flax fiber
[%]
3.99±0.14
7.86±0.06
11.50±0.08
26.73±0.83

Relative humidity above different saturated saline solutions

The row materials (fiber, matrix, and additives) were compounded at a maximum
temperature of 198 °C in a Brabender-type laboratory twin-screw extruder. The extruder
has two, interpenetrating screws of variable elements of 25 mm Ø, forming a 25 L/D
(length/diameter) ratio. The extrudate was air cooled, ground and extruded again to get
a granulable strang. All the composites were injection moulded (ENGEL ES
200H/80V/50HL-2K). The test specimens were allowed to post-crystallise at least for
ten days after the injection moulding.

Experimental

32

Composites developed for industrial application
The composite specimens were produced in the same way as described in the previous
part: in the first step by compounding the raw materials in the twin-screw extruder, and
then by injection moulding of the granules.
For the pilot-scale production a greater amount (150-300 kg) of composite material was
compounded in PEMÜ, and the sheet extruding was carried out in the plant of
Pannunion Co. The extruded sheets were thermoformed and laminated with PVC foam
in the same step.
Composites for reactive compatibilization
Production of composites started also by compounding the row materials in a
Brabender twin screw extruder. The reinforcing fibers were surface-treated before
processing, by using different combinations of RA, Inic. and 10 kGy electron beam
irradiation (Chapter 3.3). The EB source, an ELECTROCURTAIN (Energy Sciences,
U.S.A), was set at a maximum current of 175 kV and 10 mA.
The extrudate was compression-moulded at a maximum temperature of 220 °C by a
maximum pressure of 100 bar.
2.3. TESTING
2.3.1. Water absorption test
The test specimens were stored in distilled water at room temperature (23±2 °C) for
about 740 hours (31 days). Every 2-3 days the specimens were dried by a paper towel,
and the increase in the weight was measured. The procedure was repeated 5 times.
2.3.2. Melt flow index
The melt flow index (MFI [g/600s]) was measured by using a Zwick equipment. The
temperature set under the measurement was 230°C, and 2.16 or 5 kg loads were used.
2.3.3. Mechanical testing methods
The test specimens were investigated at room temperature (23±2°C). The samples containing 20 wt% of flax fiber with different moisture content - were stored in a
dessicator above phosphorus pentoxyde for 3 days before mechanical testing. At least 5
repetitions were done in each series.
Three point bending test
The specimens were tested by a Zwick 1464 Instrument. The size of samples, the
applied support span, the rate of crosshead motion, and the full-scale load can be found
in the Appendix, in Chapter A1.1.
The modulus was determined from the initial slope of the stress-strain curve. The
Ultimate bending stress was measured at 10% deflection (related to the support span
distance).

Experimental

33

Tensile test
The tensile tests were performed by using a Zwick-type machine (model 1464). The
parameters of the applied specimens and the testing method are given in the Appendix,
in Chapter A1.1.
From the stress-strain curves, Young tensile modulus (E), tensile strength at break (σb),
and percent elongation at break (εb) were determined.
Impact test
The Izod type impact strength was tested by a Zwick-type equipment using a 2.75 J
hammer with a 124.4° release angle (striking nose speed 3.46 m/s at the moment of
impact). Specimens with 2 mm V notch (45°) were applied.
The Charpy impact strength (unnotched) was tested by an other type Zwick equipment,
using a 4 J hammer.
Detailed information about the test specimens can be found in the Appendix, in Chapter
A1.1.
2.3.4. Scanning electron microscopy
Scanning electron microscopic pictures were taken from the gold-covered fracture
surfaces of tensile test specimens by using a JEOL JSM-840A scanning electron
microscope.
2.3.5. Electron spectroscopy for chemical analysis
The quantitative analysis of the interface layer between the fibrous reinforcement and
the PP matrix were carried out by the ESCA method (Electron Spectroscopy for
Chemical Analysis) on ESCASCOPE 300, made by Vacuum Generators, England
(detailed in the Chapter A1.2). After extracting PP from the composites with hot
(138°C) xylene solution, the extracted fibers were investigated by using MgKα X-ray
radiation.
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3. RESULTS AND DISCUSSION
The results of this research work summarised in this Thesis are divided in three groups.
− In the first section (Chapter 3.1.), composites from polypropylene and flax fibers
with different original moisture content were produced, and PPgMA of different
mass ratios were applied. The effect of the moisture content of fibers on the sorption
and mechanical properties of the composites was investigated, and the effect of
PPgMA was studied. The effect of immersion into water of the composite samples
was also examined on the performance of the composites.
− In the second part, the experiments (Chapter 3.2.) are focused on developing natural
fiber reinforced composites for possible automotive application. By producing
composites reinforced with different kinds of fibers (cotton, hemp and flax), the
effect of the fiber content, the compatibilizer and the mineral fillers on the
properties of the composites was investigated.
− In the last series of our experiments – results summerized in Chapter 3.3.–
recollected car bumpers made of polypropylene copolymers have been reinforced
with several types of waste fibers. A thin layer reactive interface of acrylic
oligomers has been applied and activated by a low energy electron beam. The
efficiency of reinforcing and compatibilization was studied, and the interaction
between the matrix and fibers – PAN and glass fibers– was investigated by Electron
Spectroscopy for Chemical Analysis (ESCA).
In this Chapter the results are shown in figures, the data values are given in the
Appendix (A2). All parts and percentages are given by mass, unless otherwise stated.
3.1. INFLUENCE OF WATER ON THE PROPERTIES OF FLAX FIBER
REINFORCED POLYPROPYLENE COMPOSITES
Flax fibers (20 wt%) with different moisture content (4, 8, 12, 27 %) were introduced
into the polypropylene matrix (H 681F), and maleic anhydride grafted polypropylene
(PPgMA) (0, 1, 3, 5, 7 wt% - based on the total weight of composite) was applied as a
coupling agent.
It may arise the question why was omitted the flax fiber with 0% moisture content? As
it is well known, absolute dry natural vegetable fiber may not exist in technical
conditions. Its hygroscopisity is preventing this. Otherwise the extra dry natural fiber
would be a brittle “xerogel” anyway.
In this part of the work, the water uptake and mechanical properties were measured to
characterise the interaction between water and the cellulosic fiber reinforced
polypropylene.
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3.1.1. Effect of the moisture content of the fibers on the mechanical properties of
the composites
In this Chapter, the effect of the moisture content of the flax fibers and the amount of
PPgMA were investigated on the mechanical properties of PP composites. Tensile tests,
three point bending tests and Izod-type impact tests were carried out.
3.1.1.1. Tensile test
Tensile properties, such as the Young's modulus (E), tensile strength (at break) (σb)
were evaluated from the stress-strain curves. The trend of modulus versus relative
humidity (RH) –at which the fibers were conditioned before melt mixing−, and the
PPgMA content are shown in Figure 3.1.
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Figure 3.1.
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Young’s modulus (tensile) as a function of relative humidity (≈ moisture
content of fiber) and the amount of PPgMA in flax (20 wt%)-PP
composites

The Young’s modulus of uncompatibilized composites decreased strongly, by 65%,
while the RH increased from 11% to 97%, likely due to the weaker and weaker
interfacial bonding between the fibers and the PP matrix. On the contrary, higher
modulus of compatibilized composites can be observed in the presence of PPgMA,
having maleic anhydride on the PP backbone that is able to form bonds with the polar
groups of the flax fibers. The highest values of modulus – a maximum increase of 42%
– could have been reached at the lowest RH (11.3%).
Conditioning the fibers at 43.2% relative humidity before melt mixing, and by adding
7% PPgMA additive, the modulus increased by 62% relative to that of the
uncompatibilized composite.
At 75.3% relative humidity an enormous drop was found in the modulus, when PPgMA
was used. By introducing the “most wetted” fibers (at 97.3% RH) into the PP melt and
using 1-3% PPgMA, a slight increase was found in the modulus. The lower modulus
values of compatibilized composites containing fibers with higher moisture content
could be explained by the negative effect of water in the composites. It can be seen that
PPgMA was less effective in case of higher moisture contents. We suppose that a part
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of the anhydride groups react with the OH groups of water, instead of the OH groups of
the cellulosic fibers, and thus the efficiency of the compatibilizer decrease significantly.
Tensile strength values can be seen in Figure 3.2.
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The results show that the strength values were practically not affected by the moisture
content of the fibers. To achieve any improvement, at least 3% of compatibilizer is
required.
The samples containing 7% Polybond have by far the best tensile strength (improved by
12-23% as compared to the composites prepared without additive), no significant
differences was found between the results got by changing the RH from 11% to 97%.
3.1.1.2. Three-point bending test
To qualify the composites the Young’s modulus and limit bending stress (at 10%
deflection) were calculated from the stress-strain curves.
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The Bending modulus values as a function of relative humidity and the amount of
PPgMA are shown in Figure 3.3. The modulus seems to be not affected by the moisture
content of the fiber, and it is almost independent of whether coupling agent was added
or not.
The moisture content of the fibers had only a slight effect on the limit bending stress
(Figure 3.4.), it is changed via maximum, the best results were found at 43.2% RH.
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Limit bending stress as a function of relative humidity (≈ moisture
content of fiber) and the amount of PPgMA in flax (20 wt%)-PP
composites

After increasing the PPgMA content from 1% to 7%, an increase was found in the limit
bending stress of the composites made of fibers with different moisture content.
Samples containing 7% of Polybond showed the best ultimate bending stress (16% of
improvement related to the uncompatibilized composites).
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3.1.1.3. Izod impact test
Similarly to the tensile properties, increasing of the moisture content of the fibers has a
negative effect on the impact strength of composites (Figure 3.5.).
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of fiber) and the amount of PPgMA in flax (20 wt%)-PP composites

By changing the RH from 11.3% to 97.3% the impact strength decreased by
approximately 24%, in case of composites made without additive.
Adding 1% of PPgMA to the composite, near the same results were found at every RH.
Since this tendency differs very much from all the others, it can be resulted from an
error. To clarify it, further investigations are needed.
By increasing the amount of the additive, a 7-12 % decrease could be measured at every
relative humidity. The impact strength of composites prepared from flax fibres with
11.5% (RH 75.3%) and 26.7% (RH 97.3%) moisture content showed no significant
changes by increasing further the amount of PPgMA, while at the two lowest relative
humidity, 20% decrease was found at the highest additive content.
The effects (decrease in the impact strength by increasing the relative humidity, and
decrease in the impact strength by increasing the amount of compatibilizer) were more
definite for low RH values and smaller amounts of additive.
3.1.2. Fiber-matrix interface
The fiber-matrix interface was investigated by Scanning Electron Microscopy. It is well
known that the strength of short fiber reinforced composites depends on the good
transfer of load from the matrix to the fibers. Observation of surface failures in the
composites gives a good indication of the importance of fiber – matrix adhesion on
strength values.
Figure 3.6 shows a series of scanning electron microscope images of fracture surfaces
of tensile test specimens made of fibers with low moisture content (3.99% at 11.3%
RH), in flax (20 wt%)-PP composites.
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Without compatibilizer there is no good interfacial adhesion between the fiber and the
matrix, even in case of low moisture contents (Figure 3.6. a). The fibers in composites
without additive appear to be free of any matrix material adhering to them. In this case a
gap between the flax fiber and PP matrix was found, caused supposedly by the thermal
shrinkage of the PP melt.

30µm

a,

Figure 3.6.

b
c
Fracture surfaces of flax-PP composites. Relative humidity 11.3%,
PPgMA content 0% (a), 5% (b) and 7% (c)

In case of low moisture content and high additive contents (Figure 3.6 b-c), the matrix
covers completely the fiber surface. Due to the strong interaction the failure is caused
by fiber breakage. The step by step fiber breakage (in Figure 3.6.b) under the tensile
stress indicates that there is a strong interfacial interaction between both components in
the flax-PP composites.
When fibers with high moisture content were introduced into the PP melt, and no
additive was applied (Figure 3.7.a-b), not only the lack of interfacial adhesion can be
observed, but the PP matrix itself delaminated near the fiber surface. It can be the
consequence of an evaporation of a relatively great amount of water during injection
moulding.
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Fracture surfaces of flax-PP composites. Relative humidity 97.3%,
PPgMA content 0% (a-b), and 7% (c-d)

The fibers –as it can be seen in Figure 3.7. b– are pulled out practically intact from the
matrix. In addition, holes and spacings occur in the matrix, as well as along the fiber, as
an indication for poor contact and inferior stress transfer between the phases.
When high moisture content and high compatibilizer content were combined (Figure
3.7.c-d) both good and poor adhesion occurred in the composites. Examples for fiber
breakage and pull out can also be found.
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3.1.3. The water sorption characteristics of the composites and their effect on the
mechanical properties
In this chapter, water sorption kinetics of the flax-PP composites was investigated.
Three point bending and impact tests were performed after 740 hours of soaking in
water.
3.1.3.1. Moisture absorption, maximum water uptake
Injection moulded test specimens were stored in distilled water at room temperature for
740 hours. The weight increase was monitored during this test period. The results are
presented as a function of the preparation conditions of the composite. Figure 3.8 shows
the water uptake of composites containing flax fibers with different moisture contents as
a function of time.
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After the 740 hours immersion time in distilled water, the moisture absorption of the
pure polypropylene was practically zero. Curves of the flax-PP composites have similar
characteristics in all cases. The moisture content of the fibers had no significant effect
on water uptake. The water absorption level of composites decreased by increasing the
PPgMA content. In case of composites with higher “original moisture content”
(conditioned on higher RH before compoundation), the differences between the curves
are smaller, the order can be changed. After immersing the composites in distilled water
for 30 days, the specimens did not reach saturation.
The water uptake is due to the hydrophilic nature of cellulose, and also due to the
capillary effect when fiber-ends are exposed to water. In many studies the water uptake
was measured on cellulosic fiber reinforced composite samples cut from sheets, when
the capillary effect of the free fiber-ends has a leading role in the water uptake. In the
present work, because of the injection-moulded samples, lower weight increase was
measured then in other studies.
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The maximal water uptake of composites after soaking in water for 740 hours is
shown in Figure 3.9. When no, or only a small amount of PPgMA was applied, a
decreasing trend in the water uptake values were found by increasing the relative
humidity (at which the fibers were conditioned before melt mixing). It means that
composites made of flax fibers with higher moisture content picked up less water during
the test period.
By increasing the amount of PPgMA, the maximum water uptake decreased. The
composites containing 7 % of compatibilizer and fibers conditioned at lower relative
humidities, absorbed by 30-40 % less water, and composites with the same amount of
additive and fibers with higher moisture content, by 20-25 % less water (compared to
the water absorption of composites made without additive). At higher PPgMA content
nearly the same maximum water uptake was found at every relative humidity. At higher
RH’s, the compatibilizer seemed to be more effective, higher decrease of water uptake
was observed related to that of uncompatibilized composites.
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3.1.3.2. Diffusivity
The water uptake curves can be described satisfactorily by a Fick-type equation (Ch.1).
There is a linear correlation between the water uptake of the composites and the square
root of time (Figure 3.10.).
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Since no “saturation“ was achieved, the water uptake was related to “dry weight“ M0.
The rate of water absorption of the composites can be characterised by the parameter K:

Mt − M0
100 = K t ,
M0

(2.)

where K is the water uptake rate parameter including the diffusion coefficient and other,
geometrical constants. The change of water uptake rate parameter K as a function of
the preparation conditions of the composite (relative humidity and amount of applied
PPgMA) can be seen in Figure 3.11.
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Figure 3.11. Water uptake rate parameter K as a function of relative humidity (≈
moisture content of fiber) and the amount of PPgMA, in flax (20 wt%)PP composites
Diffusivities of the composites produced from fibers with lower moisture content are
higher. It means, that these composites pick up water quicker than those made of “wet
fibers” (with 11.5 and 26.73% moisture content). This effect is stronger, when no or
only a small amount of PPgMA was added.
The water uptake rate parameter K decreased by about 15% in case of uncompatibilized
composite samples containing flax fibers conditioned at higher relative humidity. As it
was found in the literature (Chapter 1.2.3), the use of maleic anhydride modified PP as
a compatibilizer for improving the interfacial bond lowered the rate of water uptake,
significantly. The greater the amount of applied Polybond, the smaller the K parameter.
At the highest PPgMA content 25, 32, 21 and 21% decrease was found in the K value
for the samples with increasing moisture contents, respectively. In case of higher
additive contents, only a weak effect of moisture content can be observed, the
differences between the samples containing flax fibers with different moisture content
level off.
3.1.3.3. Three-point bending of the wet composites
A drop was observed in the three point bending properties (Young’s modulus, ultimate
bending stress, flexural strength) for all wet samples related them to the values of “dry”
composites.
The bending modulus measured in dry (before wetting) and wet (after 31 days
immersing) state is shown in Figure 3.12. For detailed evaluation of results in dry state
see Chapter 3.1.1.2.
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At testing the samples after immersing them into distilled water for 30 days, lower
values were found. In case of the lowest and the highest relative humidities a decrease
of 8-15%, in case of medium relative humidities a decrease of 15-22 % was observed in
the Young’s modulus, as compared to the results measured in dry state.
As a function of the moisture content the modulus passed through a minimum. This
effect is stronger at PPgMA contents of 1 and 3%, where a higher modulus by 11-12%
was found at the lowest and highest RH, than in case of composites containing fibers
conditioned to 43.2% and 75.3% relative humidity.
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The limit bending stress values – calculated from the stress-strain curve at 10%
deflection – can be seen in dry and wet state in Figure 3.13. For detailed evaluation of
results in the dry state see Chapter 3.1.1.2.

38

36

34
32

7

38
36
34
7
5

32
3

5
3

30
11,3

1
43,2

75,3

Relative humidity [%]

Figure 3.13.

0
97,3

Polybond content
[%]

1

30
11,3

43,2

Polybond content
[%]

0
75,3

Relative humidity [%]

97,3

Limit bending stress in dry (left) and in wet (right) state as a function of
relative humidity (≈ moisture content of fiber) and the amount of
PPgMA applied, in flax (20 wt%)-PP composites

Results and discussion: Influence of water on properties of flax-PP composites

46

In wet state, lower limit bending stress values were measured than in dry state. The
tendencies are similar as it was found for the Young’s modulus. The higher the limit
bending stress measured in dry state, the greater is the decrease. The highest decrease
(10-15%) –related to the dry results– was found at 43.2% and 75.5% RH.
The stress passed through a minimum as a function of relative humidity: the best results
were found at the lowest and highest RH’s. For the uncompatibilized composites, by 49% higher values were measured at 97.3% and 11.3% RH, than at 43.2% and 75.3%
RH. At higher (5-7%) additive content no significant differences were found in the
values as a function of the moisture content of fibers.
The strength increased by increasing the PPgMA content. A maximum improvement of
8-12% was achieved.
3.1.3.4. Izod impact strength of the wet composites
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The impact strength values of composites measured in dry and wet state can be seen in
Figure 3.14. For detailed evaluation of the results in the dry state see Chapter 3.1.1.3.
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Similar tendencies were found also in dry and wet state, but in case of wet samples the
differences are lower between the composites made of fibers with higher and lower
moisture content. The results of testing in wet state show a slight decrease (5%) for
most of the strength values at 43% and 75% RH’s, and a slight increase (5%) for most
of the impact strength values of composites from fibers conditioned at 11% and 97%
relative humidities.
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3.1.4. Conclusion
Flax fibers – whose moisture content changed in a wide interval -, polypropylene, and
PPgMA were mixed, and the composite samples – injection moulded from granules –
have been tested in dry and also in wet state. The sorption characteristics of the
composites were investigated, too.
An increase in the moisture content of fibers had a negative effect on most properties
when no additive was used, especially the Young`s modulus –calculated from tensile
test- decreased dramatically, while some characteristics were practically not affected
(ie. tensile strength and flexural modulus).
By adding PPgMA, most of the properties improved, while the impact strength
decreased.
By adding higher amount of an additive, a larger increase in the Young`s modulus was
found for composite samples made from “dry” fibers than in case of specimens from
“wet” fibers. The impact strength showed a decreasing tendency, which was more
definite for composites from fibers conditioned at higher RH’s before compoundation,
at maximum additive the effects were equalized. Indicating the negative effect of
moisture content, tensile strength of composites from the wettest fibers could be
improved only by using high amount of PPgMA.
Moisture content of the fibers had only a slight effect on the water uptake of composite,
while the sorption level decreased with increasing the PPgMA content. Composites
prepared from “wet” fibers have lower water uptake rate parameters, so the water
uptake was slower than those made of “dry” fibers. By increasing the PPgMA additive
content, the rate of water uptake decreased, and at higher PPgMA content the
differences levelled off.
In the wet state, lower flexural properties were found, this effect was slighter at
composites from the most and less wetted fibers, while the impact strength of these
composites slightly increased.
From the results discussed above, PPgMA seems to be less effective by using “wet”
fibers than in case of composites from “dry” fibers. We assume that some of the
anhydride groups react not with the cellulose, but with the OH groups of water.
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3.2. DEVELOPMENT OF NATURAL FIBER REINFORCED COMPOSITES
FOR INDUSTRIAL APPLICATION
The intention of this part of the work was to develop natural fiber reinforced composites
with appropriate mechanical properties to be applied as an interior part element in the
automotive industry. Another aspect was to produce an inexpensive material with the
same or higher quality to substitute the composite used recently.
3.2.1. Cotton, hemp, flax fiber reinforced composites
Recycled polypropylene (HB3065) (recollected bottle cups of soft drink bottles) and –
in order to investigate the effect of lower viscosity – an original homopolymer (H116F)
were applied as thermoplastic polymer matrices. Cotton, hemp, and flax fibers were
applied as reinforcement of the composites, and maleic anhydride grafted polypropylene
was used.
3.2.1.1. Effect of the fiber content
In the first part of the study cotton, hemp, and flax fibers (8, 16, 25 wt% fiber content)
were mixed with two different type of polypropylene in a twin screw extruder.
Preparation of composites has been described in Chapter 2.2. The effect of the fiber
content was investigated on tensile, three point bending, and impact properties.
Tensile strength of the two types PP and the composites can be seen in Figure 3.15.
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Reinforcing the polymer resin had only a slight effect on H116F-PP (Figure 3.17.a), by
increasing the fiber content, an increase of about 5-10% was found.
The tensile strength of recycled PP (HB 3065) based composites decreased as related to
the matrix material. Hemp and flax fiber reinforcement resulted in about 15-20%
decrease, cotton-PP composites showed a worsening by about 5%. Increasing the fiber
content from 8% to 25% resulted in only a slight drop (10%) in the tensile strength.

Results and discussion: Development of NFRC for industrial application

49

As it was established, there is little difference in the tensile strength of uncoupled
composites as compared with pure PP, irrespective of the amount of the fiber present.
This suggests that there is only a little stress transfer from the matrix to the fibers due to
the incompatibility between the different surface properties of the polar fibers and the
non-polar PP.
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The degree of the effectiveness of reinforcement obtained by introducing flax fibers into
polypropylene matrix can be characterized by the Young’s modulus of the composite
material (Figure 3.16). In case of H116F-PP based composites, the modulus increases
as the concentration of fibers in the composite material increases. As it can be seen in
Figure 3.16. a, the addition of flax fibers of 25 wt% results in a modulus that is about
twice larger than the values measured for PP.
Reinforcing HB3065-PP with cellulosic fibers shows the same tendency (Figure 3.16.
b), the improvement depends also on the fiber concentration, since the modulus for all
fiber types tested here increases by increasing the fiber concentration. The improvement
in the modulus is smaller than in case of the other matrix, the highest improvement
(150%) was found also at the maximal flax fiber content.
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To qualify the composite materials, bending properties were also investigated. The
effect of reinforcing the polypropylene with cotton, hemp and flax fibers on the limit
bending stress can be seen in Figures 3.17. a and b.
In accordance with expectation, a large improvement was found in the limit bending
stress results in either case. Applying 8% of reinforcement, about 50% improvement
was achieved in H116F-PP based composites. Increasing the fiber content further
increased the stress by 70% at 16wt% fiber content, and by 80% at maximum (25 wt%)
fiber loading, as compared to the results of pure PP. Best results were observed in
composites with the highest amount of hemp or flax fibers.
By increasing the fiber content similar tendencies were observed for recycled PP based
composites, but the limit bending stress values were lower. 18-32-50% improvements
were found in the bending properties in each case by using 8, 16, 25 wt% of the fibers,
respectively. Best results were found for composites having the highest fiber content.
The bending modulus of the composites calculated from the three point bending test
can be seen in Figure 3.18. a and b.
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Similarly to the other properties, H116F-PP based composites showed better results
than reinforcing the other PP. Results of composites with the lowest fiber content
showed only an improvement of 10% related to the modulus of pure PP, while 25%
hemp or flax fiber reinforcement provided 65% improvement in the Young’s modulus.
Reinforcing the recycled PP had a stronger effect on the modulus: by applying 8, 16,
25% hemp fibers, improvements of 20, 65, 80% were obtained, respectively. After
incorporating flax fibers in HB 3065-PP matrix, a significant increase was found, by
increasing the fiber content, 25, 60, 105% higher Young’s moduli – related to the matrix
material – were achieved, respectively.
The monotonic increase in the elastic modulus indicates that for small deformations of
the composite, the cellulose fibers act as real reinforcement for polypropylene.
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The impact strength of the composites are shown in Figure 3.19.
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The results measured on recycled PP based composites were about twice as high as for
other PP composites. The best results were found for cotton and flax fiber reinforced
composites.
The impact strength of H116F-PP increased by 32-34% in case of 8% cotton or flax
fibers, and by 22% by reinforcing with hemp. Further increase in the fiber loading
resulted no significant changes in the impact character.
By using HB3065-PP as a matrix material and 8 wt% cotton or flax fibers as
reinforcement, the impact strength increased by 25%. Adding higher amounts of
reinforcement decreases of 15-17% were observed (related to the 8 wt%). The greatest
drop was found for the 25% hemp-PP composites, 30% lower impact strength was
measured than on PP, and 24% lower than on 8% hemp-PP composites.
Preparation of the cellulosic fiber reinforced PP materials presented in the first part of
this chapter was the first step of a research work for developing a composite material for
the automotive industry. As it was mentioned earlier, the final aim of this work is to
produce an inexpensive material with the same or higher quality than composites used
in the Hungarian automotive industry presently. Figures 3.20.-3.22. show a comparison
of the mechanical properties of the cellulosic fiber reinforced composites developed in
this Thesis to a composite raw material of an interior door element used in automotives.
The reference composite material (RC) is represented always by the regular pentagon in
the background on these Figures.
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Using cotton fibers in the H116F polypropylene matrix, 25% better tensile properties
can be achieved (Figure 3.20. a). Use of recycled polymer matrix in the composites
resulted 25% higher values in the tensile strength, and 80% higher values in the impact
strength (at 16%, 25% cotton), as it can be seen in the Figure 3.20.b.
The mechanical properties of the hemp fiber reinforced composites are shown in
Figure 3.21. a and Figure 3.21. b.
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By increasing the fiber content of composites better mechanical properties were
obtained. In case of H116F-PP based composites a hemp fiber content of 25% –with
the exception of the impact strength and creep modulus− the same or better properties
could be achieved than those of the reference material. Using recycled PP as matrix,
most of the mechanical properties worsened, and only the impact strength was improved
significantly as related to the reference composite material.
The best properties could be achieved by reinforcing the polypropylene with flax fibers
(see Figure 3.22).
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Similarly to other composites, increasing the fiber content of the composites resulted in
a distinct improvement in the mechanical properties. All the desired properties could not
be reached. In case of 25% flax fiber reinforcement only the impact strength of H116FPP based composite was “below the line”.
It can be clearly seen from the results presented above that the desired mechanical
properties could not been achieved only by changing the fiber content of composites.
3.2.1.2. The effect of PPgMA on the mechanical properties
It is known from the literature (see in Chapter 1.) that there is no proper adhesion
between the hydrophilic cellulosic fibers and the hydrophobic thermoplastic matrix. It is
also known that a high viscosity of the matrix in the preparation of the composite
hinders the proper wetting of the fiber and, therefore, results in a poor fiber-matrix
interaction. Obtaining a homogeneous fiber distribution could be also considered as a
problem, when dealing with short-fiber composites. As it was mentioned earlier, fiber
surface conditioning, and the application of a compatibilizing agent play major roles not
only in getting stronger adhesion at the fiber-matrix interface, but also in getting a better
dispersion.
Maleic anhydride grafted polypropylene was used as a coupling agent in hemp and flax
fiber reinforced composites in order to achieve strong interfacial adhesion, and hence,
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better mechanical properties. The effects of 5% additive on the main mechanical
parameters of 25wt% fiber reinforced systems were also investigated (Figure 3.23).
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The use of a coupling agent resulted in a slight increase in the bending properties, in the
Young’s modulus calculated from the tensile test, and in the impact strength of hemp
fiber reinforced H116F-PP composites, as related to the uncompatibilized system.
A minimum increase was found in the Young’s modulus from the tensile test, and in the
impact strength. Larger improvement was observed in limit bending stress, Young’s
modulus (bending), and tensile strength (up to 180% related to the reference composite
material).
By using PPgMA, a slight increase was found in the tensile strength of both flax fiber
and hemp fiber reinforced composites, but the results were still poorer than those of the
reference composite material.
PPgMA had a negative effect on the impact strength, but all the other properties of the
cellulosic fiber reinforced HB3065-PP composites were improved (Figure 3.24.).
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HB3065-PP (recycled) based composites without and with 5 wt%
PPgMA
(σF: limit bending stress, EF: flexural modulus, σB: tensile strength, E:
tensile modulus, ai: Izod notched impact strength)

At comparing the composites’ properties to those of the RC material, it can be seen that
all the desired values can be achieved only in case of the flax fiber reinforced HB3065PP composites.
In the last series of experiments presented in this Chapter, the effect of the amount of
PPgMA was investigated. The mechanical properties related to those of
uncompatibilized composite are presented in Figures 3.25.-3.28.
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Figure 3.25.

Tensile properties of HB3065-PP (recycled) and flax fiber (25 wt%)
reinforced composites by using 0, 1, 3, 5 wt% of PPgMA

By reinforcing the polypropylene with flax fibers, about 13% worsening was found in
tensile strength (Figure 3.25.). The tensile strength increased at increasing the PPgMA
content. Increase in the PPgMA content resulted in a greater increase in tensile strength.
Best result was obtained by using 5% of the additive (27% of improvement related to
the uncompatibilized composite).
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No significant effect of the additive was found on Young’s modulus. At lower (1-3%)
additive content in the composites, a slight increase (4-5%), while at using 5% of
PPgMA, a decrease of about 6% were measured.
The limit bending stress increased by 12% when 1% additive was added (Figure
3.26.). Further improvement (20%, related to the uncompatibilized composite) was
obtained by using 5% of PPgMA.
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Figure 3.26.

Three point bending properties of HB3065-PP (recycled) and flax
fiber(25 wt%) reinforced composites by using 0, 1, 3, 5 wt% of PPgMA

The application of 1 wt% and 5 wt% of the coupling agent by weight had no noticeable
effect on the Young’s modulus, calculated from the stress-strain curve of the three
point bending test.
150

[%]

125
100
75
50
25
0
PP

0

1

3

5

PPgMA content in the composite [wt%]

Figure 3.27. Izod impact strength of HB3065-PP (recycled) and flax fiber(25 wt%)
reinforced composites by using 0, 1, 3, 5 wt% of PPgMA
Adding 1% and 3% of PPgMA to the composite, the impact strength (Figure 3.27)
increased by 11% related to the composite without additive. The highest quantity (5%)
of PPgMA resulted in a great decrease (36%) in impact strength, related to the
uncompatibilized composites, being much lower than that of pure PP.
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3.2.2. Talc / chalk filled, flax fiber reinforced PP composites
In this Chapter the effect of talc and chalk filler, and the effect of the matrix material (a
homopolymer (H681F) and a copolymer (K593) polypropylene) on the mechanical
properties of flax-filler-PP terner system were investigated.
3.2.2.1. Effect of chalk and talc filler
Flax fibers (26 wt%), polypropylene (H681F), maleic anhydride grafted polypropylene
coupling agent (3 wt%) and the fillers in different amounts (3, 4.5, 6, 7.5 wt%) were
mixed in a twin-screw extruder (preparation of the composites described in Ch. 2.2).
The results of tensile, three point bending and Izod-type (notched) impact tests are
shown in diagrams, in order to compare the mechanical properties of PP, chalk filled
and talc filled flax fiber reinforced composites.
In Figure 3.28 the tensile strength of PP and the composite materials can be seen. By
mixing the polypropylene with flax fibers and PPgMA, the tensile strength of the
composite decreased by 15%, as related to the virgin PP. By adding talc filler to the
system, a slight improvement could be achieved. At maximum talc content a 25 %
increase was achieved, thus obtaining a higher tensile strength than that of pure PP.
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Figure 3.28.

Tensile strength of the talc-, chalk filled flax fiber reinforced H681F-PP
composites (Flax content: 26 wt%, PPgMA: 3 wt% )

Chalk filler had a slight negative effect on the tensile strength of the composite.
Increasing the filler content in the composite, the strength decreased by maximum 14%.
By reinforcing the PP with flax fibers without using any filler the Young’s modulus
(Figure 3.29.) increased significantly (30%).
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Figure 3.29. Young’s modulus of the talc-, chalk filled flax fiber reinforced H681F-PP
composites (Flax content: 26 wt%, PPgMA: 3 wt% )
By adding fillers to the composite further improvement could be achieved. By using
6wt% of talc in the flax-PP composite, a slight improvement (9%) was measured,
application of chalk filler resulted in a maximum improvement of 25% related to the
unfilled composite.
As expected elongation at break (see Figure 3.30) in the flax-PP composite showed a
strong decrease (70%) as related to the virgin PP.
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Figure 3.30

Elongation at break of talc-, chalk filled flax fiber reinforced H681FPP composites (Flax content: 26 wt%, PPgMA: 3 wt% )

By increasing the talc filler content, a further decrease of elongation at break could be
observed. Results for chalk-filled composites showed similar tendencies by increasing
the filler content, and nearly the same values were measured.
Limit bending stress values of composites calculated from the stress-strain curve of
three point bending test can be seen in Figure 3.31.
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Figure 3.31.

Limit bending stress of the filled flax fiber reinforced H681F PP
composites (Flax content: 26 wt%, PPgMA: 3 wt% )

At testing the unfilled flax fiber reinforced PP composite, by 8% higher strength was
found than for virgin PP. By increasing the chalk content of the composite, no
significant changes were measured in the limit bending stress. By using talc filler, an
improving tendency of the property was found. The maximum value of the limit
bending stress was measured at 6% filler content (13 % increase related to the unfilled
system).
A significant increase (by 47%) in the Young’s modulus from bending tests could be
observed due to the incorporation of flax fibers into PP (Figure 3.32.).
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Figure 3.32.

Flexural modulus of the H681F-PP and the talc-, chalk-filled flax fiber
reinforced composites (Flax content: 26 wt%, PPgMA: 3 wt%)
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Filling with talc results in a further increase of modulus, being the maximum of 26% for
the highest amount of the filler. Mixing chalk to the flax-PP composite resulted in no
significant changes, and showed by 17-20% lower values than the talc filled composites.
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Figure 3.33.

Impact strength of the H681F-PP and the talc-, chalk filled flax fiber
reinforced composites (Flax content: 26 wt%, PPgMA: 3 wt% )

The impact strength values of unfilled polypropylene and talc-, chalk filled flax-PP
composites can be seen in Figure 3.33. As in most of the cases, fiber reinforcement has
a positive effect on the impact strength. The impact strength of the unfilled composite
was by 23% higher than that of pure PP.
At adding talc into the flax-PP composite, the impact strength decreased, a maximum
worsening of 19% was measured at a filler content of 6%. The impact strength of chalkfilled composites was practically not affected by the amount of filler.
4.2.2.2. Effect of changing the matrix of talc filled, flax reinforced PP composites
The matrix −mixture of a hompolymer and a copolymer polypropylene in different
ratios− was reinforced with a flax fiber, the PPgMA coupling agent and talc filler was
also added to the system. Tensile, three point bending, and impact properties were
tested. The results are shown in Figures 3.34.-3.37. The compositions of the composites
prepared in this chapter are summarised in Table 3.1.
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K593

H681F ratio
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[%]
0
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50
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Table 3.1
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Talc
filler

PPgMA

H681F

Flax
fiber

[wt%]
0
16.25
32.5
48.75
65

[wt%]
26
26
26
26
26

[wt%]
6
6
6
6
6

[wt%]
3
3
3
3
3

[wt%]
65
48.75
32.5
16.25
0

Composition of the composites prepared

The tensile strength of the composites increased progressively when a higher ratio of
homopolymer PP was used (Figure 3.34). Using H681F PP as matrix alone, the strength
was by 40% higher than using only K593 PP.
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Figure 3.34

Tensile strength and Young’s modulus of the K593/H681F-PP talc
filled (6wt%), flax fiber (26wt%) reinforced compatibilized (PPgMA:
3wt%) composites

Young’s modulus went through a minimum by increasing the homopolymer PP content
in the composite. As in case of the tensile strength, the highest value was measured for
using only H681F-PP as matrix.
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Figure 3.35

Elongation at break of the K593/H681F-PP talc filled (6wt%), flax fiber
(26wt%) reinforced compatibilized (PPgMA:3wt%) composites

No significant differences were found in the elongation at break (see Figure 3.35.)
values of the composites.
The course of flexural strength − calculated from the maximum force registered on the
stress-strain curve of the three point bending test − is similar to that of tensile strength
(Figure 3.36.). Increasing the homopolymer content resulted in higher values. The
flexural strength of the composite is by 36% higher in case of using the homopolymer
instead of the copolymer.
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Figure 3.36. Flexural strength and modulus of the talc filled (6wt%), flax fiber
(26wt%) reinforced, compatibilized (PPgMA:3wt%) K593/H681F-PP
composites
Nearly the same Young’s moduli (bending) were found by testing the composites
containing only homopolymers, or both kinds of PP’s in different ratios. The best result
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was measured for the H681PP-flax fiber composites (16% better than on K593 PP-flax
composites).
Best results of tensile and three point bending tests were obtained for the composite
containing only H681PP as matrix material. The impact strength and creep modulus
values as a function of the H681F-PP ratio showed an opposite trend than the other
properties (Figure 3.37).
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Figure 3.37.

Impact strength of the talc filled flax fiber reinforced composites
K593/H681F-PP

By increasing the H681-PP content in the composites the impact strength decreased.
The maximum decrease (23%) was measured at testing the composite containing only
H681-PP.
3.2.3. Pilot-scale production
Several investigations were carried out by using natural fiber reinforcements (flax,
hemp, cotton), and different type of polypropylenes, and their combinations as matrix
material. PPgMA coupling agent was also added. A greater amount (150 kg) of
composite material was compounded in PEMÜ (Zsámbék), and further processing was
carried out in the plant of Pannunion Co., Szombathely. Although the injection moulded
specimens of the composite (25wt% flax, 1wt% PPgMA, 1:1 rec.PP:H116F PP) showed
superior mechanical performances compared with the reference composite material, the
properties of the extruded sheets (size of 550×1650×2) did not reached the desired
performances. The reference composite was 2 mm thick extruded sheet, made of
cellulosic fiber reinforced PP, and used actually as door-panel base in the SUZUKI cars
made in Hungary.
As a next step flax fiber reinforced composite were produced in the same combination
(25 wt% flax combined with PP), but using 3 wt% PPgMA additive. Thus better
mechanical parameters were achieved, but the bending properties were still lower than
those of reference material.
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To improve rigidity of extruded sheets talc filler was added to the composite. The
mechanical properties of two different compositions and of the reference material are
compared in Table 3.2.
Test
methods
Tensile

Three
point
bending
Impact
test
Table 3.2

Mechanical
properties

Reference
composite
material
Parallel Perpend.
17
σmax [MPa] 21
ε [%]
E [MPa]
1000
800
37
30
σF [MPa]

Composite-A

Composite-B

Parallel
35
2.9
1533
62

Perpend.
27
2.7
1373
46

Parallel
35
3
1508
65

Perpend.
26
2.9
1337
47

EF [MPa]

2790

2344

4793

3353

5106

3215

ai [J/m2]

6584

4781

4407

3854

4407

3854

Mechanical properties of the extruded sheets, and of the reference
composite material in parallel and in perpendicular position to the
direction of extrusion
A: 23.8 wt% flax, 3 wt% PPgMA, 7.6 wt% talc, H681F PP
B: 21.7 wt% flax, 3 wt% PPgMA, 6.9 wt% talc, H681F PP

It is clearly seen from the results presented in the table above that both our Composite A
and B are showing higher tensile and flexural strength than the reference material,
having an acceptable impact strength and good thermoformability.
Based on the results of our laboratory experiments, on the experience of pilot scale
productions, and taking into consideration the difference of mechanical properties of
injection moulded and extruded specimens, the following combination was found to be
the best from the point of view of the technological and mechanical performance
requirements:
26 wt% flax fiber – 3 wt% PPgMA – 5 wt% talc –
16.5 wt% H116F PP – 49.5 wt% K593 PP.
The pilot-scale sheet production of the final combination in 300 kg quantity was carried
out at the plant of Pannunion Co., Szombathely. The composite compound is further
processable by injection moulding or by extrusion.
The extruded sheets showed excellent thermoformability. As a model product, an
internal door panel of automotives was developed (see Picture 3.1.).
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Door panel from a flax fiber reinforced composite –developed in this
research work- produced by thermoforming

The production steps were as follows:
− composite preparation from PP, flax fibers and additives,
− sheet extrusion,
− thermoforming and layering with PVC foam in the same step.
3.2.4. Conclusion
The final aim of the research – results summarised in Chapter 3.2. - was to develop a
composite material to be used in the automotive industry as interior components. The
requirements were as follows:
− the mechanical properties have to be the same or superior,
− it must be cheaper than the material used recently.
Recycled polypropylene and original homopolymer were used as matrix; flax, hemp,
and cotton fibers as reinforcement; additives (PPgMA, mineral fillers) were also added.
By increasing the fiber content and using no additives, better mechanical properties
could be achieved in most cases, but the tensile strength - as it was expected decreased. Using 5% PPgMA as compatibilizer, superior mechanical characteristics
were found -related to the uncompatibilized composites-, but some properties (tensile
modulus and impact strength) could be lower. According to the results and comparison
with other commercial products, flax reinforced recycled PP having small amount of
PPgMA was selected for further experiments.
Chalk and talc fillers were added to the compositions to improve rigidity, i.e. the
modulus. The best results were found at composites with the highest amount (6%) of
talc, especially in case of the flexural modulus. Using chalk filler, improvement only in
the Young`s modulus (tensile) could be achieved.
The pilot-scale production of the final composite material –developed in this research–
was successful. The composite made from PP, flax fibers and additives (talc, PPgMA) is
further processable by injection moulding or by extrusion. The extruded sheets showed
excellent thermoformability. As a model product, internal door panels for automobiles
were produced.
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In this Chapter, the potential of “upcycling” (upgrading recycling) was investigatied by
producing composites from waste materials, and the efficiency of reactive
compatibilization using radiation treatment on the reinforcing fibers was studied.
A recycled polypropylene (Cosmoplene WPY 5273 C, MFI= 12.1 g/600s at 2.16 kg and
230 ºC) was selected as thermoplastic polymer matrix, serving originally as car
bumpers. Waste fibers from the textile industry, chopped (3 mm) polyacrylonitrile
(PAN), viscose cord, hemp-viscose mixed (75:25) fibers, and chopped (3 mm)
glassfiber were applied as reinforcement.
Different treatments were used on the fiber surfaces before compounding. A mixture of
epoxy acrylate (EA) and tripropyleneglycol diacrylate (TPGDA) was added as reactive
additive (RA) in an amount of 1% by weight based on the total weight of composite.
The reactive additive dissolved in acetone was sprayed on the “dry-blend” of the
composite ingredients. RA was applied alone (RA), in presence of 1.5 % benzoyl
peroxide (LUCIDOL CA-50) (50 %) (RA+Inic.), and applied together with a moderate
(10 kGy) EB dose (RA+EB). For comparison, control treatment of an equal dose EB
was applied (EB). The EB source, an ELECTROCURTAIN (Energy Sciences, U.S.A)
was set to 175 kV and 10 mA maximum current.
The ingredients at a mass ratio of 30% (fiber)/70%(matrix) were compounded in a twin
screw extruder, the test specimens were cut from press-moulded sheets prepared from
composite granules (see Ch. 2).
To qualify the melt flow index of the composites, three point bending and Charpy
impact tests (unnoched) were carried out. The role of the quality of the interface layer
between the fibrous reinforcement and the PP matrix was measured by Electron
Spectroscopy for Chemical Analysis of ESCASCOPE 300, made by Vacuum
Generators, England.
3.3.1. Melt flow characteristics of composites
Applying surface treatment on the fibers with oligomer-type reactive additives with and
without EB-“activation”, a certain “lubrication” effect was expected on the interface
between the matrix and fibers. Such a benefit was clearly demonstrated in some earlier
studies by Czvikovszky [11, 63, 64], applying similar treatment on wood-fiber PPcomposites. In those cases, the drastic decrease in the MFI was inhibited and
compensated by applying 1% RA on the wood-fiber before mixing it with PP.
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As shown in Figure 3.38, the effect of RA and EB applied alone or together was not
really significant on the Melt Flow Index (MFI) of composites. On the other side, 30%
chopped (~ 5 mm long) commercial glass fiber (E-glass) having probably a favourable
sizing reduced the melt flow index of PP only by 20% at the given conditions.
3.3.2. Mechanical properties
In this Chapter the effects of different fiber surface treatments on the mechanical
properties of the composites were investigated. Three point bending test and Charpy
impact tests were carried out.
The bending modulus and limit bending stress (at 10% deflection) were calculated from
the stress-strain curve to qualify the composites, and the efficiency of different surface
treatments.
Figure 3.39. presents the results concerning Young’s modulus. The modulus of PPviscose cord composites are high (closely twice as high as that of PP), but the EB
treatment showed only benefit for the glass-fiber reinforced PP.
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Figure 3.39. Young’s modulus (Bending) of PP and its composites, fiber content: 30
wt%
Figure 3.40. shows that a good connection exists between fiber and matrix, since the
flexural strength of the PP-viscose cord composite is significantly higher than that of
pure PP. The MFI results also confirm this assumption. On the other hand, EB resulted
in a real benefit – similarly to Young’s modulus – for the PP-glass fiber.
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Limit bending stress of PP and its composites, fiber content: 30 wt%

Figure 3.41. shows the impact strength of the composites. There is no data for PP, and
RA treated glass-PP composite, because the polymer test-pieces were not breaking (they
were overbending) during the impact test.
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Figure 3.41. Charpy impact strength of PP and its composites, fiber content: 30 wt%
Best results were obtained for the PP-viscose cord, but no significant effect of surface
treatments with RA or EB, together or separately, were observed. There is no data for
EB-treated viscose cord reinforced composites, because of the high standard deviation
of the results.
3.3.3. ESCA surface analysis of fibers extracted from PP composites
X-ray Photoelectron Spectroscopy (Ch. 2.) was applied for examining the surface of
PAN and viscose fibers extracted from PP composites, as well as of original fibers.
Table 3.3. shows the data of trace elements of Ca, Mg, and Si on the surface of fibers
after dissolving PP from the composite with hot xylene.
The surface “contamination” of fibers by trace elements (Ca, Mg, Si) showed greater
differences than the surface concentrations of basic elements (C, O, N). The original
“unused” fibers did not contain trace elements. On the other hand, there are strong
differences in trace element concentrations measured on the “plain” extracted fiber
(extracted from uncompatibilized composite), and on the “treated and extracted” fibers.
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Atomic%
Original PAN-fiber
Extr. PAN-fiber
Extr. PAN(RA)-f.
Extr. PAN(RA/EB)-f.
Extr. PAN(RA/Inic)f.
Extr. PAN(EB)-f.
Original viscose fiber
Extr. viscose f.
Extr. viscose(RA) f.
Extr. viscose(RA/EB)
f.
Extr. viscose(EB) f.
Table 3.3.
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C

O

N

Zn

Ca

Mg

Si

82.20
62.78
60.55
58.97
55.68

8.02
16.57
19.16
19.92
19.92

9.24
10.46
6.69
8.16
9.93

-

1.43
1.69
1.76
2.19

4.22
6.02
5.09
5.32

4.53
5.90
6.10
6.96

55.97
75.82
38.66
53.05
68.60

19.10
23.06
39.01
31.54
23.29

10.31
-

0.11
0.40
0.00
0.06

2.16
3.25
2.21
1.25

5.87
9.85
5.74
2.41

6.60
0.92
8.83
7.45
4.40

51.04

39.41

-

0.42

1.20

4.42

3.52

ESCA test of reinforcing fibers after dissolving the PP matrix

Figure 3.42. shows the mechanical properties of PAN-fiber reinforced composites and
the sum of trace elements detected on extracted PAN-fiber surfaces. The mechanical
properties of the composites and the sum of Si, Mg, and Si contamination related to the
untreated fibers are presented in the same diagram.
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Figure 3.42. Sum of Ca, Mg, and Si, (atomic %) trace elements detected by ESCA as
related to that of untreated, extracted PAN- fiber, and the mechanical
properties of treated PAN- fiber reinforced composites related to that of
untreated fiber reinforced composite
The changes in bending modulus of PAN fiber reinforced composites, treated by EB,
RA+Inic. and RA+EB follow basically the sum of the amounts of Ca, Mg, and Si, as is
shown above.
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Figure 3.43. Sum of Ca, Mg, and Si, (atomic %) trace elements detected by ESCA
related to that of untreated, extracted viscose fiber, and the mechanical
properties of the treated viscose fiber reinforced composites as related to
that of untreated fiber reinforced composite
Results for viscose cord fiber can be seen in Figure 3.43. There is an opposite changing
can be seen between the results of ESCA and the bending properties. The impact
strength of RA, RA+EB and EB treated viscose fiber reinforced composites as related to
that of untreated composites showed a slightly similar trend as the trace element
contamination detected on the surface of the extracted fibers related to that of untreated
samples.
3.3.4. Conclusion
Recollected automobile bumpers made of polypropylene copolymer were reinforced
during reprocessing with four different types of fiber. A thin layer reactive additive of
acrylic oligomers was applied on PAN, viscose cord, hemp-viscose, and glass fibers,
and activated by low energy (175 keV) electron beam (EB).
The upcycling (upgrading recycling) resulted in a series of extrudable and injection
mouldable, fiber-reinforced thermoplastic materials of enhanced bending strength,
increased modulus of elasticity and acceptable impact strength. The reactive
compatibilization showed a real benefit only in case of the glass fiber.
Although the differences are not extremely large, the ESCA test demonstrated that
fibers extracted from PP composites contain several elements on their surface which
were not present originally on the fibers. Those elements may originate from the
catalyst residues from PP, or the rest of the talc filled commercial car bumper
compound.
According to our observation there is an interaction between the treated PAN-fibers and
the PP matrix. The 20–50% increase in the surface concentration of trace elements
originating probably from the PP matrix on the fibers clearly demonstrates this.
Reactive additive and various treatments promote the cooperation between the fibers
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and the PP matrix. The method of initiation plays a secondary role in activating the
acrylic type oligomer. Thermal activation during extrusion may also perform this
function.
Comparing the present data with other results in the literature [11, 63, 64] concerning
compatibilizers acting purely chemically, the radiation technique does not seem to be
efficient in these cases.
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4. SUMMARY, NEW SCIENTIFIC RESULTS
In the last chapter the results of research work are summerized and application
possibilities of the developed flax fiber reinforced composite materials are presented. In
the third part, the new scientific results of Ph.D. study are given, and at last, some
unsolved problem will be introduced as possible aims of further investigations.

4.1. SUMMARY OF RESEARCH WORK
In recent years, polymer composites using cellulosic fibers, such as flax, hemp, jute, etc.
have received increasing attention in the light of growing environmental awareness. The
growing interest in using natural vegetable fibers (NVF) as reinforcement is mainly due
to their renewable origin, relative high specific strength and modulus, light weight and
low price. Using of natural vegetable fibers as reinforcement also has some limitations.
The processing temperature is limited to about 200 °C, limiting thus the type of
thermoplastics that can be used with agro-based fibers to commodity thermoplastics
such as PE, PP, PVC and PS. The other serious problem is the incompatibility between
the hydrophil cellulosic fibers and most of the thermoplastic polymers. Several methods
are given in the literature to modify the fiber-matrix interface.
High moisture absorption of these natural fibers represents another drawback in the
application. Many papers deal with the examination of the water uptake of NVF
composites and the effect of water on composite properties. The water uptake showed
different characteristics for cellulosic fiber reinforced composites, and though in most
of cases a negative effect of water was found on the mechanical properties. Better
properties were found by compatibilizing the components. A good wetting of the fiber
by the matrix (adequate fiber-matrix bonding) can decrease the rate and amount of
water absorption in the interfacial region of the composite. A strong interface between
the cellulosic fiber and matrix can lead to a reduction of the penetration of water,
allowing only for a slight worsening of mechanical performance in presence of
moisture.
The main goals of this Ph.D. study are focused on the most serious problems of NVF
composites, such as the investigation of moisture sorption characteristics and the effect
of water uptake on the composite performances, and studying the efficiency of several
chemical coupling methods, such as using PPgMA, and radiation treatment.
The research work summerized in this Thesis is divided into three parts. In the first
section composites from polypropylene and 20 wt% flax fibers with different original
moisture content (4, 8, 12, 27 %) were produced by a twin-screw extruder, and PPgMA
coupling agent of different mass ratios (1-7 wt%) were in situ applied. The effect of the
moisture content of fibers on the sorption characteristics and on the mechanical
properties of the composites were investigated on the injection moulded samples, and
the influence of PPgMA was also studied. Mechanical performances of the composites
were examined after one month immersion into water.
Most of the mechanical properties decreased by increasing the original moisture content
of the flax fibers, when no coupling additive was used. Especially the Young`s modulus
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–calculated from tensile test– decreased dramatically, while some characteristics were
practically not affected (ie. tensile strength and flexural modulus). Using PPgMA, most
of the properties improved, while the impact strength decreased.
By adding higher amount (3-7 wt%) of additive, a larger increase in the Young`s
modulus was found for composite samples made from “dry” fibers than in case of
specimens from “wet” fibers. The impact strength showed a decreasing tendency, which
was more definite for composites from fibers conditioned at higher relative humidity’s
before compoundation, at maximum additive concentration the effects were equalized.
Indicating the negative effect of moisture content, tensile strength of composites from
the wettest fibers could be improved only by using high amount of PPgMA.
Initial moisture content of the fibers had no significant effect on the water uptake, while
the sorption level decreased with increasing the PPgMA content. Composites prepared
from “wet” fibers have lower K water uptake rate parameters, the water uptake was
slower than those made of “dry” fibers. By increasing the coupling additive content, the
rate of water uptake decreased, and at higher PPgMA content the differences levelled
off.
In the wet state of composites, lower flexural properties were found. This effect was
slighter at composites from the most and less wetted fibers, while the impact strength of
these composites slightly increased.
In the second part, the experiments are focused on developing natural fiber reinforced
composites for a possible automotive application. For comparison, a raw material of a
presently used automobile interior door element was tested, which served as a reference
composite material. In this part of the research work, recycled polypropylene and
original homopolymer were used as matrix; flax, hemp, and cotton fibers as
reinforcement; additives (PPgMA, mineral fillers) were also applied. By increasing the
fiber content and using no additives, better mechanical properties could be achieved in
most cases than that of the reference composite, but the tensile strength –as it was
expected– decreased. Using of 5% PPgMA compatibilizer, superior mechanical
characteristics were found –related to the uncompatibilized composites–, but some
properties (tensile modulus and impact strength) could be lower. According to the
results and comparison with the reference commercial product, flax reinforced recycled
PP having small amount of PPgMA was selected for further experiments.
Chalk and talc fillers were added to the compositions (26 wt% flax - 3 wt% PPgMA –
PP) to improve rigidity, i.e. the modulus. The best results were found at composites
with the highest amount (at 6%) of talc, especially in case of the flexural modulus.
Using chalk filler, improvement only in the Young`s modulus (tensile) could be
achieved.
The pilot-scale production of a NVF composite material (26 wt% flax fibers, a mixture
of a homopolymer and copolymer polypropylene, at 6% talc and at 3% PPgMA) –
developed in this research– was carried out successfully. The composite granules are
further processable by injection moulding or by extrusion. The extruded sheets showed
excellent thermoformability.
In the last series of our experiments recollected car bumpers made of polypropylene
copolymer have been reinforced with several types of waste fibers. A thin layer reactive
interface of acrylic oligomers was applied on PAN, viscose cord, hemp-viscose, and

New scientific results

75

glass fibers and activated by a low energy electron beam. The efficiency of reinforcing
and compatibilization was studied, and the interaction between the matrix and fibers –
PAN and glass fibers– were investigated by Electron Spectroscopy for Chemical
Analysis (ESCA).
The upcycling (upgrading recycling) resulted in a series of extrudable and injection
mouldable, fiber-reinforced thermoplastic materials of enhanced bending strength,
increased modulus of elasticity and acceptable impact strength. The reactive
compatibilization showed a real benefit only in case of the glass fiber composites.
Although the differences are not extremely large, the ESCA test demonstrated that
fibers extracted from PP composites contain several elements on their surface which
were not present originally on the fibers. Those elements may originate from the
catalyst residues of PP, or the rest of the talc filled commercial car bumper compound.
According to our observation there is an interaction between the treated PAN-fibers and
the PP matrix. The 20–50% increase in the surface concentration of trace elements
originating probably from the PP matrix on the fibers clearly demonstrates this.
Reactive additive and various treatments promote the cooperation between the fibers
and the PP matrix. The method of initiation plays a secondary role in activating the
acrylic type oligomer. Thermal activation during extrusion may also perform this
function.
Comparing the present data with other results in the literature [10, 11, 62] concerning
compatibilizers acting purely chemically, the radiation technique does not seem to be
efficient in these cases.

4.2. IMPLEMENTATION OF RESULTS
Natural vegetable fiber reinforced polymer composites have one of the most rapidly
growing market within the plastics industry. There is a widespread research activity in
the field of development of these composite materials and technologies applied in
automobile production. The most common technology is the compression moulding of
nonwoven mats (usually needlepunched), but recently a growing tendency has shown in
developments focused on the production of short fiber reinforced injection moulded
composites.
In this PhD thesis several type of short natural fiber reinforced composites were
produced by compounding the raw materials in a laboratory twin-screw extruder. By
investigating the effect of several factors, such as the type and content of the hydrophil
fibers and the PP matrix, the compatiblizing methods (radiation treatment of fibers, and
in situ added PPgMA), and mineral fillers (talc, chalk) on the composite performances,
same or better properties were achieved in some composition than those of material
used presently as interior door elements in automobiles.
Combination of 26 wt% flax fibers, a mixture of a homopolymer and copolymer
polypropylene, 6% talc and 3% PPgMA showed optimal performances, and
processability. The pilot-scale production of this composite material –developed in this
research – was carried out successfully at the plant of PEMÜ Co. in Hungary. The
composite material in form of granules is further processable by injection moulding or
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by extrusion. The extruded sheets (prepared at the industrial plant of Pannunion Co.,
Hungary) showed excellent thermoformability.
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As a model product, an internal door panel of automobiles was produced. The
production steps were as follows:
− composite preparation from PP, flax fibers and additives (PPgMA and talc),
− sheet extrusion,
− thermoforming and laminating with PVC foam in the same step.

4.3. NEW SCIENTIFIC RESULTS
By studying the scientific literature [131] several aims were set, to get answers for some
unsolved problems, or investigations of factors which may have an influence on
hydrophil fiber reinforced polypropylene composite performances. Several experiments
were carried out, and the new scientific results of this PhD thesis may be summarised as
follows:
1.

An increase in the moisture content of flax fibers had a negative effect on most
important mechanical properties of short fiber reinforced polypropylene
composites when no additive was used.
The tensile modulus decreased dramatically. The modulus was found to be about
three times higher (2.8) for samples containing fibers with the lowest investigated
moisture content (3,99 %, RH=11.3 %) than for specimens containing flax
conditioned on the highest relative humidity (97.3%) investigated. Similar
tendencies were shown by the Izod impact strength, but the decrease was smaller,
a difference of 25% was found between the impact characters of composite
samples going from the wettest to the driest [132-137].

2.

The water uptake curves of short flax fiber reinforced polypropylene composites
were found to be satisfactorily described by a Fick-type equation, a linear
correlation existed between water uptake and the square root of time.
An influence of the original moisture content of fibers was pointed out on the K
parameter – calculated from the equation based on the Fick’s II. law -, being the
rate of water uptake, when no additive or only a small amount of PPgMA was
added. In these compositions lower water uptake rate parameters (K) were found
at higher original moisture contents [136-138].

3.

The positive effect of the compatibilizing agent PPgMA was observed on the
static mechanical properties of flax fiber reinforced polypropylene composites,
while the notched Izod-type impact strength decreased. By increasing the additive
content, the rate of water uptake decreased also, and at higher PPgMA content the
differences levelled off.
However, compatibilizing efficiency of the additive was found to be influenced
by the original moisture content of fibers, indicated by the poor mechanical
properties, PPgMA seemed to be less effective by using “wet” fibers than in case
of composites from “dry” fibers [133-137].
It is assumed that some of the anhydride groups do not react with cellulose, but
with the OH-groups of the water, and thus interfacial adhesion is weaker between
the components of composites from wetted fibers.
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4.a

Radiation treatment of hemp/viscose fibers was not effective, while using on
chopped glass fibers (30 wt%), it was found to be very effective in recycled
polypropylene based composites.
Applying 10 kGy electron beam on glass fibers before melt mixing, two times
higher flexural modulus of composite could be achieved related to that of an
uncompatibilized system [139, 140].

4.b

The chemical composition of the surfaces of fibers extracted from the composites
was analysed by the ESCA method (Electron Spectroscopy for Chemical
Analysis). A correlation was observed between the sum of contaminating trace
elements detected on the surface of PAN fibers and the flexural modulus of PAN
fiber reinforced composites.
The ESCA method has the potential to be used for characterizing the adhesion
between the components of the composite material, and offers a comparative
method for investigating the efficiency of different treatments on reinforcing
fibers [141, 142].

4.4. UNSOLVED PROBLEMS, PLANS FOR FURTHER RESEARCH
By studying of the scientific literature, several unsolved problems were found. The
results of the research work introduced in this Thesis offer answers for them, but during
the examinations some other new questions were born. Time and the volume of the
Ph.D. Thesis limited the investigations of these problems.
1.

Effect of original moisture content of reinforcing fibers was investigated in the
Thesis, and a negative effect was found on most composite performance. It is
known from the scientific literature that the properties of composites have a strong
dependence on the dispersion of fibers. A goal of the further investigations can be
the study of the effect of the original moisture content on the fiber dispersion.

2.

Studies on the effect of 0-4% moisture content of fibers on the mechanical
properties of PP composites could be an aim of the further studies.

3.

The decrease of PPgMA efficiency in compatibilizing was pointed out by
increasing the original moisture content of the flax fibers in the polypropylene
composites. Further investigations are needed to gain detailed information on the
chemical mechanism.

4.

Electron beam radiation of 10kGy using on PAN-, viscose- and hemp/viscose
mixed fiber surfaces treated by acrylic oligomers does not seemed to be efficient
in the experiments. Comparing the results with others in the literature [10, 11, 62]
a (modest) benefit of surface treatment of recycled thermoplastics may suspected,
by a technique of reactive lubrication and EB irradiation. Further work is required
to optimize those benefits in mechanical properties.
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5.

A correlation was observed between the sum of contaminating trace elements
detected on the surface of PAN fibers and the flexural modulus of PAN fiber
reinforced composites. Further investigations are needed on some other fibers, to
know the limitations of this method in using it for characterising and/or
comparing different compatibilizing methods.

6.

Development of multilayer products by using natural vegetable fiber reinforced
composites and study of these structures is a field of polymer composite design
and production, which can solve several problems. Using co-extrusion or coinjection moulding technologies can offer special advantages in the final product
development.
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A1. METHODS
A1.1 Mechanical testing methods
Table A1.1/a

THREE POINT BENDING test conditions: I. Specimens examined in
Chapter 3.1, II. Specimens examined in Chapter 3.2.1, III. Specimens
examined in Chapter 3.2.2., IV. Specimens examined in Chapter 3.3.

Size of specimen
Support span
Crosshead speed
Full-scale load
Standard

I
80 × 10 × 4
60 mm
5 mm/min
100 N
MSZ
892-78

II
40 × 10 × 2
32 mm
5 mm/min
100 N
MSZ
892-78

III
80 × 10 × 4
60 mm
5 mm/min
100 N
MSZ
892-78

IV
40 × 15 × 2
32 mm
5 mm/min
100 N
MSZ
892-78

Table A1.1/b TENSILE test conditions: I. Specimens examined in Chapter 3.1, II.
Specimens examined in Chapter 3.2.1., III. Specimens examined in
Chapter 3.2.2.
Size of specimen
Clamping length
Crosshead speed
Full-scale load
Standard

Table A1.1/c

I
150 × 10 × 4
30 mm
20 mm/min
2000 N
MSZ ISO
527

II
112 × 10 × 4
80 mm
20 mm/min
1000 N
MSZ ISO
527

III
150 × 10 × 4
115 mm
20 mm/min
2000 N
MSZ ISO
527

IMPACT test conditions: I. Specimens examined in Chapter 3.1, II.
Specimens examined in Chapter 3.2.1., III. Specimens examined in
Chapter 3.2.2., IV. Specimens examined in Chapter 3.3.
I

Size of specimen
Notch
Standard

II

Izod test
80 × 10 × 4
40 × 10 × 2
2mm V-45°
2mm V-45°
MSZ ISO 180
-

III

IV

Charpy test
80 × 10 × 4
80 × 10 × 2
2mm V-45°
MSZ ISO 180
-

A1. Methods

II

A1.2 Electron Spectroscopy for Chemical Analysis
The adhesion between fiber and PP matrix was demonstrated by ESCA equipment of
ESCASCOPE 300, made by Vacuum Generators, England.
In the Electron Spectroscopy for Chemical Analysis (ESCA), also referred to as X-ray
Photoelectron Spectroscopy (XPS), the sample surface is irradiated with a soft (low
energy) radiation. This X-ray excites the electrons of the sample atoms, and if their
binding energy is lower than the X-ray energy, they will be emitted from the parent
atom as a photoelectron. The electrons emitted from atoms near the sample surface (10100 Ångstroms) can escape the sample surface. This depth means approximately twenty
atomic layers.
The ESCA spectrum shows a series of peaks corresponding to the binding energies of
the photoelectron.
By measuring the area under the peaks of these elements and multiplying them by
sensitivity factors, quantitative analysis can be performed.
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A2. NUMERICAL RESULTS
A2.1 Mechanical and water uptake properties of flax fiber (with different moisture
contents) – PpgMA coupling agent– polypropylene composites
Table A2.1/a

TENSILE STRENGTH values of flax fiber reinforced composite
samples in DRY state

σF [MPa]

PPgMA content [%]
0
1
3
5
7

11.3
26.7±0.6
27.3±0.5
28.7±0.4
29.2±0.4
32.8±0.4

Relative Humidity of the flax fiber [%]
43.2
75.3
27.9±0.3
27.1±0.5
27.4±0.1
27.7±0.2
29.1±0.7
31.1±0.8
29.1±0.6
31.3±0.8
31.3±0.9
32.5±0.8

97.3
27.9±0.2
27.6±0.2
27.9±0.5
28.5±1.1
31.9±0.6

Table A2.1/b YOUNG'S MODULUS (TENSILE) values of flax fiber reinforced
composite samples in DRY state
E [MPa]

PPgMA content [%]
0
1
3
5
7

Table A2.1/c

11.3
7429±883
7594±306
9146±837
9379±1145
10522±1147

Relative Humidity [%]
43.2
75.3
6043±254
5681±661
7323±545
3326±237
5093±813
7014±763
7602±978
3323±380
9762±695
4007±70

97.3
2653±775
2935±50
4143±198
8579±1043
4388±594

LIMIT BENDING STRENGTH values of flax fiber reinforced
composite samples in DRY state

σF [MPa]/DRY

PPgMA content [%]
0
1
3
5
7

11.3
36±0.6
38±0.1
39±0.3
40±0.7
41±0.4

Relative Humidity [%]
43.2
75.3
37±0.4
36±0.4
39±0.6
38±0.4
40±0.8
38±0.6
41±0.6
40±0.3
42±0.1
41±0.5

97.3
36±0.1
38±0.3
36±0.5
39±0.2
41±0.4

Table A2.1/d LIMIT BENDING STRENGTH values of flax fiber reinforced
composite samples in WET state
σF [MPa]/WET

PPgMA content [%]
0
1
3
5
7

11.3
35.3±1.0
36.4±1.0
38.2±0.8
35.9±0.6
37.5±1.0

Relative Humidity [%]
43.2
75.3
32.9±0.3
32.4±0.6
33.7±0.8
33.7±0.7
34.8±0.8
34.6±0.6
35.4±1.0
36.4±0.8
36.6±0.9
36.4±0.7

97.3
34.3±0.8
36.8±0.5
35.7±1.3
37.5±1.6
36.1±0.7

A2. Numerical results

Table A2.1/e

IV

YOUNG`S MODULUS (BENDING) values of flax fiber reinforced
composite samples in DRY state

E [MPa]/DRY

PPgMA content [%]
0
1
3
5
7

Table A2.1/f

11.3
1902±60
1978±44
1901±18
1951±38
1893±28

97.3
1885±44
1894±56
1863±71
1863±70
1774±63

YOUNG`S MODULUS (BENDING) values of flax fiber reinforced
composite samples in WET state

E [MPa]/WET

PPgMA content [%]
0
1
3
5
7

Table A2.1/g

Relative Humidity [%]
43.2
75.3
1901±34
1779±0
1944±62
1901±34
1893±28
1773±53
1934±0
1861±32
1942±19
1831±43

11.3
1619±94
1688±78
1777±52
1635±41
1671±41

Relative Humidity [%]
43.2
75.3
1540±54
1491±46
1518±50
1510±59
1576±63
1579±88
1563±73
1585±47
1610±71
1690±65

97.3
1544±61
1681±74
1604±28
1668±119
1615±33

IMPACT STRENGTH values of flax fiber reinforced composite
samples in DRY state.

ai [J/m2]/DRY

PPgMA content [%]
0
1
3
5
7

11.3
5632±244
5170±160
5034±357
5133±188
4397±128

Relative Humidity [%]
43.2
75.3
5391±131
4767±143
5221±95
5238±380
5046±194
4300±108
4846±276
4186±307
4481±245
4258±362

97.3
4493±118
5220±164
4021±325
4069±287
4146±217

Table A2.1/h IMPACT STRENGTH values of flax fiber reinforced composite
samples in WET state.
ai [J/m2]/WET

PPgMA content [%]
0
1
3
5
7

11.3
5289±151
5366±317
5125±334
4789±102
4583±350

Relative Humidity [%]
43.2
75.3
5299±91
4669±158
5056±104
4961±83
4919±290
4364±125
4814±212
4464±311
4584±255
4635±255

97.3
4655±129
5266±269
4139±261
4463±64
4365±189

A2. Numerical results

Table A2.1/i

V

MAXIMUM WATER UPTAKE of flax fiber reinforced composite
samples

[%]

PPgMA content [%]
0
1
3
5
7

Table A2.1/j

11.3
0.89±0.08
0.86±0.02
0.84±0.02
0.75±0.04
0.71±0.08

Relative Humidity [%]
43.2
75.3
0.99±0.09
0.88±0.03
0.95±0.04
0.84±0.01
0.88±0.03
0.74±0.05
0.78±0.02
0.72±0.05
0.67±0.03
0.69±0.04

97.3
0.86±0.02
0.79±0.04
0.67±0.04
0.76±0.06
0.68±0.02

WATER UPTAKE PARAMETER K of flax fiber reinforced composite
samples

K [- × 10-2]

PPgMA content [%]
0
1
3
5
7

11.3
3.89
3.297
3.264
2.861
2.821

Relative Humidity [%]
43.2
75.3
3.978
3.461
3.766
3.23
3.203
2.956
3.123
2.871
2.69
2.735

97.3
3.299
3.112
2.684
2.943
2.595

A2.2 Mechanical properties of natural fiber reinforced composites developed for
industrial application
Table A2.2/a

Mechanical properties of cellulosic fiber reinforced HB3065-PP
(RECYCLED) composites

Composite
HB3065 - PP
Cotton
reinforced
[wt%]
Hemp
reinforced
[wt%]
Flax
reinforced
[wt%]

8
16
25
8
16
25
8
16
25

Tensile test
E
σB
[MPa]
[MPa]
37
630
36
583
35
678
35
741
32
600
30
741
29
742
32
779
32
879
33
935

Bending test
EF
σF
[MPa]
[MPa]
28
1635
33
1831
37
2441
39
2604
32
1986
38
2725
41
2929
33
2020
37
2604
42
3348

Impact test
ai
[J/m2]
10388
12967
12872
11082
10939
9338
8302
12848
10656
10850
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Table A2.2/b Mechanical properties of cellulosic fiber reinforced H116F-PP
(ORIGINAL HOMOPOLYMER) composites
Tensile test
E
σB
[MPa]
[MPa]
33
548
34
968
35
1031
34
760
35
896
36
923
34
870
34
980
35
1087

Composite
H116F-PP
Cotton
reinforced
[wt%]
Hemp
reinforced
[wt%]
Flax
reinforced
[wt%]

Table A2.2/c

8
16
25
8
16
25
8
16
25

Bending test
EF
σF
[MPa]
[MPa]
26
1978
39
2170
40
2391
39
2170
44
2663
48
3255
37
2111
41
2547
45
3255

Impact test
ai
[J/m2]
4020
5298
5553
4745
4885
4653
5305
5386
5128

TENSILE PROPERTIES of flax fiber reinforced, filled (talc, chalk)
composites (26 wt% flax fiber, 3 wt% PPgMA content)

Matrix - PP
K593
H681F
[%]
[%]

Filler
TALC CHALK
[%]
[%]

Tensile
strength
[MPa]

Young's
Modulus
[MPa]

Elongation at
break
[%]

65

0

6

-

24.7 ± 0.4

1129 ± 56

3.7 ±0.4

48.75

16.25

6

-

27.0 ± 0.7

952 ± 29

4.4 ± 0.5

32.5

32.5

6

-

29.8 ± 0.4

1002 ± 41

4.1 ± 0.5

16.25

48.75

6

-

31.3 ± 0.7

972 ± 68

4.5 ± 0.4

0

65

6

-

PP
0
3
4.5
6
-

3

34.7 ± 0.2
41.4 ± 0.2
35.2 ± 0.0
36.1 ± 0.1
36.8 ± 0.1
44.1 ± 0.8

1330 ± 46
892 ± 18
1157 ± 18
1191 ± 25
1218 ± 31
1257 ± 43

4.3 ± 0.1
4.7 ± 0.1
4.3 ± 0.2
4.3 ± 0.0
4.0 ± 0.3

31.9 ± 1.7

1432 ± 88

3.9 ± 0.3

+

-

4.5

32.4 ± 0.6

1377 ± 105

4.0 ± 0.2

+

-

6

30.4 ± 0.5

1444 ± 95

3.7 ± 0.2

+

-

7.5

31.7 ± 1.1

1417 ± 28

3.6 ± 0.2

C
O
M
P
O
S
I
T
E

H 681 F
+
+
+
+
+
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Table A2.2/d BENDING PROPERTIES of flax fiber reinforced composites (26 wt%
flax fiber, 3 wt% PPgMA content)
Matrix - PP
K593
H681F
[%]
[%]

Filler
TALC CHALK
[%]
[%]

Limit
bending stress
[MPa]

Young's
Modulus
[MPa]

Flexural
strength
[MPa]

65

0

6

-

-

2638 ± 140

39.5 ± 0.7

48.75

16.25

6

-

-

2872 ± 93

43.9 ± 0.4

32.5

32.5

6

-

-

3013 ± 168

46.5 ± 0.9

16.25

48.75

6

-

-

2909 ± 83

49.8 ± 1.0

0

65

6

-

-

PP
0
3
4.5
6
-

3

43.7 ± 0.5
47.2 ± 0.5
51.0 ± 0.8
52.9 ± 0.8
53.4 ± 0.8

3048 ± 88
1661 ± 20
2438 ± 58
2695±105
2999 ± 97
3062 ± 30

45.3 ± 0.5

2426 ± 49

53.8 ± 1.1
-

+

-

4.5

45.3 ± 0.2

2361 ± 70

-

+

-

6

46.1 ± 0.9

2545 ± 192

-

+

-

7.5

46.9 ± 1.0

2582 ± 145

-

C
O
M
P
O
S
I
T
E

H 681 F
+
+
+
+
+

Table A2.2/e

Izod-type IMPACT STRENGTH (notched) of flax fiber reinforced
composites (26% flax fiber, 3% PPgMA content)
Matrix - PP
K593
H681F
[%]
[%]

Filler
TALC CHALK
[%]
[%]

Impact
strength
[J/m2]

65

0

6

-

5466 ± 175

48.75

16.25

6

-

5016 ± 238

32.5

32.5

6

-

5026 ± 318

16.25

48.75

6

-

4414 ± 130

0

65

6

-

4190 ± 135
3833 ± 98

H681 F PP
C
O
M
P
O
S
I
T
E

+

0

-

4716±72

+

3

-

4359±221

+

4.5

-

3996±177

+

6

-

4014±103

+

-

3

4565±170

+

-

4.5

4550±170

+

-

6

4814±317

+

-

7.5

4555±257
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A2.3 Mechanical properties of radiation treated fiber reinforced polypropylene
composites
Table A2.3/a

Fiber
(30 wt%)
-

PAN

Hemp/
viscose

Glass
fiber

Viscose
cord

MELT FLOW INDEX (230°C/5 kg), BENDING and TENSILE
PROPERTIES of electron beam surface modified fiber reinforced
Cosmoplene WPY 5273 C polypropylene composites
Treatment

RA
[wt%]

Inic.
[wt%]

EB
(10 kGy)

1
1
1
-

0.015
-

+
+
-

Melt
Flow
Index
[g/600 s]
39.2
7.2
8.4
9.0
8.6
8.8
6.8

1
1
1
1
1
1

-

+
+
+
+
+
+

4.1
5.8
7.4
31.7
31.5
32.3
32.6
2.9
3.1
2.8
2.5

Limit
bending
stress
[MPa]
23.1 ± 0.8
19.9 ± 1.4
20.1 ± 1.3
22.4 ± 0.8
21.5 ± 1.5
24.1 ± 1.4
25.0 ± 1.5

Young's
Modulus
[MPa]

Impact
strength
[J/m2]

969 ± 46
1175 ± 55
1019 ± 93
1305 ± 84
1159 ± 120
1302 ± 37
1475 ± 106

n.b.
201 ± 22
234 ± 25
245 ± 14
222 ± 54
169 ± 11

25.2 ± 3.4
24.0 ± 1.9
25.7 ± 0.4
23.1 ± 1.1
22.3 ± 0.9
31.6 ± 0.6
24.7 ± 1.2
28.5 ± 1.2
28.0 ± 1.4
28.8 ± 1.0
31.9 ± 2.9

1489 ± 122
1434 ± 90
1570 ± 124
1704 ± 163
1450 ± 93
3303 ± 205
2177 ± 227
1689 ± 134
1392 ± 71
1558 ± 126
1685 ± 133

170 ± 11
170 ± 9
162 ± 12
311 ± 14
n.b.
284 ± 14.6
296 ± 3
351 ± 22
258 ± 24
360 ± 38
249 ± 27
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