
 
Budapest University of Technology and Economics 

 

 

 

 

Polypropylene hybrid composites: 

structure and properties 

 
Ph. D. Thesis 

 

by 
 

 

Róbert Várdai 
 

 

 

Supervisor: Béla Pukánszky 
 

 

 

 
Laboratory of Plastics and Rubber Technology 

Department of Physical Chemistry and Materials Science 

Faculty of Chemical Technology and Biotechnology 

Budapest University of Technology and Economics 

 
Polymer Physics Research Group  

Institute of Materials and Environmental Chemistry  

Research Centre for Natural Sciences 

Eötvös Lóránd Research Network 

 

 

 

 

 

 
 

 

2021 

 



Contents 

 

 

1 

Contents 
 

Chapter 1 

Introduction 

1.1. Polymer composites .................................................................................................. 6 

1.1.1. Definitions, classification .................................................................................... 6 

1.1.2. Factors determining the properties of heterogeneous polymers .......................... 7 

1.1.3. Interfacial adhesion in fiber reinforced composites............................................. 8 

1.1.4. Hybrid composites ............................................................................................... 9 

1.2. Local deformation processes ................................................................................... 10 

1.2.1. Fiber related processes in composites ............................................................... 11 

1.2.2. Acoustic emission ............................................................................................. 12 

1.2.3. Relation of local processes to macroscopic properties ...................................... 13 

1.3. Scope ....................................................................................................................... 14 

1.4. References ............................................................................................................... 16 

 

Chapter 2 

Experimental 

2.1. Materials ................................................................................................................. 23 

2.2. Sample preparation ................................................................................................. 24 

2.3. Characterization ...................................................................................................... 24 

2.4. Reference ................................................................................................................ 28 

 

Chapter 3 

Comparative Study of Fiber Reinforced PP Composites: Effect of Fiber Type, Coupling 

and Failure Mechanisms 

3.1. Introduction ............................................................................................................. 29 

3.2. Experimental ........................................................................................................... 29 

3.3. Results and discussion ............................................................................................ 30 

3.3.1. Tensile properties .............................................................................................. 30 

3.3.2. Impact resistance ............................................................................................... 33 

3.3.3. Local deformation processes and failure mechanisms ...................................... 35 

3.3.4. Interactions, coupling ........................................................................................ 39 

3.3.5. Correlations ....................................................................................................... 41 

3.4. Conclusions ............................................................................................................. 44 

3.5. References ............................................................................................................... 44 
 

Chapter 4 

Effect of Various Organic Fibers on the Stiffness, Strength and Impact Resistance of 

Polypropylene; A Comparison 

4.1. Introduction ............................................................................................................. 47 

4.2. Experimental ........................................................................................................... 47 

4.3. Results and discussion ............................................................................................ 48 

4.3.1. Tensile properties, reinforcement ...................................................................... 48 

4.3.2. Fracture resistance ............................................................................................. 51 

4.3.3. Local deformations ............................................................................................ 53 

4.3.4. Discussion ......................................................................................................... 58 



Contents 

 

 

2 

4.4. Conclusions ............................................................................................................. 59 

4.5. References ............................................................................................................... 60 
 

Chapter 5 

Reinforcement of PP with Polymer Fibers: Effect of Matrix Characteristics, Fiber Type 

and Interfacial Adhesion 

5.1. Introduction ............................................................................................................. 61 

5.2. Experimental ........................................................................................................... 61 

5.3. Results and discussion ............................................................................................. 62 

5.3.1. Preliminary experiments, selection of the PVA fiber ........................................ 62 

5.3.2. Properties ........................................................................................................... 63 

5.3.3. Fracture resistance ............................................................................................. 67 

5.3.4. Local deformation processes ............................................................................. 68 

5.3.5. Correlations, discussion ..................................................................................... 72 

5.4. Conclusions ............................................................................................................. 74 

5.5. References ............................................................................................................... 75 

 

Chapter 6 

Impact Modification of PP Reinforced with Stiff Fibers: Hybrid Composites 

6.1. Introduction ............................................................................................................. 77 

6.2. Experimental ........................................................................................................... 77 

6.3. Results and discussion ............................................................................................. 77 

6.3.1. Structure ............................................................................................................ 78 

6.3.2. Properties, reinforcement ................................................................................... 79 

6.3.3. Impact resistance ............................................................................................... 82 

6.3.4. Mechanism ........................................................................................................ 84 

6.3.5. Discussion, correlations ..................................................................................... 87 

6.4. Conclusions ............................................................................................................. 89 

6.5. References ............................................................................................................... 89 

 

Chapter 7 

Improvement of the Impact Resistance of Natural Fiber Reinforced PP Composites 

Through Hybridization 

7.1. Introduction ............................................................................................................. 91 

7.2. Experimental ........................................................................................................... 91 

7.3. Results and discussion ............................................................................................. 92 

7.3.1. Properties ........................................................................................................... 92 

7.3.2. Fracture .............................................................................................................. 94 

7.3.3. Local processes .................................................................................................. 95 

7.3.4. Correlations, discussion ..................................................................................... 99 

7.4. Conclusions ........................................................................................................... 101 

7.5. References ............................................................................................................. 101 

 

Chapter 8 

Impact Modification of Hybrid Composites with PVA Fibers 

8.1. Introduction ........................................................................................................... 103 

8.2. Experimental ......................................................................................................... 103 



Contents 

 

 

3 

8.3. Results and discussion .......................................................................................... 104 

8.3.1. Tensile properties ............................................................................................ 104 

8.3.2. Impact resistance ............................................................................................. 107 

8.3.3. The fracture process ........................................................................................ 110 

8.3.4. Local processes, mechanism ........................................................................... 112 

8.3.5. Discussion ....................................................................................................... 115 

8.4. Conclusions ........................................................................................................... 116 

8.5. References ............................................................................................................. 116 

 

Chapter 9 

Summary ...................................................................................................................... 119 

List of symbols ............................................................................................................. 123 

Acknowledgement ....................................................................................................... 125 

List of publications....................................................................................................... 126 



Contents 

 

 

4 

 



Introduction 

 

 

5 

Chapter 1 
 

Introduction 

 
Plastics are the preferred materials in most applications because of their relatively 

low weight, low price and ease of processing [1]. Polypropylene (PP) is one of the favored 

materials of the automotive industry [1], but it is used extensively in many other areas as 

well [2,3]. Besides being relatively cheap, its property profile is excellent, it is light, stiff 

with good strength and acceptable deformability. The growth rate of PP production is one 

of the largest among all commodity polymers [4]. Its further advantage is that it can be 

modified in various ways to extend its property profile even further. Impact resistance 

can be increased by blending, by the introduction of elastomers; often ethylene-propylene 

(EPR) or ethylene-propylene-diene (EPDM) copolymers are used in the case of PP [5]. 

However, the addition of elastomers decreases the stiffness of the material to below 1 

GPa at large elastomer content, which is not accepted in many applications [5-7]. Partic-

ulate fillers increase its stiffness and heat deflection temperature [8], while fiber modifi-

cation usually results in the simultaneous increase of stiffness and strength [9]. Fiber re-

inforced PP is a commercial material now and many grades are available on the market, 

but the search for a better combination of constituents never stops [10,11]. 

Glass (GF) and carbon fiber (CF) reinforced polymers have been used for decades 

[9,11-22], but increasing environmental awareness and some economical aspects created 

much interest for natural fiber and wood reinforcement [23-31]. These fibers are not as 

stiff and strong as glass or carbon [32], but they have considerable advantages including 

their natural origin, environmental benefits, small density and low price [32]. The proper 

selection of the matrix polymer, the fiber and composition may lead to the required 

strength and stiffness for most applications however, impact resistance cannot be in-

creased by this approach. 

Structural applications, especially in the automotive industry, often require large 

stiffness and impact resistance simultaneously. However, inverse correlation exists be-

tween these two properties for most structural materials including plastics, metals and 

ceramics [33] thus the requirement is difficult to satisfy. The impact strength of polypro-

pylene homopolymers at the levels of melt flow rate (MFR) required for complex injec-

tion molding (i.e. MFR > 10 g/10 min at 230 °C/2.16 kg) is usually small, around 2 kJ/m2; 

the requirement is often 10-15 kJ/m2 or larger. The modulus of homopolymer PP is around 

2 GPa, which is also unsatisfactory for the industry because some applications require 

larger stiffness. The combination of a stiffness of 2-4 GPa and impact resistance larger 

than 15 kJ/m2 is often the targeted property profile of the materials used in the automotive 

industry. 

The answer of the industry to the problem is the simultaneous use of an elastomer 

to increase impact resistance and a filler or fiber to improve stiffness [6,34-41]. The com-

bination of the three materials may result in complicated structures, and properties can 

vary in a wide range depending on component properties and structure [37-39,42]. Opti-

mization resulted in several commercial grades with acceptable properties, which contain 

fillers or fibers to improve stiffness [34-36]. Unfortunately attempts to use wood in such 



Chapter 1 

 

 

6 

multicomponent materials proved unsuccessful, although the stiffness of the material 

reached the desired level, its impact resistance remained invariably small [41,43-47]. 

Therefore, a recently completely new approach has been introduced to produce hybrid 

composites using various synthetic or natural stiff fibers with polymeric fibers in compo-

sites to increase stiffness and impact resistance simultaneously. The application of poly-

meric fibers is not widespread in the field of composite development, but because of their 

special characteristics they provide quite good impact resistance for composite materials. 

The Laboratory of Plastics and Rubber Technology of the Department of Physical 

Chemistry and Materials Science at the Budapest University of Technology and Econom-

ics together with the Polymer Physics Research Group of the Institute of Materials and 

Environmental Chemistry at the Research Centre for Natural Sciences have enormous 

experience in the development and study of heterogeneous polymeric materials including 

short fiber reinforced composites. The group have been working on an international pro-

ject together with Borealis GmbH, which is one of the largest producers of polyolefins in 

the world producing also short fiber reinforced raw materials. The purpose of the coop-

eration is to satisfy requirements mentioned above for composite materials by using our 

experience. The participation of industry also offers the possibility to introduce the results 

into practice. The research work began in 2014, and since then Borealis obtained a num-

ber of patents based on the results of our research work. This Thesis focuses on the cor-

relations among local deformation processes, interactions, structure and properties in 

short fiber reinforced composites. Scientific results were summarized in publications, but 

some of them found their way into practical applications and even patents. Numerous BSc 

and MSc theses were also prepared along the way, which in itself is one of the most 

important results of the project. Footnotes refer to papers or manuscripts that form the 

basis of the appropriate chapter. 

 

1.1. Polymer composites 
 

1.1.1. Definitions, classification 

 

The expansion of the use of plastic products and the growing requirements of cus-

tomers increase the demand for new raw materials. The synthesis of a new polymer that 

meets the requirements may seem obvious, but a lot of time required for implementation, 

not to mention the significant cost of installing a polymerization plant. The desired char-

acteristics are usually achieved by modifying existing polymers. Several options are 

available for modification such as copolymerization, the grafting of polymers and the use 

of polymer analogue reactions, but these solutions are in most cases complex and not 

profitable. Another possibility is mixing the polymers with one or more components. Het-

erogeneous polymer systems can be divided into three groups: polymer blends, particulate 

filled polymers and fiber reinforced polymer composites. Some properties of a heteroge-

neous polymer system are significantly improved by these modifications, while others 

deteriorate thus optimizing the performance is important. In further discussions we focus 

only on short fiber reinforced polymer composites. The development of fiber reinforced 

composites began with the appearance of glass fiber reinforced polyester resins in the 

1940s and has been unbroken ever since [48]. The principle of fiber reinforced composites 

is simple, stiff and strong fibers carry the load while the polymer matrix transmits it 
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among the fibers. The stiffness and strength of the fibers traditionally used in composites 

are at least two orders of magnitude larger than the corresponding properties of the matrix 

used.  

 

The classification of fiber reinforced composites is arbitrary. Composites can be 

classified according to different aspects such as the length of the fibers, the type of the 

matrix or the goal of the application, etc. In terms of fiber length, we distinguish short 

and long fiber reinforced composites [49]. The matrix of short fiber reinforced composites 

is most often a thermoplastic polymer, e.g. polypropylene (PP), polyamide (PA) or poly-

ethylene terephthalate (PET), but crosslinked resins can also be used as matrix, e.g. pol-

yester or vinyl ester resins. Long fibers have been used for the reinforcement of cross-

linked resin matrices (e.g. epoxy resin, polyimide or cyano ester resins), but thermoplastic 

polymers can also be used for this purpose, although their application is hindered by the 

difficulties of processing due to their relatively high viscosity compared to resins [48-50]. 

Most of the composites produced contain glass fibers, because of its low price [49]. Car-

bon and aromatic polyamide fibers are used in more demanding applications [48]. In ad-

dition to the use of synthetic fibers, it is important to mention natural reinforcements (e.g. 

wood flour, hemp, flax, jute), which have been the focus of industrial and academic at-

tention in the last few decades. These materials have a number of advantages: they come 

from renewable sources, they are available in large quantities, cheap, and have large stiff-

ness and tensile strength. Their importance is shown by the widespread use of WPCs 

(wood plastic composites) in the construction industry in countries where large quantities 

of this raw material, i.e. wood is available.  

 

1.1.2. Factors determining the properties of heterogeneous polymers [51] 

 

The properties of all heterogeneous polymers are determined by the same four 

factors: component properties, composition, structure and interfacial adhesion. All four 

are equally important in determining composite properties. In order to achieve optimum 

performance and economics these factors must be optimized.  

 

Component properties. The characteristics of the matrix strongly influence the 

effect of the fiber on composite properties; the reinforcing effect increases with decreas-

ing matrix stiffness. True reinforcement takes place in elastomers, both stiffness and 

strength increases [52], since the fibers carry a considerable part of the load in weak ma-

trices. Accordingly, reinforcement is much smaller in stiff matrices and the dominating 

local micromechanical process is often debonding. Several fiber characteristics influence 

the properties of composites [53,54]. Chemical composition and purity, fiber size and 

shape, specific surface area, surface free energy, hardness and other properties all affect 

composite properties in smaller or larger extent. The characteristics and the shape of the 

heterogeneities are especially important, e.g. in wood composites [55]. Small wood par-

ticles can aggregate easily, while large particles adhere to the matrix very weakly and 

debonding, i.e. the separation of the matrix and the reinforcement, occurs with ease. An-

isotropic particles have a complex orientation distribution, which forms during pro-

cessing, and the extent of reinforcement depends very much on the relative direction of 

orientation and load.  
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Composition. The filler or fiber content of composites may change in a wide 

range. For industrial applications the amount of fiber is around 30 wt%, but the maximum 

content of reinforcement can be as large as 70 wt%. The goal of using fibers is usually to 

improve mechanical properties e.g. stiffness and strength. These goals require the intro-

duction of the largest possible amount of fiber into the polymer, but the improvement of 

the targeted property may be accompanied by the deterioration of others. Since various 

properties depend on fiber content in different ways, composite properties must always 

be determined as a function of composition. 

Structure. The structure of particulate filled and short fiber reinforced polymers 

seems to be simple. The homogeneous distribution of particles is assumed in most cases 

in the polymer matrix. This, however, rarely occurs and often special, particle related 

structures develop in composites. The most important of these are aggregation and the 

orientation of fibers or anisotropic filler particles. 

Interfacial interactions. Particle/particle interactions result in aggregation, while 

matrix/fiber interactions lead to the development of an interphase with properties differ-

ent from those of both components. Secondary, van der Waals forces play a crucial role 

in the development of both kinds of interactions. They are usually modified by the surface 

treatment of the filler. In fiber reinforced composites reactive treatment, i.e. coupling, is 

much more important. In order to achieve the necessary stress transfer, strong interaction 

is needed that is usually achieved by the creation of covalent bonds between the fiber and 

the matrix.  

 

1.1.3. Interfacial adhesion in fiber reinforced composites 

 

The interfacial adhesion between the matrix and the fiber is very important in all 

kinds of fiber reinforced composites. Proper adhesion transfers the load to the fibers. 

Since load transfer is essential, one would assume that the development of the strongest 

possible coupling between the fiber and the matrix is the most advantageous, but this is 

not always true. The properties of the composites are determined by a complex relation-

ship of interfacial adhesion, the structure of the interphase, deformation processes and 

many other factors. 

The strength of the adhesion between the fibers and the matrix is significantly 

influenced by the mode of interaction. Adhesion theories provide all possible mecha-

nisms, e.g. Wake [56] describes the following mechanisms: Adsorption and wetting. In 

this case the bond is created by van der Waals forces. The bond is strong when clear 

surfaces are in contact with each other. This is rare because a small amount of contami-

nant, water or sizing is always on the surface of the fiber. Interdiffusion. Molecules of 

materials diffuse into each other through the interface. The strength of the bond depends 

on the physical network formed, the degree of diffusion and the thickness of the inter-

phase. Taking into account the nature of the fibers, this mechanism does not occur in 

composites. Electrostatic interaction. Oppositely charged surfaces are attracted to each 

other, but this mechanism is also rare. Chemical bond. Formation of covalent bonds be-

tween surfaces is the most important mechanism, as reactive surface treatment is required 

always to create proper adhesion in fiber reinforced composites. Mechanical adhesion. 

In the case of a rough surface, surface irregularities may also play a role in the formation 
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of interactions. However, this mechanism does not provide adequate adhesion between 

the fiber and the matrix. 

Among the possible mechanisms mentioned above secondary forces and the for-

mation of chemical bonds are the most important. However, van der Waals interactions 

alone do not provide adequate adhesion between the components, thus the formation of 

chemical bonds must be achieved in most composites. In fiber reinforced composites 

strong interfacial adhesion is accomplished by the use of coupling agents, when the for-

mation of covalent bonds is assumed between the components. Since either the matrix 

polymer and/or the fibers rarely contain reactive groups that can react with each other, 

usually a coupling agent must be used that can react with both the polymer and the fiber. 

Polyolefins are non-polar in nature, thus in glass fiber reinforced composites the fiber 

requires a special treatment or sizing and the addition of a coupling agent is also necessary 

[57]. Chemical coupling is very complicated in polypropylene composites since PP does 

not contain any reactive groups. Accordingly, an additional mechanism should be in-

duced, e.g. a reactive monomer is grafted onto a sufficiently long polymer backbone, 

which can interdiffuse into the matrix and create entanglements. A schematic illustration 

of chemical coupling in glass fiber reinforced polypropylene composite can be seen in 

Figure 1.1. The coupling agent is usually a polymer chain grafted with a monomer: in 

most cases acrylic acid, maleic anhydride or fumaric acid are used for this purpose. The 

use of maleic anhydride grafted polypropylene (MAPP) is widespread throughout the 

world.  

 

 

Figure 1.1 Chemical coupling by using MAPP in a glass fiber reinforced 

polypropylene composite [57] 

 

1.1.4. Hybrid composites 

 

The hybrid effect was firstly defined by Hayashi [58], in 1972, when he prepared 

carbon/glass hybrid composites. Hayashi [58] noticed that the elongation of carbon/glass 

hybrid composites was increased before failure compared to non-hybrid carbon compo-

sites. Besides stiffness and strength, the impact resistance of the material is often im-

portant in certain application areas like the automotive industry. Fillers and fibers usually 

increase stiffness and strength, but they often decrease impact resistance. To overcome 
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this deficiency hybrid composites are prepared frequently, which contain a third compo-

nent, usually an elastomer [7,34,35,38-41]. Bumper materials often comprise of fillers or 

glass fibers to increase stiffness and an elastomer to improve impact resistance. The ap-

proach proved to be quite efficient and several products using the principle are available 

on the market. 

Unfortunately, the approach does not work in composites reinforced with natural 

fibers or wood. Several attempts were made to improve the impact resistance of PP com-

posites reinforced with wood without success [41,59,60]. Irrespectively of the use of a 

reactor blend containing large amounts of elastomer or a homopolymer modified with an 

additional elastomer, the impact resistance remained at a very low level [60]. The detailed 

analysis of local deformation and failure processes revealed that depending on the 

strength of interfacial adhesion either the debonding of large wood particles or their frac-

ture led to the premature, catastrophic failure of the composites at very low energy con-

sumption [41,59,60]. On the other hand, impact strength could be improved with the ad-

dition of polymeric fibers and a reasonable combination of properties, i.e. stiffness and 

impact resistance, was achieved in this way [61]. 

The concept of hybrid composites containing two different fibers is not new. Car-

bon fibers were combined with glass fibers to improve fracture resistance as early as 1960, 

and some of the composites were used even in commercial products [62-68]. Several at-

tempts were made to use the approach in thermoplastic composites reinforced with natural 

fibers. The most frequently various natural fibers including coconut, hemp, bamboo, ba-

nana or sisal fibers were combined with glass fibers in order to improve properties, but 

also to utilize the economic and technical advantages of natural fibers [69-76]. Unfortu-

nately, although the stiffness of the composites increased in all cases, their impact re-

sistance improved only slightly, or more frequently even deteriorated. The combination 

of wood and natural fibers with organic fibers seems to be a more promising way to 

achieve the proper combination of properties in thermoplastic composites used in struc-

tural applications [61]. Reinforcement with polymer fibers results in acceptable impact 

resistance in wood composites [61,77], but the stiffness of the composites is not excep-

tional [77]. Glass and especially carbon fibers increase stiffness considerably, and to-

gether with polymer fibers they might offer an even better combination of properties than 

polymer fiber/wood hybrid composites. 

 

1.2. Local deformation processes [51] 
 

Similarly to other heterogeneous systems, local deformation processes play a ma-

jor role also in composites. Under the effect of external load heterogeneities induce stress 

concentration, the magnitude of which depends on the geometry of the inclusions, on the 

elastic properties of the components and on interfacial adhesion. Heterogeneous stress 

distribution and local stress maximums initiate local micromechanical deformations, 

which determine the deformation and failure behavior, as well as the overall performance 

of the composites. Local deformation mechanisms are competitive processes and the 

dominating one depends on material properties and loading conditions [51]. Microme-

chanical deformation processes are influenced also by thermal stresses induced by the 

different thermal expansion coefficients of the components, crystallization, or shrinkage 
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during the curing of thermoset matrices. One of the most frequent micromechanical de-

formation mechanism is shear yielding. It takes place both in amorphous and crystalline 

polymers and it includes the slipping of larger structural units. Crazing was observed in 

a number of polymers including polystyrene (PS), polypropylene and others. It frequently 

occurs in amorphous polymers modified by elastomers, especially in high impact poly-

styrene (HIPS). Crazing starts from the elastomeric drops, usually from the equatorial 

area, because there is the maximum of stress concentration. Another micromechanical 

deformation process occurring in impact modified polymers is cavitation. The large neg-

ative hydrostatic pressure developing during the deformation of polymers containing dis-

persed elastomeric particles tears these latter apart. The most frequent micromechanical 

deformation mechanism is debonding in particulate filled polymers. If the adhesion be-

tween the polymer matrix and the filler is weak, the separation of the interface occurs 

under the effect of external load. These processes may interact with each other, the oc-

currence of one can initiate the other. Deformation processes can be classified into three 

categories depending on their location; they can occur in the matrix, around the fiber, or 

at the interface. In this Thesis we focus on fiber related processes. 

 

1.2.1. Fiber related processes in composites 

 

Fiber related processes, like fiber breakage, pullout or buckling may also take 

place in short and long fiber reinforced composites. As mentioned earlier the principle of 

fiber reinforced composites is simple, the stiff and strong fiber carries the load, while this 

load is distributed among the fibers by the polymer matrix. However, the benefits of fiber 

reinforcement can only be achieved only if the fiber carries the load indeed. For this 

purpose, the length of the fiber must exceed a critical value, its orientation must be parallel 

to the load, and the interaction between the fiber and the matrix should be sufficiently 

strong. The orientation of the fibers is very important, composite properties strongly 

depend on direction, the strength is significantly smaller perpendicularly to the fibers than 

parallel to them.   

The orientation of the fibers 

varies in short fiber reinforced 

composites, it depends mostly on the 

technology of production. 

Consequently, not a single process 

related to the fibers occurs in the 

composite, but several local processes 

might be combined besides the 

yielding of matrix. The fiber can be 

damaged in three different ways as 

shown in Figure 1.2 [78]. 

Additionally, the role of interfacial 

adhesion is also quite significant in 

the determination of the dominating 

local process, fiber fracture is the most likely at good adhesion, while debonding and fiber 

pullout are the dominating deformation processes when adhesion is weak. 

 

 
Figure 1.2 Local deformation processes 

related to the fiber; a) yielding of the matrix, 

b) debonding, c) debonding and pullout, d) 

fracture [78] 

 



Chapter 1 

 

 

12 

1.2.2. Acoustic emission 

 

Acoustic emission (AE) is one of the most frequently used technique to evaluate 

local deformation processes in heterogeneous polymer systems. Local deformation pro-

cesses such as debonding, fiber fracture or pullout induce a quickly propagating sound 

wave in the material. It is important to mention that not all local deformation processes 

emit acoustic signals. Shear yielding and cavitation do not result in sound emission. The 

energy released suddenly propagate in the material in the form of elastic waves. The 

sound emitted by the deformation of metals and plastics are in the wavelength range of 

the ultrasound, with a frequency larger than 20 kHz (see Figure 1.3). The emitted signals, 

i.e. elastic waves can be detected by piezoelectric sensors which have appropriate reso-

nance frequency. Each signal can be characterized by several parameters; amplitude, du-

ration, rise time, frequency and counts. Deformation processes can be identified by using 

the amplitude of the signals [15,79,80]. Signals with small amplitudes are assigned to 

matrix deformation and debonding, while large amplitude signals are emitted by fiber 

fracture and pullout [15,81] in fiber reinforced composites. 

 
Figure 1.3 Frequency spectrum of sound waves 

 

The results of a representative tensile and acoustic emission test is shown in Fig-

ure 1.4 for a polypropylene composite containing 20 wt% wood flour [82]. Individual 

signals are indicated by empty circles, the height of which corresponds to the amplitude 

of the signal (outer right axis). The axis associated with the amplitude is indicated only 

in this case, since the inclusion of a third vertical axis unnecessarily complicates the fig-

ures. The cumulative number of signal trace summing up all signals up to a certain elon-

gation is also shown in the figure (right axis). The stress vs. strain correlation of the com-

posite is also plotted as reference (left axis). Both the individual signals and the cumula-

tive number of signal vs. strain trace indicate that multiple fiber related processes take 

place in this composite. Two groups of individual signals can be distinguished, one at 

small and the other at larger deformations of the composite. The two sets of individual 

signals appear in the cumulative number of signal trace as two steps related to two defor-

mation mechanisms. A characteristic stress i.e. the initiation stress of the local defor-
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mation process (σAE), and a characteristic deformation (AE) can be assigned to each pro-

cess, the determination of which is indicated in Figure 1.4 as well. Debonding occurs at 

small deformations (first process, AE1) thus at small stresses [82], but another process 

(second process, AE2) also takes place, which is initiated at much larger deformations. 

This process is shown by the increasing second section of the cumulative number of signal 

trace and was identified as fiber pullout or fracture [82]. 
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Figure 1.4 Results of the acoustic emission testing of a PP/wood composite containing 

20 wt% wood flour at poor adhesion (without MAPP). Small circles () 

indicate individual signals. Solid lines represent the cumulative number of 

signal vs strain (inner right axis) and the stress vs. strain correlation (left 

axis) plotted as reference [82] 

 

1.2.3. Relation of local processes to macroscopic properties 

 

The results of acoustic measurements on polymer/lignocellulose composites from 

the paper of Faludi et al. [83] clearly prove that local deformation processes have a con-

siderable impact on the macroscopic properties of the composites. In order to see this 

relationship better, the tensile strength of natural short fiber reinforced composites was 

plotted as a function of the characteristic stress (σAE) of the dominating process (see Fig-

ure 1.5). They found a close correlation between the two characteristics mentioned above. 

The caption of the figure indicates only the aspect ratio (AR) of the natural fibers, because 

their other characteristics are not important in this case. The correlation proves that local 

deformation processes initiated in or around wood particles result in the almost immediate 
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failure of the composite. Consequently, the inherent strength of the fiber determines max-

imum composite strength in the case of the investigated polymer/lignocellulose compo-

sites. The presented result indicates that composite strength can be increased only by in-

creasing the inherent strength of the fiber, which can be achieved by the proper selection 

of fiber characteristics (length, diameter), chemical treatment or processing conditions. 
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Figure 1.5 Close correlation between characteristic stress (σAE) and the strength of 

the composite. Symbols: poly(lactic acid) (PLA): , random PP: 

, homopolymer PP: , AR: 2.3: , AR: 3.5: 

, AR: 5.4 , AR: 6.8 , AR: 12.5: . 

 

1.3. Scope 

 
Numerous papers have been published on the study of the mechanical properties 

of short fiber reinforced polymer composites, but very few presented a detailed analysis 

of the local deformation processes taking place in them during deformation. On the other 

hand, the structure/property correlations of the composites are also very important for 

development, but only scarce information is available in the open literature. A better un-

derstanding of these processes and correlations would provide an opportunity to achieve 

the best possible properties in composites. In this Thesis we focus on the identification of 

the deformation processes occurring in natural and synthetic short fiber reinforced com-

posites, in order to prepare hybrid composites with large stiffness and impact resistance 

by utilizing the advantageous properties of the different fibers. These kind of hybrid com-

posites are already potential raw materials in automotive applications. 
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All composites were prepared in a similar way in this Thesis, therefore the method 

of preparation and the techniques used for characterization are presented in Chapter 2. 

The list of raw materials used and their most important characteristics are also given in 

that chapter. 

To our greatest surprise hardly any publication is available in the open literature 

which compares wood fibers to traditional fibers, i.e. to glass or carbon. Consequently, 

we studied the effect of various fibers as reinforcements for PP used in structural appli-

cations. The results of the study are presented in Chapter 3. We considered it important 

to thoroughly examine these composites in order to provide a solid starting point for our 

further work. We also examined whether wood flour, which is derived from natural and 

renewable resources could replace carbon or glass fibers in composites. 

We found that the wood flour cannot replace carbon and glass fibers in certain 

applications. Moreover, the stiffness of the composites prepared was largely increased by 

the use of carbon fibers and the strength was improved also in large extent by the use of 

glass fibers, but in these composites the impact resistance remained small. Therefore, we 

tried a new concept to increase the fracture resistance of the composites using polymer 

fibers (Chapter 4). We used two different types of polymer fibers in order to determine 

the effect of fiber characteristics on the mechanical properties of the composites and a 

comparison was also made with natural fibers. 

We achieved a large increase in the impact resistance of the composites by using 

polymeric fibers. The reinforcing effect of polymer fibers and their influence on impact 

resistance were investigated in two polymer matrices with different properties (Chapter 

5). Besides tensile and impact properties, considerable attention was paid to the analysis 

of local deformation processes taking place around the fibers during loading. 

Since composites with large stiffness have been already produced by using carbon 

or glass fiber reinforcements, and large impact resistance was obtained with the use of 

polymer fibers, it was reasonable to assume that the combination of the reinforcing and 

polymeric fibers might result in composites with advantageous properties. Consequently, 

the goal of the work reported in Chapter 6 was to prepare hybrid PP composites contain-

ing glass or carbon fibers and a polymer (PET) fiber simultaneously. 

The hybrid composites containing carbon or glass fibers or wood flour as rein-

forcement and PET fibers have a combination of properties readily accepted in the auto-

motive and construction industry. Environmental considerations and the outstanding 

properties of wood/PET hybrid composites encouraged us to verify the validity of the 

approach of hybridization also for PP composites reinforced not only with wood flour but 

also with other natural fibers (Chapter 7). 

In our previous studies we showed that PVA fibers are also effective in two-com-

ponent PP composites but no proof is available that they improve impact resistance in the 

presence of reinforcing fibers as well. Accordingly, the goal of the work reported in 

Chapter 8 was to check, and if possible verify, the concept of using PVA fibers for the 

impact modification of PP composites reinforced with the most frequently used fibers, 

i.e. with glass, carbon and wood. 
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In the final chapter of the Thesis, in Chapter 9, we briefly summarize the main 

results obtained during the work, but refrain from their detailed discussion, because the 

most important conclusions were drawn and reported at the end of each chapter. This 

chapter is basically restricted to the listing of the major thesis points of the work. The 

large number of experimental results obtained in the research supplied useful information 

and led to several conclusions, which can be used during further research and develop-

ment related to the preparation of short fiber reinforced hybrid composites, but also in 

other areas related to heterogeneous polymeric materials. As usual, quite a few questions 

remained open in the various parts of the study, their explanation needs further experi-

ments. Research continues in this area at the Laboratory and we hope to proceed success-

fully further along the way indicated by this and by previous theses. 
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Chapter 2 

 

Experimental 
 

The materials and experimental methods are summarized in this chapter which 

were generally used during the entire study, unless otherwise stated. The same materials 

and methods were used for the preparation as well as for the characterization of the sam-

ples. Different techniques or materials, as well as specific details of the experiments are 

given in the corresponding thematic chapters. 

 

2.1. Materials 
 

Two polypropylene grades were used as matrix in the experiments. One was a 

homopolymer (hPP), the Daplen HJ 325 MO grade produced by Boralis GmbH, Austria 

with an MFR value of 50 g/10 min (2.16 kg, 230 °C) and a density of 0.91 g/cm3. The 

other polymer, a heterophasic ethylene-propylene copolymer (ePP) or reactor blend, the 

Daplen EE 050 AE grade containing 32 wt% elastomer also supplied by Borealis was 

used only in Chapter 5. The MFR of the copolymer was 11 g/10 min under the same 

conditions and it had the same density of 0.91 g/cm3. The structure and mechanical prop-

erties of the two polymers differed considerably; the modulus and impact resistance of 

the hPP polymer were 1.48 GPa and 1.7 kJ/m2, respectively, while the same characteris-

tics of the reactor blend were 1.02 GPa and 52.4 kJ/m2. A polypropylene functionalized 

with maleic anhydride (MAPP) was used for coupling to improve interfacial adhesion. 

The Scona 6102 grade with an MFR of 3.5 g/10 min (2.16 kg, 190 °C) and maleic anhy-

dride (MA) content of 0.9-1.2 % was obtained from Byk-Chemie GmbH, Germany. The 

amount of the functionalized PP was always 10 wt% calculated for the total amount of 

fiber added. 

Five different polymer fibers were applied in the study, four of them were poly(vi-

nyl alcohol) (PVA) and one of them was poly(ethylene terephthalate) (PET) fiber. Three 

different grade of PVA fibers produced by Kuraray, Japan were compared in the prelim-

inary experiments in Chapter 5. The selection procedure is described in the first part of 

the results and discussion section of that chapter. Another type of PVA fiber, Mewlon 

100 AB produced by Unitika Ltd., Japan was used in Chapter 4. The PET fiber (T713) 

was obtained from Performance Fibers GmbH, Germany. Some of the most important 

characteristics of the polymeric fibers are listed in Table 2.1. 

Various synthetic and natural fibers were applied as reinforcements, carbon fibers 

(CF), glass fibers (GF), wood flour (W), flax (F) and sugar palm (SP). The carbon fiber 

was the Panex PX 35 grade of Zoltek Zrt, Hungary. The fiber had a diameter of 7.2 µm 

and a length of 8.4 mm; according to the producer its stiffness is 242 GPa, while its 

strength 4.1 GPa. The fiber was sized with an epoxy/polyurethane blend, which was over-

coated with a polyester resin. The glass fiber was obtained from Johns Manville, USA. It 

had a diameter of 13 µm and a length of 4 mm. The ThermoFlow 636 grade was coated 

with a silane sizing, which is recommended for PP, poly(vinyl chloride) (PVC) and pol-

yethylene (PE). According to the producer, the stiffness and strength of the fiber are 
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72 GPa and 3450 MPa, respectively. The wood flour used was the Filtracell EFC 1000 

grade produced by Rettenmaier and Söhne GmbH, Germany. The average length of the 

fibers was 363 µm, while their average diameter was 64 µm. The particle characteristics 

of wood fibers were determined by image analysis from scanning electron micrographs. 

The flax fiber was obtained from Hungaro-Len Kft., Hungary, as roving and it was cut to 

about 10-15 mm length to prepare the composites. The sugar palm fibers were obtained 

from Surabaya Fiber, Indonesia, as bundles and were cut to 10-15 mm length before ho-

mogenization. The most important characteristics of the reinforcing fibers are collected 

in Table 2.2. 

The composition of composites containing only one type of fiber varies from 0 to 

60 wt% in 5 wt% steps. The hybrid composites always contained 20 wt% of the reinforc-

ing stiff fiber (carbon, glass, wood, flax, sugar palm) and the amount of the polymer fiber 

(PET, PVA) changed from 0 to 40 wt% in 5 wt% steps. 

 

2.2. Sample preparation 
 

The components, i.e. the fibers and the matrix polymer were homogenized in a 

twin-screw compounder (Brabender DSK 42/7, Brabender, Germany) at the set tempera-

tures of 180-190-200-210 °C and 40 rpm. Wood flour, flax and sugar palm fibers were 

dried before extrusion at 105 °C for 4 hours, while the PVA fibers at 80 °C for 4 hours in 

a vacuum oven. Extrusion was repeated once in order to increase homogeneity. The gran-

ulated composites were injection molded into standard (ISO 527 1A) tensile bars of 4 mm 

thickness using a Demag IntElect 50/330-100 machine, Demag, Germany. Processing 

parameters were 40-170-180-190-200 °C set temperature, 300-1200 bar injection pres-

sure, depending on fiber type and content, 50 bar back pressure, 50 mm/s injection speed, 

25 s holding time, and 30 s cooling time. The temperature of the mold was set to 40 °C. 

The specimens were stored at ambient temperature (25 °C, 50 % RH) for one week before 

further testing. 

 

2.3. Characterization 
 

 The mechanical properties of the composites were characterized by tensile and 

impact testing. Tensile tests were carried out using an Instron 5566 universal testing ma-

chine, Instron, USA, with a gauge length of 115 mm and 5 mm/min crosshead speed. 

Deformation was measured by an extensometer. Young's modulus was determined in the 

strain range of 0.05-0.25 % by fitting a straight line to the measured data. The character-

istic values of yield stress and strain, as well as tensile strength and elongation-at-break 

were taken from stress vs. strain traces recorded during the test. Local deformation pro-

cesses were followed by acoustic emission testing. Acoustic emission (AE) signals were 

recorded using a Sensophone AED 404 apparatus (Geréb és Társa Kft., Hungary) with a 

single a11 resonance detector with the resonance frequency of 150 kHz attached to the 

center of the specimen. The threshold level of detection was set to 23 dB. Impact re-

sistance was characterized by the notched Charpy impact strength determined according 

to the ISO 179 standard at 23 °C with 2 mm notch depth. In Chapter 8 the unnotched 

impact strength of the specimens was also determined under the same conditions. Instru-
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mented impact testing was carried out using a Ceast Resil 5.5 apparatus (Ceast spa, Pi-

anezza, Italy) with a 4 J hammer on notched specimens and also on unnotched specimens 

in Chapter 8. The structure of the composites and deformation mechanisms were studied 

by scanning electron microscopy (Jeol JSM 6380 LA, Jeol Ltd., Tokyo, Japan) by record-

ing micrographs on fracture surfaces created during tensile and fracture testing, respec-

tively. In certain cases, the possible attrition of the fibers was checked on compression 

molded thin films by digital optical microscopy (DOM) (Keyence VHX 5000, USA). The 

thermal properties of the PVA fibers were characterized by differential scanning calorim-

etry (DSC) in Chapter 5. The measurements were carried out using a Perkin Elmer Dia-

mond equipment (Perkin Elmer, USA, Waltham) in the temperature range of 40-270 °C 

and with a heating rate of 10°C/min. Samples were heated, cooled down and heated up 

again with the same rate during the measurement. 

  



Chapter 2 

 

 

26 

Table 2.1 The most important characteristics of the polymeric fibers used during the work 

 

Characteristics PVA PET 

Grade VF 1203-2 VP 162 VPB-103 Mewlon 100 AB T713 

Abbreviation PVA25 PVA13 PVA11 PVA18 PET 

Producer 
Kuraray Co., Ltd. Unitika Ltd. 

Performance  

Fibers GmbH 

Diameter (m) 25 13 11 18 24 

Length (mm) 3 3 3 4 4 

Initial aspect ratio 120 230 270 220 170 

Strength (MPa) 1140 900 780 640-770 900-975 

Stiffness (GPa) 21 13 10 5.4-7.8 5.7-6.9 

Elongation (%) 15.8 8.0 13.0 - - 

Melting temperature (°C) 233.1 ± 1.4 234.6 ± 0.9 234.4 ± 1.1 - 255.5 ± 2.2 

Heat of fusion (J/g) 92.3 ± 1.8 68.2 ± 1.7 134.8 ± 0.9 - 55.1 ± 2.3 
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Table 2.2 The most important characteristics of the synthetic and natural fibers used 

 

Characteristics Carbon Glass Wood Flax Sugar palm 

Grade Panex PX 35 ThermoFlow 636 Filtracel EFC 1000 - - 

Abbreviation CF GF W F SP 

Producer Zoltek Zrt. Johns Manville Rettenmaier and 

Söhne 

Hungaro-Len Kft. Surabaya Fiber 

Density (g/cm3) 1.81 2.50 1.50 1.38a 1.26a 

Stiffness (GPa) 242 72 6-14 34-106a 6-9a 

Strength (MPa) 4100 3450 n.a. 345-1035a 200-300a 

Diameter (m) 7.2 13 64 10-20 100-200 

Length (mm) 8.37 4 0.36 10-15 10-15 

Initial aspect ratio 1200 307 6.8 25-100 2.5-150 

a) Reference 1 
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Chapter 3 
 

Comparative Study of Fiber Reinforced PP Composites: 

Effect of Fiber Type, Coupling and Failure Mechanisms1 

 
3.1. Introduction 
 

In the last few decades, the reinforcement of PP with wood and natural fibers came 

into the focus of attention in both industry and academia [1-10]. Although the use of wood 

flour and natural fibers for the reinforcement of PP is widely recommended and numerous 

studies have been published on such materials [4-6,11-15], rather surprisingly it is diffi-

cult to find any publication in the open literature which compares wood to traditional 

fibers, i.e. to glass or carbon [16,17]. Consequently, the goal of our study was to compare 

various fibers as reinforcements for PP used in structural applications and examine the 

possibility whether carbon or glass fiber can be replaced with wood flour. Carbon fiber, 

glass fiber and wood flour were used as reinforcement and attention was mainly focused 

on the stiffness and impact resistance of the composites. Besides the identification of the 

most important factors determining these properties as well as the study of the effect of 

coupling on them, special attention was paid to local deformation processes and their 

relationship to macroscopic properties. We used acoustic emission testing and scanning 

electron microscopy to identify these local deformation and failure processes, determined 

characteristic stresses initiating them and related the obtained values to tensile strength 

and impact resistance. The advantages and drawbacks of the various fibers as well as 

practical consequences are also discussed briefly at the end of the chapter. 

 

3.2. Experimental 
 

The composites, on which results are presented in this chapter were prepared by 

using the Daplen HJ 325 MO grade PP homopolymer of Borealis GmbH, Austria. The 

coupling agent the Scona 6102 grade MAPP, was obtained from Byk-Chemie GmbH, 

Germany. The carbon fiber was the PX 35 grade of Zoltek Zrt., Hungary. The glass fiber 

(ThermoFlow 636) was obtained from Johns Manville, USA. The wood flour used was 

the Filtracell EFC 1000 grade produced by Rettenmaier and Söhne GmbH, Germany. The 

dimensions and aspect ratios of the fibers were determined by a special technique using 

digital optical microscopy (DOM) on composites containing 30 wt% fibers. Thin films of 

about 100 µm thickness were prepared by compression molding and the fibers were ex-

amined in transmitted light. The conditions of the experiments are given in Chapter 2, 

while the most important characteristics of the fibers are listed in Table 2.2.  

 

 

 

                                                 
1 Várdai R, Lummerstorfer T, Pretschuh C, Jerabek M, Gahleitner M, Faludi G, Móczó J, Pukánszky B: Com-

parative study of fiber reinforced PP composites: Effect of fiber type, coupling and failure mechanisms. Com-

pos Part A Appl Sci Manuf 133, Art. No.: 105895 (2020) 
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3.3. Results and discussion 
 

The properties of heterogeneous polymer systems are determined by several fac-

tors including their structure, as discussed in Section 1.1.2. The structure of injection-

molded specimens prepared from fiber reinforced composites is complicated; the aniso-

tropic fibers have a complex orientation distribution, which changes in space. Fiber ori-

entation is determined by the flow pattern in the mold, which is controlled by processing 

conditions. Since these latter were the same for all composites, we do not analyze struc-

ture in detail in this Thesis, but assume that fiber orientation and its change with compo-

sition are similar for the composites prepared. After presenting tensile and impact prop-

erties, we focus our attention on local deformation and failure processes as well as on the 

effect of interactions instead. General correlations and consequences for practice are dis-

cussed briefly in the final section of this chapter. 

 

3.3.1. Tensile properties 

 

One of the main functions of reinforcing fibers is to increase the stiffness of the 

polymer. The Young's modulus of the composites prepared is plotted against fiber content 

in Figure 3.1. The addition of the fibers resulted in considerable increase of stiffness 

indeed, Young's modulus increases from 1.5 GPa to about 13 GPa in the composition 

range used, at least for composites prepared with the carbon fibers. Three different sets 

of correlations are obtained depending on the fiber used. Composite modulus is obviously 

determined by the stiffness of the fibers, their aspect ratio and composition. 
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Figure 3.1 Effect of fiber type and content on the stiffness of fiber reinforced PP 

composites. Symbols: (,) CF, (,) GF, (,) wood flour. Empty: 

without coupling, poor adhesion; full: with MAPP, good adhesion. 
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The length and thus the aspect ratio of stiff fibers change during processing, con-

siderable attrition occurs which might influence stiffness. Carbon fibers had an aspect 

ratio of around 25, glass fibers approximately 12, while the aspect ratio of wood fibers 

was around 7 after processing. The exact values depended somewhat also on coupling 

and they are listed in Table 3.1. We have to note that slight changes in aspect ratio may 

occur as function of fiber content but this effect is not large enough to influence properties 

considerably. The nonlinear correlation with decreasing gradient indicates some struc-

tural effect, possibly the changing orientation of the fibers or their attrition, but the effect 

is very similar for all three types of fiber, i.e. CF, GF and wood. The fitting of existing 

models [18,19] to the experimental data indicates that changing fiber length is not the 

reason for the non-linear correlation, and the use of shear lag models do not explain the 

deviation from linearity. Changing fiber orientation with composition or, large extent of 

debonding, especially for carbon fibers, might explain it better. Not very surprisingly, 

coupling has only a minor or negligible effect on composite stiffness; the presence or 

absence of the coupling agent does not influence modulus. This finding is in accordance 

with earlier observations indicating that interfacial adhesion does not affect stiffness de-

termined at small deformations [18-20]. 

 

Table 3.1 Fiber characteristics before and after processing, fiber attrition at 30 wt% 

fiber content 

 

Fiber Processing Coupling 
Dimensions (m) Aspect  

ratio Length Diameter 

Wood 

before – 

363 64.0   6.8 

Carbon 8400   7.2 1200 

Glass 4000 13.0   307 

Wood 

after no 

225 43.0   7.4 

Carbon 197   7.2 27.4 

Glass 135 13.0 10.4 

Wood 

after MAPP 

275 60.0   6.2 

Carbon 154   7.2 21.4 

Glass 180 13.0 14.0 

 

The relative effect of the fibers differs considerably in the case of tensile strength 

measured at larger deformation (Figure 3.2). The stiffness of the fiber plays a much 

smaller role here, while interfacial interactions are more important. The strongest com-

posites were obtained with the glass fiber at good adhesion, i.e. in the presence of the 

coupling agent, while relatively small values were obtained for the wood reinforced com-

posites. It is worth to note that without coupling, the carbon fiber reinforces the polymer 
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only slightly, its effect being very similar to that of wood. Obviously, interfacial adhesion 

is weak in its composites and the fiber does not carry much load. Although coupling im-

proves strength in glass fiber reinforced composites, composite strength is acceptable also 

without MAPP, which indicates a mechanism of interaction different from the other cases. 

We must also emphasize here that all fibers, including wood without coupling, increase 

tensile strength resulting in true reinforcement. On the other hand, coupling leads to a 

considerable increase in reinforcement in most cases. We can conclude here that interfa-

cial adhesion plays a very important role in the determination of the strength of the fiber 

reinforced PP composites studied. 
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Figure 3.2 Dependence of the tensile strength of fiber reinforced PP composites on 

fiber type, content and coupling. Symbols: (,) CF, (,) GF, (,) 

wood flour. Empty: without coupling, poor adhesion; full: with MAPP, 

good adhesion. 

The deformability of composites is extremely important for practical applications. 

Reinforcing fibers increase the stiffness of the composites, often resulting in very brittle 

materials with inferior impact properties. The elongation-at-break values of the compo-

sites studied are plotted against fiber content in Figure 3.3. The largest deformation is 

measured for the composites prepared with wood fiber, which have the smallest stiffness. 

Elongation-at-break might be increased also by the fracture of the fibers parallel to their 

axis [4,20] and the ensuing deformation of the matrix. The deformability of carbon fiber 

reinforced composites is very small, both with and without coupling. However, we must 

point out here that the elongation of all composites is very small at all compositions es-

pecially if we compare it to that of the neat matrix polymer (450 %). The small deforma-

bility may lead to very small fracture resistance, a frequent weakness of fiber reinforced 

composites. 
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Figure 3.3 Correlation between the deformability of PP composites and their fiber 

content. Effect of fiber type and coupling. Symbols: (,) CF, (,) GF, 

(,) wood flour. Empty: without coupling, poor adhesion; full: with 

MAPP, good adhesion. 

 

3.3.2. Impact resistance 

 

The notched Charpy impact resistance of the composites is plotted as a function 

of fiber content in Figure 3.4. The picture is somewhat similar to the one presented in 

Figure 3.2 for tensile strength. The best performance is offered by the glass fiber com-

bined with coupling. Apart from the wood composites containing small amounts of the 

fibers, impact resistance increases in each case, which is somewhat surprising since larger 

stiffness usually leads to smaller impact resistance. For most PP-based composites an 

inverse correlation exists between stiffness and impact strength [21]. Increased impact 

strength can be explained only by fiber related processes, which can be, for example, the 

plastic deformation of the matrix in the case of debonding or the fracture of the fibers. 

This latter process seems to be especially important for the glass fiber reinforced compo-

sites. 

If we analyze the effect of coupling, we can observe several interesting phenom-

ena. Improved interfacial adhesion decreases impact resistance in the wood composites, 

and even more in the carbon fiber reinforced composites. This effect of coupling corre-

sponds to the expectations, since it had been shown earlier that stronger adhesion usually 

results in inferior impact strength [22,23]. On the other hand, the opposite effect is ob-

served in the case of the composites reinforced with glass fibers. In all probability, local 

deformation and failure processes, or their relative importance are different in the three 
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sets of composites resulting in dissimilar energy absorption during fracture and thus dif-

ferent impact resistance. 
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Figure 3.4 Effect of fiber type, fiber content and the addition of MAPP on the notched 

Charpy impact resistance of fiber reinforced PP composites. Symbols: 

(,) CF, (,) GF, (,) wood flour. Empty: without coupling, poor 

adhesion; full: with MAPP, good adhesion. 

 

More insight gained about the fracture process and the factors influencing it might 

be from the results of instrumented impact testing. The traces obtained during such tests 

are presented in Figure 3.5 for the six composites, three fibers with or without coupling, 

at 30 wt% fiber content. Although the figure does not offer an unambiguous explanation 

for the different effect of the fibers and the dissimilar influence of coupling, the traces 

differ considerably from each other. Apparently, all composites fail by brittle fracture, 

but large differences can be observed in the maximum force related to fracture initiation. 

Some relationship seems to exist between the maximum force and impact resistance, but 

at least one additional factor also influences this property. Carbon fiber composites have 

large maximum force, but smaller impact strength than the glass fiber composites at good 

adhesion. In the presented form the traces do not allow the estimation of fracture energy, 

but a more detailed analysis showed that it changes similarly to the correlations shown in 

Figure 3.4 for the standard Charpy impact resistance. These results clearly indicate that 

several factors influence the impact resistance of fiber reinforced composites, one of 

which is definitely interfacial adhesion, coupling. The analysis of local deformation and 

failure processes may shed more light on these factors. 
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Figure 3.5 Instrumented impact testing of fiber reinforced PP composites containing 

30 wt% of the fibers. The second trace in each pair was recorded on 

composites containing the coupling agent (MAPP). 

 

3.3.3. Local deformation processes and failure mechanisms 

 

As we discussed in Section 1.2, under the effect of external load stress concentra-

tion develops around the heterogeneities in blends and composites which initiate local 

deformation and failure processes, some of which can be followed by acoustic emission 

measurements [4,6]. The result of such a measurement done on wood reinforced PP with 

coupling is presented in Figure 3.6. Individual signals (events) are indicated by small 

circles in the figure, the height of which corresponds to the amplitude of the signal, and 

the stress vs. strain correlation is also plotted as reference (left axis). Two groups of sig-

nals can be identified in the figure, one at small deformations and the rest above 2.5 % 

elongation. Although the two groups can be clearly distinguished, the cumulative number 

of signal trace (right axis) summarizing all the events up to a certain deformation facili-

tates evaluation and understanding. Two steps appear in the correlation clearly indicating 

two separate processes taking place during the tensile testing of the specimen. These pro-

cesses were identified earlier as debonding, the separation at the interface between the 

matrix and the fiber, and the fracture of the fibers, which occur especially frequently at 

strong adhesion [4,14,15,20]. Both processes are initiated above a certain deformation 

from which characteristic stresses (AE) can be derived [4,6,14,15,20]. The determination 

of these stresses is indicated in Figures 3.6 and 3.7, and the respective values will be used 

later for evaluation. 
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Figure 3.6 Results of the acoustic emission testing of a PP/wood composite containing 

20 wt% wood at good adhesion (MAPP). Small circles () indicate 

individual signals. Solid lines represent the cumulative number of signals 

(right axis) and the stress vs. strain correlation (left axis) plotted as 

reference. 

 

The acoustic emission testing of materials reinforced with traditional fibers, glass 

or carbon, yields a somewhat different result. Such an example is presented in Figure 3.7 

showing the distribution of signals and the cumulative number of signal trace. Unlike in 

the case of wood reinforced PP, only one process seems to take place during the tensile 

testing of this specimen or at least one dominates during deformation. This process can 

be the debonding, pullout or the fracture of the fibers. Debonding may take place to some 

extent for fibers oriented perpendicular to the load, but pullout or fiber fracture are also 

probable mechanisms, which may occur in the composite.  
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Figure 3.7 Acoustic emission results obtained for a PP/CF/MAPP composite at 20 

wt% fiber content. Symbols are the same as in Figure 3.6. 

 

The shape of the cumulative number of signal trace and the number of signals offer 

information about the possible processes taking place around the fibers during defor-

mation. The cumulative number of signal traces are presented in Figure 3.8 for compo-

sites containing 20 wt% of the various fibers. Two distinct processes take place in wood 

composites as shown in Figure 3.6, but the steps are less visible in the figure because of 

the relative small number of signals. It is interesting to note that the number of events 

decreases considerably upon the addition of MAPP, since at good adhesion less debond-

ing takes place, although the relative number of fiber fractures increases somewhat. Car-

bon fiber reinforced composites present dissimilar traces from those measure on PP/wood 

composites, only one process dominates and coupling does not influence the number of 

signals, but decreases the deformability of the composites. The behavior of the glass-

reinforced composites is obviously different and only one process seems to take place in 

these composites. The process starts at somewhat larger deformation than in the other two 

sets of composites, i.e. for CF and wood. The larger characteristic deformation, and thus 

stress, the large number of signals as well as the shape of the trace indicate good adhesion. 

This result is in accordance with the one presented in Figure 3.2 showing relatively good 

strength for the glass fiber reinforced composites even without coupling. These results 

indicate that several and different local deformation and failure processes may take place 

practically in every composite, but one dominates the failure behavior in most of them. 
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Figure 3.8 Comparison of the cumulative number of signal traces obtained for the six 

composites studied. Fiber content: 20 wt%. good adhesion (with 

MAPP), ------ poor adhesion (without MAPP). 

 

The identification of the individual processes is practically impossible from the 

results of acoustic emission testing alone. On the other hand, scanning electron micro-

graphs recorded on the surface of specimens broken during tensile testing may help in the 

identification. Only a few characteristic micrographs are presented in Figure 3.9 in order 

to save place, but representative ones reveal the most important processes. A micrograph 

taken from a composite reinforced with carbon fiber is shown in Figure 3.9a. Some 

debonding, extensive pullout and the fracture of the fibers can be seen in the micrograph. 

Matrix yielding can be also observed around fibers pulled out. The introduction of MAPP, 

i.e. stronger adhesion decreased the length of pulled out fibers and increased the number 

of fractured ones (Figure 3.9b). Accordingly, the pullout and fracture of the fibers are 

the main processes in CF reinforced composites. A similar picture is offered by the mi-

crographs recorded on glass fiber reinforced PP. Adhesion is surprisingly good both in 

the presence and in the absence of MAPP in composites containing the glass fibers. Alt-

hough some debonding and pull out can be also observed in Figure 3.9c recorded on a 

composite prepared with the glass fiber in the absence of MAPP, the surface is dominated 

by short broken fibers. Apparently, the fracture of fibers consumes considerable energy 

during failure. Debonding dominates in wood composites not containing the coupling 

agent, while mostly fiber fracture takes place in the presence of MAPP, as shown by 

Figure 3.9d in which the fracture of a wood particle parallel to its axis is clearly visible. 

The SEM study confirmed the observations made during acoustic emission testing and 

helped the identification of the main local deformation mechanisms. The results clearly 
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prove that adhesion is an important factor determining the mechanism of local defor-

mation processes and failure mechanisms and thus the macroscopic properties of the com-

posites. 

 

a) 

 

b) 

 

c) 

 

d) 

Figure 3.9 SEM micrographs recorded on the surface of specimens broken during 

tensile testing. Identification of local deformation and failure processes.  

a) CF, b) CF/MAPP, c) GF, d) wood/MAPP. Fiber content: 20 wt%. 

 

3.3.4. Interactions, coupling 

 

Although the effect of interfacial adhesion and coupling is more or less clear, its 

quantitative estimation is difficult. A model created for the description of the composition 

dependence of tensile strength of heterogeneous materials offers a way to develop some 

idea about the effect of interactions on properties [24]. The model describes the compo-

sition dependence of tensile strength in the following way (Equations 3.1 and 3.2) 

 

𝜎𝑇 =  𝜎𝑇0 𝜆𝑛  
1 −  𝜑

1 + 2.5 𝜑
 exp(𝐵𝑡  𝜑) (3.1) 

where T and T0 are the true tensile strength of the composite and the matrix, respec-

tively,  is the volume fraction of the reinforcement in the composite, Bt expresses the 
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load bearing capacity of the reinforcement and it depends on interfacial adhesion. In the 

equation true tensile strength (T = ,  = L/L0, relative elongation) accounts for the 

change in specimen cross-section and n for strain hardening occurring with increasing 

elongation. n characterizes the strain hardening tendency of the polymer and can be de-

termined from matrix properties. The rearrangement of the equation leads to the reduced 

tensile strength 

 

𝜎𝑇𝑟𝑒𝑑 =  
𝜎𝑇

𝜆𝑛
 
1 + 2.5 𝜑𝑓

1 −  𝜑𝑓

=  𝜎𝑇0 exp(𝐵𝑡  𝜑𝑓) (3.2) 

and if we plot its natural logarithm against composition, we should obtain straight lines, 

the slope of which expresses the reinforcing effect of the filler quantitatively. The param-

eter of the model, Bt, is related to the load bearing capacity of the heterogeneity, i.e. filler, 

fiber or a blend component, and it depends, among other factors on interfacial adhesion. 

Although the structure, e.g. the orientation of the fibers in this case, also plays a role in 

the determination of strength and thus parameter Bt, interfacial interactions also influence 

it. As mentioned before, we assume that fiber orientation is similar in all cases and does 

not change much with increasing fiber content. 

 

Table 3.2 Relationship among impact resistance, acoustic activity and reinforcing ef-

fect in fiber reinforced polypropylene 

 

Reinforcement Coupling 
Impact resistancea 

an (kJ/m2) 
No of signalsa Parameter Bt

b 

Carbon 
– 4.44  0.11 13700  1210 4.45 

+ 3.96  0.18 15100  3040 7.80 

Glass 
– 2.62  0.11 43266  5050 4.64 

+ 4.42  0.23 163020  14010 5.93 

Wood 
– 2.62  0.22 16100  8410 3.13 

+ 2.27  0.05   6860  5360 5.03 

a) at 30 wt% fiber content 

b) related to the load bearing capacity of the fiber and to adhesion 

 

Parameter Bt was calculated for all the composites and it is listed in Table 3.2. The 

load bearing capacity of the fibers increases upon the addition of the coupling agent in 

each case. The smallest increase occurs for the glass fiber, indicating that the sizing used 

results in good adhesion and the coupling agent does not enhance it much further. Con-

siderable improvement is observed in the other two cases. The table also contains the 

impact resistance of the composites and the number of acoustic signals detected at 30 

wt% fiber content. We can see that both the number of signals and adhesion are related 

to impact strength, but not always in the same way. In the case of the carbon fiber and 
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wood, coupling results in decreased impact resistance, i.e. stronger adhesion facilitates 

the fracture of the composite. It must change the dominating local deformation and failure 

processes and/or suppress one, which absorbed energy in the absence of coupling. Fiber 

fracture does not absorb much energy in the case of the wood and CF composites, but the 

large number of fiber fractures in the glass fiber reinforced composites does, which results 

in relatively large impact resistance. 

 

3.3.5. Correlations 

 

The results presented above clearly prove that local deformation processes have a 

considerable impact on the macroscopic properties of the composites. To see this rela-

tionship better, the tensile strength of the composites was plotted against the characteristic 

stress (σAE) of the dominating process, which was derived from acoustic emission testing 

(Figure 3.10).  
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Figure 3.10 Correlation between the tensile strength of the composites and the 

characteristic (initiation) stress of the local deformation processes 

determined by acoustic emission testing. Symbols: () CF, AE1,  

() CF/MAPP, AE1, () GF, AE2, () GF/MAPP, AE2, () wood, AE1, 

() wood/MAPP, AE1, () wood, AE2, () wood/MAPP, AE2. Empty: 

without coupling, poor adhesion; full: with MAPP, good adhesion. 

 
Characteristic stresses were determined for all three fibers at all fiber contents. 

Two processes were detected in many, but not in all composites and the corresponding 

values (AE1, AE2) were plotted in Figure 3.10. The figure supports the existence of such 

a relationship, which is rather similar for practically all composites. The composites can 
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be divided into several groups. The first local deformation process in wood and the dom-

inating one in uncoupled CF as well as in the coupled CF composites do not result in the 

failure of the composite, the initiation stress of the corresponding processes being much 

smaller than the tensile strength of the composites (see upper straight line). On the other 

hand, the second process in wood reinforced PP, i.e. the fracture of wood particles, leads 

to the immediate failure of its composites (lower straight line, full triangles). Finally, the 

composites prepared with the glass fiber fail after the initiation of the dominating process, 

but not immediately, and the gap between the theoretical line of immediate and actual 

failure increases with increasing fiber content (full red circles). In the case of proper cou-

pling, glass fibers reinforce PP considerably and offer a very advantageous property pro-

file. 
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Figure 3.11 Relationship between the impact resistance of the PP composites studied 

and the characteristic stress of the local deformation processes. Symbols: 

() CF, AE1, () CF/MAPP, AE1, () GF, AE2, () GF/MAPP, AE2, 

() wood, AE1, () wood/MAPP, AE1, () wood, AE2, () 

wood/MAPP, AE2. Empty: without coupling, poor adhesion; full: with 

MAPP, good adhesion. 

One might object that the characteristics determined under the conditions of static 

tensile testing do not give any indication about impact resistance measured at high rate, 

and local deformation and failure processes might not influence impact strength. Impact 

resistance is therefore plotted against the characteristic stress values in Figure 3.11. Very 

strong correlations are obtained again, and more or less the same groups can be distin-

guished in this figure as in the previous one. It is interesting to note that impact resistance 

increases in all cases with the increase of characteristic stress indicating that fiber related 
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processes absorb energy and improve impact resistance. Although the processes are dif-

ferent, thus their energy absorption is also different, the overall effect is the same. Matrix 

yielding after debonding or pullout, or the fracture of the fibers, all lead to smaller or 

larger additional energy absorption. The beneficial effect of glass fibers with good adhe-

sion is clear in this case again. 

An important question for structural materials is the balance of stiffness and im-

pact resistance. The two characteristics are plotted against each other in Figure 3.12 for 

the composites studied. Usually an inverse correlation exists between the two quantities 

as shown by the broken line taken from one of our earlier works [21]. The correlation was 

obtained as the result of the testing of a very large number of wood, as well as wood and 

elastomer modified PP composites. Impact resistance could not be increased at any com-

bination of the two components because the fracture of wood particles dominated failure 

[6,20]. Due to the local deformation processes initiated around the fibers impact re-

sistance increases practically in all cases here, i.e. the use of the traditional fibers is more 

beneficial than that of wood if impact resistance is important for the intended application. 

We must emphasize here that although impact resistance increases upon the addition of 

the traditional fibers; its value is not extremely large. Occasionally impact strengths in 

excess of 15-20 kJ/m2 are required for certain applications. Nevertheless, the proper se-

lection of fiber type, fiber content and coupling can lead to a very advantageous combi-

nation of properties. 
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Figure 3.12 Correlation between the impact resistance and stiffness of fiber reinforced 

PP composites. Symbols: (,) CF, (,) GF, (,) wood flour. 

Empty: without coupling, poor adhesion; full: with MAPP, good adhesion. 

The broken line indicates the general correlation of the two properties de-

termined in a previous study [21]. 
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3.4. Conclusions 
 

A comparative study with three different fibers, wood, glass and carbon, was car-

ried out to determine their advantages in the reinforcement of PP. The results proved that 

all three have advantages and drawbacks. The stiffness of the composites depends on the 

modulus of the fiber, their aspect ratio, orientation and on composition, but coupling does 

not influence it practically at all. Properties measured at larger deformations, on the other 

hand, are influenced quite strongly by interfacial adhesion and local deformation pro-

cesses related to the fibers. The effect of adhesion depends on the type of the fiber. Large 

wood particles debond from the matrix very easily without coupling, while their fracture 

is the dominating process at good adhesion, which leads to immediate failure in PP/wood 

composites. Increased interfacial adhesion improves reinforcement, but decreases impact 

resistance in carbon fiber reinforced composites. The glass fiber used in the study offers 

good adhesion even without coupling. The initiation of some local deformation processes 

does not result in the immediate failure of the composites, but that of others leads to cat-

astrophic failure. Characteristic stresses related to the initiation of local processes corre-

late well with macroscopic properties. Due to its natural and renewable character as well 

as low price, wood is a good reinforcement when the increase of stiffness is the main goal 

of modification, but it cannot be used in applications in which impact resistance is im-

portant. Carbon fibers are rather expensive and their composites are very stiff, but other-

wise they possess intermediate properties. If adhesion is good, glass fibers offer a good 

balance of properties including stiffness, strength and impact resistance. 
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Chapter 4 
 

Effect of Various Organic Fibers on the Stiffness, Strength 

and Impact Resistance of Polypropylene; A Comparison2 

 
4.1. Introduction 
 

The comparison of wood, glass and carbon fibers indicated that fiber related pro-

cesses may lead to an increase of impact strength, and the originally small, 2 kJ/m2, im-

pact resistance of a PP increased to 4 kJ/m2 in the presence of wood or carbon fiber, and 

even to 8 kJ/m2 upon reinforcement with glass fibers (see Chapter 3). However, the re-

quired impact strength is often much larger, exceeds 15 or 20 kJ/m2. Occasionally, at-

tempts are made to use various organic fibers for the modification of PP, but the infor-

mation is rather scarce in this area. Santos et al. [1] added recycled PET fiber to PP and 

obtained a moderate improvement in properties including impact resistance. Asgari et al. 

[2] tried to modify properties with the application of coupling agents, while Lopez-Ma-

chado and Arroyo [3] achieved considerable improvement in tensile and flexural proper-

ties in PP/elastomer blends using PET fibers. Poly(vinyl alcohol) is also used for modifi-

cation in structural materials, however only rarely in PP [4], but mostly in concrete [5,6] 

and in epoxy composites [7,8]. Earlier research has shown that wood particles increase 

fracture resistance very slightly in a PP homopolymer, but decrease it drastically in a 

matrix containing also an elastomer modifier [9]. Taking into account all these results and 

considerations the goal of this work was to reinforce polypropylene with various organic 

fibers and determine their effect on composite properties with special attention to the 

balance of stiffness and strength. Wood and flax were used as natural materials and PET 

as well as PVA fibers were added as possible synthetic fibers. Comments on the practical 

relevance of the results are also made in the final section of the chapter. 

 

4.2. Experimental 
 

The Daplen HJ 325 MO homopolymer polypropylene of Borealis GmbH, Austria 

was used as matrix polymer. The MAPP used was the Scona 6102 grade obtained from 

Byk-Chemie GmbH, Germany. Four fibers were applied as reinforcement in this study. 

The wood flour used was the Filtracell EFC 1000 grade of Rettenmaier and Söhne GmbH, 

Germany. The flax fiber was obtained from Hungaro-Len Kft, Hungary. The PET (T713) 

and PVA (Mewlon 100 AB) polymer fibers were produced by the Performance Fibers 

GmbH, Germany and Unitika Ltd, Japan respectively. The conditions of the experiments 

are given in Chapter 2, while the most important characteristics of the fibers are listed in 

Table 2.1 and 2.2. 

 

 

                                                 
2 Várdai R, Ferdinánd M, Lummerstorfer T, Pretschuh C, Jerabek M, Gahleitner M, Faludi G, Móczó J, Pu-

kánszky B: Effect of various organic fibers on the stiffness, strength and impact resistance of polypropylene; 

a comparison. Polym Int 70, 145-153 (2021) 
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4.3. Results and discussion 
 

The flexibility of polymeric fibers leading to their twisting and curving during the 

fabrication of composites further complicates the determination of fiber orientation [4]. 

We assume that fiber orientation and its distribution are approximately the same in all 

composites prepared and instead of structure, we focus on other aspect influencing the 

properties of the composites. The results are presented in several sections. Tensile and 

impact properties are shown in the first two followed by a detailed analysis of local de-

formation processes in the next. The results are discussed in the last section together with 

relevance for practice. 

 

4.3.1. Tensile properties, reinforcement 

 

One of the goals of fiber reinforcement is the increase of stiffness. The Young's 

modulus of the eight sets of composites reinforced with the four fibers in the absence and 

presence of the coupling agent is shown in Figure 4.1. The increase in stiffness is mod-

erate, especially when we compare it to the composite stiffness of about 13 GPa achieved 

with carbon fibers (see Chapter 3).  
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Figure 4.1 Effect of fiber type and coupling on the stiffness of PP/organic fiber 

composites. Symbols: (,) wood, (,) flax, (,) PET, (,) PVA; 

empty symbols: without MAPP, poor adhesion; full symbols, with MAPP, 

good adhesion. 
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Flax fibers resulted in the largest reinforcement, PET fibers in the smallest. Inter-

mediate values were obtained with wood and PVA fibers. The use of a coupling agent 

does not influence modulus much for the wood, flax and PET fibers. This observation is 

in accordance with the experience that interfacial adhesion influences stiffness only mar-

ginally [10]. On the other hand, coupling increases the modulus of the composites rein-

forced with the PVA fibers. It is difficult to find a plausible explanation for this phenom-

enon. Coupling might influence, fiber attrition, the orientation of the fibers or change 

local deformation processes occurring during the measurement. Nevertheless, we can 

conclude that although organic fibers increase the stiffness of PP to some extent, tradi-

tional glass or carbon fibers must be used if larger moduli are required for a specific 

application. 

Tensile strength presented as a function of fiber content in Figure 4.2 varies in a 

much wider range and the influence of coupling is larger as well. Without coupling, PET, 

wood and flax fibers decrease the tensile strength of PP or do not change it, but definitely 

do not reinforce the polymer. Coupling has a beneficial effect in all three cases and tensile 

strength improves considerably, especially with flax. Strength increases from 24 to about 

45 MPa at around 30 vol% flax content. Obviously, the inherent strength of the fibers, 

interfacial adhesion and orientation determines the resulting composite strength. PVA fi-

bers behave differently and reinforce PP considerably, at least in the presence of the cou-

pling agent. Without coupling, at poor adhesion, strength increases initially at small fiber 

contents, but it levels off or even decreases slightly at large fiber loadings. 
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Figure 4.2 Tensile strength of PP/organic fiber composites plotted as a function of 

fiber content. Symbols: (,) wood, (,) flax, (,) PET, (,) 

PVA; empty symbols: without MAPP, poor adhesion; full symbols, with 

MAPP, good adhesion. 



Chapter 4 

 

 

 

50 

 

Such a composition dependence usually results from aggregation or changing ori-

entation. Aggregation is less probable, since the diameter of the fibers is relatively large 

(see Tables 2.1 and 2.2), at least compared to particulate fillers (1-3 m), and their surface 

energy is small. Fiber entanglement and/or a possible change in orientation might explain 

the phenomenon, which is in agreement with the change of stiffness with composition 

and coupling. 

One of the main problems of using fillers or traditional fibers is their deteriorating 

effect on deformability. The elongation-at-break of composites decreases to very low lev-

els in the presence of such components. Strong interaction decreases the mobility of pol-

ymer molecules, inhibits the deformation of the matrix and leads to small impact strength. 

The composition dependence of the deformability of the composites is shown in Figure 

4.3. The elongation-at-break of the composites containing the wood and the flax fibers 

decreases with increasing fiber content to a small value indeed. On the other hand, the 

two other organic fibers behave completely differently. Deformability decreases to a level 

at small fiber content compared to the neat matrix polymer. PVA fibers influence elon-

gation-at-break only slightly with increasing fiber content at this level, while the PET 

fibers increase it considerably at least at small and medium fiber contents. Interestingly, 

coupling influences deformability hardly at all. The relatively large deformability of the 

composites containing the PET and PVA fibers indicate the possibility of a positive in-

fluence on impact resistance as well. 
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Figure 4.3 Dependence of the deformability (elongation-at-break) of PP/organic fiber 

composites on fiber content and coupling. Symbols: (,) wood, (,) 

flax, (,) PET, (,) PVA; empty symbols: without MAPP, poor 

adhesion; full symbols, with MAPP, good adhesion. 
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Composite strength presented in Figure 4.2 gave some indication about the rein-

forcing effect of the fibers and about the influence of coupling on this effect. However, 

the visual observation of the figure and the comparison of primary strength data do not 

allow quantitative evaluation and comparison. A simple model (Equation 3.1) describing 

the composition dependence of tensile strength may offer a convenient way for analysis 

[11].The model was fitted to the experimental data in the way suggested by Equation 3.2 

and the load-bearing capacity of the fibers, i.e. reinforcement (parameter Bt) was calcu-

lated for the eight sets of composites. The results are collected in Table 4.1 and they 

confirm our previous conclusions. The strongest reinforcement is achieved with the PVA 

fibers followed by wood particles and flax, while PET composites are the weakest. The 

effect of coupling on reinforcement is positive in all cases. Although the fibers reinforce 

PP to a smaller or larger extent, the effect is moderate compared to the reinforcement 

achieved with traditional fibers, especially with glass, for which parameter B was larger 

than 10 (see Chapter 3). 

 

Table 4.1 Quantitative evaluation of the reinforcing effect of the studied fibers; influ-

ence of coupling 

 

Fiber Coupling 
0T 

(MPa) 
Parameter Bt R2a 

Wood 
– 26.61 3.13 0.9986 

+ 24.76 5.03 0.9867 

Flax 
– 29.87 2.45 0.9975 

+ 27.19 4.94 0.9930 

PET 
– 24.73 2.15 0.9885 

+ 24.85 4.00 0.9974 

PVA 
– 28.07 4.89 0.9397 

+ 27.33 7.26 0.9769 

a) determination coefficient indicating the goodness of the fit 

 

4.3.2. Fracture resistance 

 

The notched Charpy impact resistance of the composites at room temperature is 

plotted against fiber content in Figure 4.4 for the studied composites. Maybe apart from 

the wood and flax composites containing small amounts of fiber, impact resistance in-

creases with fiber content in all cases but to very different extents. Flax and wood in-

creases impact strength only slightly, while PVA does this very strongly. One could spec-

ulate that the deformability of the composites expressed in the elongation-at-break values 

shown in Figure 4.3 might be related to the increase of impact resistance, but the order 

of the composites does not correspond completely, as elongation-at-break was the largest 

in the PET composites. It is interesting to note that coupling does not have practically any 

effect on impact strength. We can conclude that fiber related processes lead to the increase 
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of fracture resistance and these seem to be different for the various fibers. Interfacial ad-

hesion does not seem to influence these processes much or it does not affect the process 

determining fracture resistance. 
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Figure 4.4 Correlation between the notched Charpy impact resistance of PP/organic 

fiber composites and fiber content. Effect of coupling. Symbols: (,) 

wood, (,) flax, (,) PET, (,) PVA; empty symbols: without 

MAPP, poor adhesion; full symbols, with MAPP, good adhesion. 

 

We might obtain further information about the fracture process from the results of 

instrumented impact testing. The force vs. time traces recorded on selected composites 

are presented in Figure 4.5. The traces are quite similar at least at the first glance, but a 

closer scrutiny shows some differences and also the effect of coupling, in some cases. 

The traces of the wood and flax composites are very similar to each other. The composites 

fail in brittle fracture, and after initiation, the crack propagates rapidly through the speci-

men. Coupling increases somewhat the force needed for initiation, but otherwise does not 

change the fracture process or fracture energy. Composites containing the other two or-

ganic fibers behave differently. Considerable plastic deformation takes place during the 

fracture of the PET composite, agreeing well with the result presented in Figure 4.3. 

Coupling increases initiation stress, but decreases the plastic deformation with the net 

result of constant fracture resistance. Practically the same occurs in the case of the PVA 

fiber but at a higher level. Compared to PP/PET composites, larger initiation stress and 

somewhat smaller plastic deformation characterize the composite not containing the cou-

pling agent, and coupling accentuates these differences even further. It is interesting to 

note that the simultaneous change of fracture parameters leads to apparent independence 
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of coupling, although the fracture process itself and maybe even the related local defor-

mation processes might change considerably. The analysis of the latter may offer further 

information about the effect of coupling on the fracture of the composites. 
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Figure 4.5 Instrumented impact testing of PP/organic fiber composites. Force vs. time 

traces. Fiber content: 30 wt%. For each fiber, the first trace was recorded 

on the composite prepared without coupling, while the second on 

composites containing MAPP. 

 

4.3.3. Local deformations 

 

Acoustic emission measurements were performed in order to identify the local 

processes occurring during the deformation of our composites and to show the effect of 

coupling on them. The result of such a test is presented in Figure 4.6a for a composite 

containing 20 wt% percent flax fibers. The composite did not contain the coupling agent; 

adhesion was poor. According to the figure, the detected signals can be divided into two 

groups. The first group appears at very small deformations and stresses, while the second 

can be detected at larger stresses. The number of signals increases continuously until the 

end of the test. It is obvious from the figure that two processes take place in the material 

during deformation. Earlier results and experience show that the first process is debond-

ing [12,13], which takes place early, at small stresses. The relatively large size of the flax 

fibers and their small surface energy results in easy debonding, the separation of the ma-

trix/fiber interface. The other process is in all probability the fracture of the flax fibers 

[12,13]. The incorporation of the coupling agent into the composite apparently changes 

local processes considerably (Figure 4.6b). The first step is missing practically com-

pletely and the number of fiber fractures is much larger. Debonding, if any, is initiated at 
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larger stresses, because of improved adhesion [12,13], but fracture dominates instead of 

debonding. The total number of signals increases to very high levels in the composites 

containing the coupling agent. 
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Figure 4.6 Acoustic emission testing of PP/flax composites. Fiber content: 20 wt%. 

() individual acoustic events,  cumulative number of signals (right 

axis) and stress (left axis) vs. strain traces. a) without MAPP, poor 

adhesion, b) with MAPP, good adhesion. 
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Figure 4.7 Results of the acoustic emission testing of PP/PVA composites. Fiber 

content and symbols are the same as in Figure 4.6. a) without MAPP, b) 

with MAPP. 
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The picture is somewhat similar for the composites containing the PVA fibers, but 

differences can be observed as well (Figure 4.7a). Although two sets of signals appear 

here too, their ratio as well as initiation stresses are quite different. The first group, most 

probably debonding, is the dominating deformation process and the few signals at the end 

of the tensile test indicate fiber pullout or fracture. Coupling changes local deformation 

processes drastically here as well (Figure 4.7b). Signals start to appear at quite large 

deformations and stresses, and their number decreases considerably. The dominating pro-

cess might be the fracture of the fibers here.  

We can obtain a much better idea about the local deformation processes taking 

place in the various composites if we compare their cumulative number of signal vs. strain 

traces (see Figure 4.8). Although the figure is rather complicated because of the large 

number of correlations, it offers much information about local processes, which deter-

mine the macroscopic properties of the composites. The traces of the wood composites 

clearly show the presence of the two processes mentioned above, and also the effect of 

coupling. Debonding dominates at poor adhesion and the number of fractures is relatively 

small, while the relative importance of the processes changes upon coupling and fracture 

dominates at good adhesion. The number of signals decreases significantly as a conse-

quence of coupling. Only one process, probably debonding, is detected in the composites 

containing the PET fibers irrespective of the presence or absence of the coupling agent. 

Coupling decreases the number of signals, i.e. the number of debonded fibers somewhat. 

The trace of the flax composite is very similar to that of wood, debonding and fiber frac-

ture occur in it. Coupling changes the dominating process completely and practically only 

fiber fracture takes place at good adhesion. Finally, the behavior of the composites rein-

forced with the PVA fibers is quite interesting. Only debonding takes place in them in the 

absence of the coupling agent, and the number of signals is large. Hardly any signal can 

be detected at good adhesion at small strain, but before the failure the fracture of the fibers 

is the dominating process. 
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Figure 4.8 Comparison of the cumulative number of signal vs. strain traces of 

PP/organic fiber composites. Fiber content: 20 wt%. Different local 

deformation processes. 

 

Although based on previous experience, a relatively good idea can be developed 

about the dominating local processes in the studied composites, however, the prediction 

needs confirmation, which can be done with the help of electron microscopy (see Figure 

4.9). The SEM micrographs taken from the fracture surface of the PP/wood composites 

are quite similar irrespective of the presence or absence of coupling; they show debonded 

and fractured particles. Such a particle is presented in Figure 4.9a at good adhesion. The 

situation is very similar in the case of the PET composites, but the dominating process is 

different. As Figure 4.9b shows, only debonding and some matrix yielding takes place at 

both poor and good adhesion, but the latter process, i.e. shear yielding, does not emit 

acoustic emission signals. The behavior of the flax and PVA composites is quite similar 

coupling having a large effect on the local processes. According to Figures 4.9c-d, flax 

fibers debond at poor adhesion, while they mainly fracture at good adhesion. Similarly 

considerable debonding takes place during the deformation of the PP/PVA composites in 

the absence of the coupling agent (Figure 4.9e) and practically none at good adhesion, 

only the fracture of the fibers can be seen in the micrograph (Figure 4.9f). The acoustic 

emission study and microscopy proved that several local processes take place during the 

deformation and failure of the studied composites and these processes can be related to 

performance, to the macroscopic properties of the composites. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 4.9 SEM micrographs recorded on the fracture surface of PP/organic fiber 

composites. The surfaces were created in the tensile testing of the 

composites. Fiber content: 20 wt%. a) wood/MAPP, b) PET/MAPP, c) flax, 

d) flax/MAPP, e) PVA, f) PVA/MAPP. 
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4.3.4. Discussion 

 

As mentioned in the introductory part, the goal of development is often the simul-

taneous improvement of stiffness and strength for polymeric materials used in the auto-

motive industry. The results presented above showed that this is possible to some extent, 

but depending on the material combination used, various underlying processes can take 

place during the deformation and failure of these materials leading to different property 

combinations. Accordingly, the study of these processes is important for material selec-

tion and optimization. 

The impact resistance of the composites studied in this project is plotted against 

their stiffness in Figure 4.10. Usually an inverse correlation is obtained in such plots, as 

shown by the broken line determined in PP/elastomer, PP/wood and PP/elastomer/wood 

blends and composites [9,14]. The correlations obtained in this study are significantly 

different and point in the desired direction, towards the simultaneous increase of impact 

strength and Young's modulus. Local deformations taking place around the fibers lead to 

increased fracture resistance in all four cases. However, the extent of increase is very 

different depending on the actual processes occurring. Wood and especially flax increase 

the stiffness of PP, but they influence fracture resistance only slightly. The dominating 

deformation processes are debonding and the fracture of the fibers in these cases and they 

obviously do not consume too much energy. Although coupling changes the dominating 

process somewhat to an increased extent or exclusive fiber fracture at good adhesion, it 

does not modify fracture energy. Coupling is not very efficient in the PET composites, 

and the debonding of the fibers as well as the subsequent plastic deformation result in 

considerable energy consumption and large impact resistance. PVA fibers are the closest 

to the goal increasing the most both properties in question. According to Figure 4.10 

coupling does not have much effect on properties, but in reality, it changes local processes 

completely. Debonding takes place in the absence of the coupling agent, while fiber frac-

ture dominates at good adhesion. Interestingly, energy consumption is practically the 

same in the two cases, although debonding and the subsequent plastic deformation of the 

matrix seem to be more efficient in increasing fracture resistance. However, stiffness is 

somewhat smaller in this latter case. 

The results and the considerations presented above clearly show that the proper 

combination of the components may result in structural materials with the desired prop-

erties. Wood and flax can be used in applications in which stiffness is the most important 

property of the material. PVA and PET fibers are quite advantageous in more demanding 

applications, but their price is higher and they are more difficult to handle. Moreover, 

much larger stiffness can be achieved with traditional glass or carbon fibers. If the re-

quired property combination is even larger stiffness combined with good impact re-

sistance, hybrid composites containing two different fibers might offer an adequate solu-

tion. Moreover, the combination of fibers may allow the optimization of price as well. 

The key for the development of such structural materials is the understanding and control 

of the local processes taking place during their deformation, which determine their mac-

roscopic properties. 
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Figure 4.10 Correlation between the impact resistance and Young's modulus of the 

PP/organic fiber composites studied. Symbols: (,) wood, (,) flax, 

(,) PET, (,) PVA; empty symbols: without MAPP, poor adhesion; 

full symbols, with MAPP, good adhesion. The broken line represents the 

general tendency obtained in a previous study [9,14]. 

 

4.4. Conclusions 
 

The study of the effect of four organic fibers on the properties of PP showed that 

these fibers increase stiffness only moderately; because of the flexibility of the fibers, 

they do not orientate in the direction of the load. Consequently, the aspect ratio of the 

fibers is less important than in the case of stiff fibers like glass and carbon. Composite 

strength changes in a wider range and it depends on coupling. PP composites containing 

PVA and flax fibers have the largest strength when adhesion is good. The deformability 

of the composites also varies considerably, more plastic deformation occurs in composites 

prepared with the PET and PVA fibers. Compared to traditional, stiff fibers, impact re-

sistance can be improved significantly with PET and PVA fibers; an impact strength as 

large as 30 kJ/m2 can be achieved with PVA fibers. Fiber type and coupling influence the 

local deformation processes occurring around the fibers considerably, but does not change 

fracture energy much. The combination of debonding and subsequent plastic deformation 

is the most efficient in the improvement of impact strength. Fiber fracture dominates in 

wood and flax composites at good adhesion, but it does not consume sufficient energy to 

increase impact resistance. 
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Chapter 5 
 

Reinforcement of PP with Polymer Fibers: Effect of Ma-

trix Characteristics, Fiber Type and Interfacial Adhesion3 

 

5.1. Introduction 
 

Based on the results of our previous study (Chapter 4) we can conclude that the 

use of polymeric fibers influences the impact resistance of PP considerably. Fracture 

strength as large as 20 and 30 kJ/m2 could be achieved upon the application of PET and 

PVA fibers, respectively. The combination of the debonding of the polymeric fibers and 

the subsequent plastic deformation of the matrix consumes much energy during the frac-

ture. Stiffness increased only slightly because of the inferior stiffness of the organic fibers 

used and because of the coiling flexible polymer fibers. As mentioned in Chapter 4, only 

a few publications are available on organic fiber reinforced PP composites [1-3], therefore 

the goal of the present work was to explore further the possibilities of modifying poly-

propylene with polymeric fibers. The same polymer matrices were used as in the paper 

of Sobczak et al. [4]. Their characteristics differed widely (see Section 2.1), one was a 

homopolymer (hPP), while the other polymer was a heterophasic ethylene-propylene co-

polymer (ePP). The influence of coupling was also studied, but the coupling agent was 

used in a larger amount than in the previous study [4]. Since that study [4] clearly showed 

the importance of local deformation processes in the determination of composite proper-

ties, they were investigated with acoustic emission testing and scanning electron micros-

copy. The potentials of polymer fiber reinforcement and the consequences for practice 

are briefly discussed in the final part of the chapter. 

 

5.2. Experimental 
 

In this project, two polypropylene grades were used as matrix. Both were obtained 

from Borealis GmbH, Austria. One was a homopolymer (hPP) (Daplen HJ 325 MO), 

while the other was a heterophasic ethylene-propylene copolymer or reactor blend (ePP) 

(Daplen EE 050 AE) containing 32 wt% elastomer. The MAPP used (Scona 6102) was 

obtained from Byk-Chemie GmbH, Germany. The PET fiber (T713) was produced by 

Performance Fibers GmbH, Germany, while the PVA fibers (VF 1203-2, VP 162, VPB-

103) were obtained from Kuraray, Japan. The details of the fabrication of the composites 

and the characterization methods are given in Chapter 2, while some of the most im-

portant characteristics of the polymeric fibers are listed in Table 2.1. 

 

 

 

 

                                                 
3 Várdai R, Lummerstorfer T, Pretschuh C, Jerabek M, Gahleitner M, Faludi G, Móczó J, Pukánszky B: Rein-

forcement of PP with polymer fibers: Effect of matrix characteristics, fiber type and interfacial adhesion. 

Polymer 190, Art. No.: 122203 (2020) 
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5.3. Results and discussion 
 

The results of this project are discussed in several sections. After presenting the 

results of preliminary experiments aimed at the selection of the PVA fiber used, we show 

the effect of matrix and fiber characteristics on the tensile and impact properties of the 

composites. Subsequently we focus our attention on local deformation processes and the 

effect of the studied variables, including interfacial adhesion on them. General correla-

tions and consequences for practice are discussed briefly in the final section of the chap-

ter. 

 

5.3.1. Preliminary experiments, selection of the PVA fiber 

 

The first step in the project was the selection of the PVA fiber used in the further 

course of the study. Kuraray offers several PVA fibers with different dimensions and 

properties. The inherent characteristics of all polymeric fibers studied in this Thesis are 

compared in Table 2.1. Three PVA fibers were used in this study and besides mechanical 

properties, the melting characteristics of the fibers were also determined by differential 

scanning calorimetry. The diameter of the fibers covered the range from 11 to 25 µm and 

their mechanical properties and deformability changed relatively widely. Melting tem-

perature is similar, but the heat of fusion differs considerably for the three fibers, PVA11 

having the largest crystallinity. 
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Figure 5.1 Correlation between the diameter of PVA fibers and the stiffness and 

strength of their composites at 40 wt% fiber content. Symbols: () 

modulus, () strength. 
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In order to check the reinforcing effect of the fibers, injection molded composites 

were prepared from them at 40 wt% fiber content. The initial length of the fibers was 3 

mm in each case. Similarly to fiber characteristics, composite properties also change con-

siderably. The Young's modulus and the tensile strength of the three composites is plotted 

against fiber diameter in Figure 5.1. The largest stiffness and strength were achieved 

using the PVA11 fiber having the smallest diameter. Contrary to the expectations, com-

posite properties do not correlate with inherent fiber characteristics; reinforcement in-

creases with decreasing fiber diameter and not with increasing fiber strength. The orien-

tation of the fibers must be different and influence composite properties quite strongly. 

Considering the results presented in this section we selected the PVA11 fiber for further 

study and comparison with the PET fiber. 

 

5.3.2. Properties 

 

After the selection of the PVA fiber used, composites were prepared with the PVA 

and the PET fiber in the two different polypropylene matrices with and without the cou-

pling agent as a function of fiber content. The combination of variables used resulted in 

eight sets of composites. Composite stiffness is plotted against fiber content in Figure 

5.2. 
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Figure 5.2 Young's modulus of PP composites reinforced with polymeric fibers plotted 

as a function of fiber content. Symbols: (,) hPP/PVA, (,) hPP/PET, 

(,) ePP/PVA, (,) ePP/PET; empty symbols: poor adhesion 

(without MAPP), full symbol: good adhesion (with MAPP). 
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The composites can be divided into two main groups depending on the character-

istics of the matrix polymer. The reactor blend (ePP) has a smaller modulus than the ho-

mopolymer (hPP) and so do all the composites prepared from them. The two fibers have 

different reinforcing effect, the use of the PVA fibers results in stiffer composites than 

the addition of the PET fibers. Adhesion has a very slight effect on composite stiffness, 

in accordance with earlier experience showing that the Young's modulus of composites 

is more or less independent of interfacial adhesion [5-8]. 

The tensile strength of the same sets of composites is presented in Figure 5.3 as a 

function of fiber content. Although the figure seems to be rather confusing at the first 

glance, the effect of the variables studied can be followed quite well. The composition 

dependence of tensile strength is very similar to that of modulus. As expected, composites 

prepared from the homopolymer matrix are stronger than those produced from the elas-

tomer modified PP. Similarly to stiffness, PVA fibers reinforce PP more than PET fibers. 

The main difference between stiffness and strength is that the effect of adhesion is con-

siderable in the second case; the tensile strength of the composites improves significantly 

as the result of coupling. Without the use of the coupling agent, PET fibers decrease 

strength in both matrix polymers, while PVA fibers increase it to smaller or larger extent 

even without coupling. The strength of homopolymer composites containing the PVA 

fibers is quite large, close to 90 MPa, when interfacial adhesion is increased by coupling. 
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Figure 5.3 Dependence of the tensile strength of PP composites reinforced with 

polymeric fibers on fiber content. Symbols: (,) hPP/PVA, (,) 

hPP/PET, (,) ePP/PVA, (,) ePP/PET; empty symbols: poor 

adhesion (without MAPP), full symbol: good adhesion (with MAPP). 
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The deformability of composites reinforced with traditional glass or carbon fibers 

is usually very small, the composites are quite stiff and brittle. Deformability, however, 

is important because it is related to the impact resistance of the material. The elongation-

at-break of the composites studied changes in a wide range (not shown). Most composites, 

i.e. all hPP and the ePP with PVA fibers, have a final deformation of around 10-20 %, 

but ePP composites prepared with PET fibers behave differently. With increasing fiber 

content the elongation-at-break values of ePP/PET composites decrease continuously 

from the value of the neat matrix (450 %) to around 5 %, while for the material containing 

MAPP, the same property varies between 40 and 50 % irrespectively of fiber content. The 

different deformability of the composites predicts dissimilar impact resistance, which is 

one of the key properties of all structural materials. 

Another important issue in composite materials is the extent of reinforcement 

achieved with the fiber used. Figures 5.1 and 5.2 offer some qualitative information about 

reinforcement, but quantitative comparison is impossible based on the primary data. Ap-

propriate models taking into account the most important factors influencing strength can 

be used for comparison, and such a model (Equation 3.1) was developed earlier to de-

scribe the composition dependence of tensile strength [9]. Parameter Bt and the calculated 

matrix strength are collected in Table 5.1. The table contains the notched Charpy impact 

resistance of composites containing 30 wt% fibers as reference. We can see that rein-

forcement is larger in the softer matrix, as expected, and that increased adhesion improves 

the load bearing capacity of the fibers in each case. The effect of adhesion is much 

stronger in the elastomer-modified polymer than in the hPP matrix. PVA is more advan-

tageous in the hPP polymer, but the effect of the two fibers is very similar in the ePP 

matrix at good adhesion. The results clearly show that matrix properties and interfacial 

adhesion play very important roles in the determination of composite properties. 
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Table 5.1 Load bearing capacity of the fibers used (B) and characteristic quantities of the composites determined by various techniques 

(AE, impact) 

 

Fiber Matrix Coupling 
Impact resistancea 

an
 (kJ/m2) 

No of signalsa 


b 

Pa
Parameter Bt R2c 

PET 

hPP 
– 13.84 ± 0.46 51250 25.4 2.14 0.9887 

+ 13.25 ± 0.81 5790 26.3 3.89 0.9974 

ePP 
– 25.88 ± 0.39 45780 10.7 2.86 0.9948 

+ 50.73 ± 1.77 6210 10.8 7.99 0.9875 

PVA 

hPP 
– 43.57 ± 2.65 84630 31.5 5.52 0.9842 

+ 21.97 ± 1.79 17480 33.3 6.88 0.9889 

ePP 
– 44.08 ± 3.69 37890 16.4 5.89 0.9744 

+ 27.83 ± 1.49 67660 19.2 8.01 0.9767 

a) at 30 wt% fiber content 

b) calculated matrix strength 

c) determination coefficient indicating the goodness of the fit 
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5.3.3. Fracture resistance 

As mentioned before, impact resistance is one of the crucial properties of fiber-

reinforced composites. Polymers reinforced with glass or carbon fibers usually have suf-

ficient, sometimes very large stiffness, but moderate or small fracture resistance. The im-

pact resistance of the composites investigated in this study is plotted against fiber content 

in Figure 5.4. The correlations had to be divided into two figures because of the wide 

variety of behaviors and composition dependences. The effect of the fibers on impact 

resistance is relatively simple in the homopolymer matrix (Figure 5.4a). Both types of 

fibers improve impact resistance, the PVA fiber quite significantly. Adhesion does not 

influence fracture resistance in the hPP/PET composites, but has a strong effect in the 

composites containing the PVA fibers. hPP/PVA composites at poor adhesion have very 

large impact resistance that is important also from the practical point of view. The reason 

for the different effect of adhesion in the case of the two fibers is not trivial; it must be 

related to local deformations and the fracture process. 
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Figure 5.4 Influence of composition on the notched Charpy impact resistance of fiber 

reinforced PP composites. a) hPP matrix, b) ePP matrix. Symbols: (,) 

hPP/PVA, (,) hPP/PET, (,) ePP/PVA, (,) ePP/PET; empty 

symbols: poor adhesion (without MAPP), full symbol: good adhesion (with 

MAPP). 

The picture is even more complex for composites prepared from the ePP copoly-

mer (Figure 5.4b). The performance of PET is somewhat better in this case, at least at 

good adhesion. On the other hand, the impact resistance of ePP/PET composites decreases 

drastically with increasing fiber content in the absence of the coupling agent. The situa-

tion is exactly the opposite for the ePP/PVA composites; improved interfacial adhesion 

decreases fracture resistance in this case. We must emphasize here, though, that the im-

pact strength of most composites is smaller than that of the matrix; the addition of poly-

mer fibers to the ePP matrix deteriorates fracture resistance. The effect depends very 

much on fiber type and adhesion. We can conclude here that the response of the polymer 
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to fiber reinforcement depends on fiber and matrix characteristics as well as on interfacial 

adhesion, and we may only assume at this stage that both the deformation of the matrix 

and fiber related processes change considerably as a function of these variables. 

5.3.4. Local deformation processes 

In polymers, local processes, like shear yielding or crazing take place during de-

formation. Fillers or fibers have different elastic properties than the matrix thus they in-

duce stress concentration and initiate further local processes related to the heterogeneities. 

Accordingly, a number of processes may take place in fiber reinforced PP composites like 

shear yielding, cavitation, debonding, fiber pullout or fracture. All of these processes ab-

sorb energy but to different extents. The introduction of the fiber into the polymer may 

suppress one deformation processes of the matrix and induce another one or even two. 

Mechanical properties generally, and impact resistance specifically, are determined by 

these local processes and the total energy absorbed by them. 

As we discussed in Section 1.2.2, some local deformation processes can be fol-

lowed by acoustic emission testing. The result of such a test can be seen in Figure 5.5a 

for an ePP composite containing 20 wt% PET fiber. Both the individual signals and the 

cumulative number of signal vs. deformation trace indicate that a single fiber related pro-

cess takes place in this composite. Based on previous experience [10,11], this process can 

be identified with large probability as debonding. hPP/PET composites with and without 

the coupling agent yielded very similar results at all compositions. Although only a single 

process takes place during deformation, which initiates acoustic signals, matrix yielding 

may occur as well, but it cannot be detected with this technique because it does not emit 

sound. 
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Figure 5.5 Results of the acoustic emission testing of ePP composites reinforced with 

PET fibers. Fiber content: 20 wt%. Symbols: () individual acoustic 

signals, solid lines: cumulative number of signals (right axis), stress vs. 

deformation correlation (left axis); a) poor adhesion (without MAPP), b) 

good adhesion (with MAPP). 
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ePP/PET composites containing the coupling agent behave differently (Figure 

5.5b). Debonding occurs at small deformations (first process, AE1) thus at small stresses 

also in this case, but another process (second process, AE2) also takes place, which is 

initiated at much larger deformations. This process is shown by the increasing second 

section of the cumulative number of signal trace. It can be either the pullout or fracture 

of the fibers, but based on the acoustic emission results the process cannot be identified 

unambiguously yet. A further technique, volume strain measurements or scanning elec-

tron microscopy is needed for obtaining more information on the actual process (see later 

more in detail). The cumulative number of signal trace clearly shows that this second 

process dominates, the number of signals being much larger in this stage of the defor-

mation (7000 vs. 1000). Characteristic stresses (σAE) can be assigned to each process, the 

determination of which is indicated in Figure 5.5b, as well as Figures 5.6a and 5.6b. 
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Figure 5.6 Acoustic emission testing of hPP/PVA composites. Fiber content; 20 wt%. 

Symbols are the same as in Figure 5.5. a) no coupling, b) with coupling. 

 

The acoustic emission testing of the composites prepared with the PVA fiber 

shows similarities, but also differences to the results shown above. Two processes can be 

observed in both the hPP and the ePP matrix in the absence of the coupling agent. The 

results obtained on the hPP/PVA composite containing 20 wt% fiber are presented in 

Figure 5.6a. The number of signals is large, close to 60000 and the contribution of the 

two processes is comparable with somewhat smaller number of debonding events. The 

identification of the second process is not possible from the primary results, but previous 

experience indicates that it must be fiber pullout or fracture [10,11]. In the presence of 

the coupling agent, i.e. at good adhesion, debonding does not take place at all but the 

second process dominates in both the hPP and the ePP matrix (Figure 5.6b). 

Although the visual study of individual signals offers valuable information about 

the local processes taking place in the composites during deformation and failure, their 

comparison is quite difficult. On the other hand, cumulative numbers of signal traces can 

be compared quite easily and this is done in Figure 5.7 for all the studied composites. 
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The figure offers a good idea about the total number of events during deformation, and 

also the number and character of the processes taking place. Debonding dominates in 

most of the PET composites, except in the ePP matrix with good adhesion, but the second 

process is initiated at large deformation and the number of signals is very small anyway. 

The second process is always significant in the composites containing PVA; it dominates 

in most cases. Increased interfacial adhesion results in the decrease of fiber related local 

events; in some cases, the decrease is drastic like for the ePP/PET pair. All three factors 

studied (matrix, fiber, adhesion) influence deformation and failure and their final combi-

nation determines the behavior of the composites. 
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Figure 5.7 Typical cumulative number of signal traces obtained for PP/polymeric 

fiber composites. Effect of matrix characteristics, fiber type and adhesion. 

Fiber content: 20 wt%. 

 

Acoustic emission testing does not allow the identification of the second process 

occurring during deformation, but scanning electron microscopy may offer supplemen-

tary information about the mechanisms of deformation and failure. The fracture surface 

of a hPP/PET composite containing 20 wt% fiber is presented in Figure 5.8a. The micro-

graph confirms our assumption that the signals appearing at small deformation in the 

acoustic emission plots are emitted by debonding. Very similar fracture surfaces were 

observed in the hPP/PET/MAPP and the ePP/PET composites as well. On the other hand, 

increased strength of adhesion, i.e. coupling, changes the dominating process in the ePP 

matrix, besides some limited number of debonding events, mainly fiber fracture occurs 

in this case (Figure 5.8b). The micrograph also indicates that under these conditions the 

dominating process is not pullout, but mainly fiber fracture. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

Figure 5.8 SEM micrographs recorded on the fracture surface of PP/polymeric fiber 

composites. Fiber content: 20 wt%. The surfaces were created in tensile 

testing. a) hPP/PET, b) ePP/PET/MAPP, c) hPP/PVA, d) hPP/PVA/MAPP, 

e) ePP/PET/MAPP. 
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The processes taking place in the PP/PVA composites are similar, but the com-

bined effect of the studied factors differs somewhat. Considerable number of debonding 

events occur in both the hPP and ePP matrices without coupling (Figure 5.8c), while 

fracture dominates in the presence of the MAPP coupling agent (Figure 5.8d). We must 

also consider that the ePP matrix has a tendency to cavitate (Figure 5.8e). The occurrence 

of cavitation was proven by volume strain measurements [4] and it was shown to play a 

role in the poor impact resistance of wood reinforced composites [12]. The combination 

of acoustic emission testing and SEM confirmed the occurrence of several local defor-

mation processes and helped in their identification. These local processes determine the 

macroscopic properties of the composites including impact resistance. 

 

5.3.5. Correlations, discussion 

 

Based on the results presented above, we may attempt to explain the effect of the 

various factors studied on the properties of the composites. Modulus is straightforward; 

it increases with increasing fiber content in each case. The extent of increase depends 

both on matrix and fiber properties as well as on fiber content. Although strength changes 

in a much wider range than stiffness, the correlations are not difficult to interpret, i.e. 

strength depends more on interfacial adhesion than stiffness. Local deformations also play 

a role in this case, excessive debonding leads to a decrease in tensile strength, while good 

adhesion and consequent fiber fracture result in reinforcement. More complicated is the 

interpretation of the changes in impact resistance. In the hPP matrix, debonding domi-

nates in three cases, and debonding itself as well as the subsequent plastic deformation of 

the matrix increases impact resistance. The stronger effect of PVA compared to PET must 

be related to the larger load bearing capacity of the fibers and to the larger number of 

events during deformation (see Table 5.1). In the case of strong adhesion, PVA fibers 

break and the fracture of the fibers apparently absorbs less energy than the plastic defor-

mation of the matrix after debonding.  

In the PP modified with the elastomer (ePP), the main energy absorption process 

is the plastic deformation of the matrix. The presence of the fibers hinders deformation, 

and impact resistance increases only when the number of fiber related processes increases. 

Debonding dominates in the ePP/PET composites and in spite of the large number of 

events fracture resistance decreases, because plastic deformation is hindered by the pres-

ence of the fibers and increased cavitation. Increased adhesion leads to larger debonding 

stress and the combined effect of debonding and fiber fracture results in larger impact 

resistance. In ePP composites reinforced with PVA fibers debonding increases impact 

resistance, but as mentioned above the smaller energy absorption of fiber fracture results 

in smaller impact resistance at good adhesion.  

The changes in composite properties were explained with the modification of local 

processes. To prove the correlation, tensile strength was plotted against the characteristic 

stress of the local processes in Figure 5.9. Although individual symbols might be difficult 

to identify, identification is not of the utmost importance in this case, since the main mes-

sage of the figure is the existence of the two correlations and the influence of the two 

processes (AE1, AE2) on the strength of the composites. The first process (AE1) was 

identified as debonding, and we can see that tensile strength is independent of this pro-

cess. Debonding results in increased plastic deformation and in most cases, this is the 
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reason of increased impact resistance. On the other hand, close correlation exists between 

tensile strength and the characteristic stress of the second process (AE2, fiber fracture or 

pullout). The close correlation indicates that the initiation of the second process leads to 

the immediate or almost immediate failure of the composites. The best performance is 

offered by the PVA fibers, fiber fracture or pullout is initiated at the largest stress and 

does not lead to immediate failure indicating that a larger number of fibers pull out of the 

matrix increasing strength and consuming energy. 
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Figure 5.9 Correlation between the tensile strength of PP/polymeric fiber composites 

and the characteristic stress of the local processes taking place during their 

deformation. Symbols: () hPP/PET, AE1, () hPP/PET/MAPP, AE1,  

() hPP/PVA, AE1, () hPP/PVA, AE2, () hPP/PVA/MAPP, AE2,  

() ePP/PET, AE1, () ePP/PET/MAPP, AE1, () ePP/PET/MAPP, 

AE2, () ePP/PVA, AE1, () ePP/PVA, AE2, () ePP/PVA/MAPP, AE2. 

 

Finally, often simultaneously large stiffness and impact resistance is required from 

many structural materials. Accordingly, the impact strength of the composites is plotted 

against their stiffness in Figure 5.10. We can see that the property combination moves 

into the desired direction, towards the upper right corner of the plot in most cases. The 

larger than 50 kJ/m2 impact resistance of the elastomer modified PP is difficult to surpass, 

but the stiffness of these materials is relatively small anyway. Impact resistance can be 

increased by the introduction of polymer fibers in the hPP matrix quite efficiently. The 

property combination of >3 GPa stiffness and >40 kJ/m2 impact resistance is excellent 

for a structural polymer formulation used in the automotive industry. 
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Figure 5.10 Correlation between the stiffness and impact resistance of PP/polymeric 

fiber composites. Symbols: (,) hPP/PVA, (,) hPP/PET, (,) 

ePP/PVA, (,) ePP/PET; empty symbols: poor adhesion (without 

MAPP), full symbol: good adhesion (with MAPP). 

 

5.4. Conclusions 
 

The comparison of the effect of two polymeric fibers (PET, PVA) in two PP ma-

trices (hPP, ePP) showed that different inherent matrix characteristics result in dissimilar 

combination of properties. The PVA fiber proved to be more efficient as reinforcement 

in both matrices than the PET fiber; the former increases both stiffness and strength more 

than the latter. The strength of the composites depends very much on interfacial adhesion, 

the application of the MAPP coupling agent resulted in stronger composites in all cases. 

The effect of the factors studied (fiber and matrix type, interfacial adhesion) is stronger 

and more complicated in the case of impact resistance. Both fibers improve impact 

strength in the hPP matrix, but the effect depends on fiber type and interfacial adhesion. 

The changes in impact resistance cover a wide range in the ePP matrix; impact strength 

may increase or decrease depending on fiber type and adhesion, however, it remains al-

ways smaller than the fracture resistance of the matrix. Interfacial adhesion influences 

local deformation processes very strongly and these processes determine the macroscopic 

properties of the composites. Shear yielding and cavitation occur in the matrix, while 

debonding, fiber pullout and fracture are the main deformation mechanisms in the com-

posites. Shear yielding induced by the debonding of the fibers consumes much energy, 

the fracture of the fibers is less efficient in the increase of impact resistance, while cavi-

tation in the ePP polymer results in inferior impact strength. A combination of stiffness 

and impact resistance in excess of 3 GPa and 40 kJ/m2, respectively, can be obtained in 
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PP homopolymers modified with PVA fibers, while this type of modification is less ad-

vantageous for elastomer modified PP grades. 
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Chapter 6 
 

Impact Modification of PP Reinforced with Stiff Fibers: 

Hybrid Composites4 

 

6.1. Introduction 
 

In our previous project (see Chapter 3) we achieved a considerable improvement 

in the stiffness for PP composites by using carbon or glass fibers, but impact resistance 

of these composites remained relatively small. We have proved earlier that using poly-

meric fibers in polypropylene composites improves this impact resistance significantly 

(see Chapters 4 and 5), but it increases the stiffness only slightly. PVA fibers increase 

stiffness and fracture resistance to a larger extent than PET fibers. The combination of 

traditional reinforcement and polymeric fibers could be a beneficial and new concept in 

composite development in order to prepare composites with large stiffness and impact 

resistance. As mentioned in Section 1.1.4 the idea of hybrid composites containing two 

different fibers is not new, many attempts were made to achieve the proper combination 

of properties in composites by this method [1-9]. Accordingly, the goal of this part of our 

work was to prepare hybrid PP composites containing glass or carbon fiber and a polymer, 

PET, fiber simultaneously. PP/wood/PET hybrid composites are used as reference in the 

study [10]. Deformation and failure processes are analyzed in detail in order to explain 

the results. The advantages or drawbacks of using wood instead of traditional glass or 

carbon fibers are discussed in this chapter together with practical consequences. 

 

6.2. Experimental 
 

The polypropylene used as matrix was the Daplen HJ 325 MO grade homopolymer 

of Borealis GmbH, Austria. The Scona 6102 (MAPP) grade was used as coupling agent 

from Byk-Chemie GmbH, Germany. The glass fiber (ThermoFlow 636) was obtained 

from Johns Manville, USA. The carbon fiber used was the Panex PX 35 grade of Zoltek 

Zrt, Hungary. The wood flour (Filtracell EFC 1000) was produced by Rettenmaier and 

Söhne GmbH, Germany. The PET fiber (T713) was purchased from Performance Fibers 

GmbH, Germany. Thin films of about 100 µm thickness were prepared from injection 

molded specimens by compression molding. The fibers were clearly visible in transmitted 

light in these films; the dimensions of at least 200 fibers were measured on micrographs 

recorded. The most important characteristics of the fibers are collected in Table 2.1 and 

2.2, while the conditions of the experiments are given in Chapter 2.  

 

6.3. Results and discussion 
 

The results are discussed in several sections starting with the structure of the 

                                                 
4 Várdai R, Lummerstorfer T, Pretschuh C, Jerabek M, Gahleitner M, Faludi G, Móczó J, Pukánszky B: Impact 

modification of fiber reinforced polypropylene composites with flexible poly(ethylene terephthalate) fibers. 

Polym Int (2021) 
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composites and its possible effect on properties. After presenting tensile properties and 

the reinforcing effect of different fibers, we focus our attention on impact resistance and 

the mechanism of impact modification. General correlations and consequences for prac-

tice are discussed briefly in the final section of the chapter. 

 

6.3.1. Structure 

 

As mentioned earlier, the properties of polymer composites are determined by sev-

eral factors including their structure. The structure of injection molded specimens is com-

plicated; anisotropic fibers developing a complex orientation distribution which changes 

with location within the specimen. Moreover, a recently published paper [11] showed that 

PET fibers twist and entangle in hybrid composites, thus the determination of an orienta-

tion factor would be extremely difficult. The other factor changing during processing and 

depending also on composition, is the length of the fibers. Stiff fibers, like glass and es-

pecially carbon, break to smaller pieces during processing. Digital optical micrographs 

were taken from films to determine fiber length in the injection molded specimens at 

selected compositions. The results of the measurements are collected in Table 6.1. Con-

siderable attrition takes place indeed, fiber length changes between 110 and 250 m (see 

original length in Table 2.2). As expected a larger extent of attrition takes place in carbon 

fiber composites than in glass reinforced materials. The amount of PET fibers does not 

seem to influence the length of the reinforcing fibers much, or at least a clear tendency is 

difficult to establish. Fiber length has a wide distribution, which overlaps for the various 

composites. Significant changes with a clear tendency cannot be expected in any property 

as the result of changing fiber length. 

 

Table 6.1 Dependence of the length of glass and carbon fibers on the PET fiber con-

tent of PP hybrid composites 

 

PET contenta 

(wt%) 
Fiber 

Dimensions (µm) 
Aspect ratio 

No of  

fibers Length Diameter 

0 

CF 

164.9 ± 116.6   7.5 ± 2.0 23.1 ± 17.4 480 

5 190.1 ± 129.4   5.9 ± 1.8 35.2 ± 27.8 400 

30 108.2 ±   63.1   6.3 ± 1.6 17.9 ± 11.1 500 

0 

GF 

179.9 ± 122.8   9.6 ± 2.4 19.4 ± 14.0 340 

5 254.9 ± 167.8 13.2 ± 2.7 20.2 ± 14.0 230 

30 211.1 ± 124.2 12.1 ± 2.7 18.2 ± 11.5 230 

a) all composites contained 20 wt% of the stiff fibers and also MAPP 
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6.3.2. Properties, reinforcement 

 

Fibers are added to polymers, including thermoplastic and thermoset materials, 

mainly to increase their stiffness, but often also their strength. Young's moduli of 13 GPa 

[12] (Chapter 3) or even larger [12,13] can be achieved in PP composites although the 

stiffness of the neat matrix polymer is only 1.7 GPa. Accordingly, one of the aspects of 

reinforced composites is their stiffness and reinforcement in general. The Young's mod-

ulus of the composites studied is plotted against the amount of PET fibers in Figure 6.1. 

One should consider here that the composites always contained 20 wt% of the reinforcing 

fibers (GF, CF, wood). PET fibers should increase composite modulus, since their stiff-

ness is larger than that of the PP matrix polymer (see Table 2.1). However, the modulus 

of hybrid composites containing both the carbon and the PET fibers decreases continu-

ously with increasing amount of the PET fiber. The reason for the decrease cannot be 

fiber attrition and changing fiber length, since it does not change as much as to justify the 

almost 4 GPa decrease of stiffness in the case of the PP/CF composites. Moreover, if 

changing fiber length were the decisive factor, we should observe a maximum in modulus 

around 5 wt% PET content instead of the continuous decrease. We do not expect a sig-

nificant modification in fiber orientation either.  
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Figure 6.1 Dependence of the stiffness of hybrid PP composites on the amount of PET 

fibers. Symbols: (,) CF, (,) GF, (,) wood; empty symbols 

without MAPP (poor adhesion), full symbols with MAPP (good adhesion). 

 

We must consider, however, that PP containing 20 wt% CF is regarded as the 

matrix here and the modulus of PET fibers is only around 6 GPa. However, the fibers are 

not always oriented in the direction of the load and the debonding of PET fibers may also 
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take place already at the very small deformations of modulus determination. Interfacial 

adhesion, i.e. the presence of the coupling agent (MAPP), influences stiffness only 

slightly, in accordance with earlier experience [14-17]. According to these results, the 

addition of PET is not very advantageous in the CF composites, especially if the goal of 

modification is increased stiffness. 

As mentioned above, the aim of fiber modification is often not only to increase 

stiffness, but also strength. The tensile strength of the six series of composites is shown 

in Figure 6.2 as a function of PET fiber content. The strength of the composites covers a 

wide range from 20 to 50 MPa. Not very surprisingly, the effect of coupling is much 

stronger on strength than on stiffness [15,18,19]. In the absence of coupling, PET fibers 

decrease strength in all three sets of composites and practically to the same extent. The 

actual strength of the composites seems to be governed by the strength of the two-com-

ponent material. PET fibers increase strength slightly in the PP/wood and PP/CF compo-

sites at good adhesion, while the same property remains more or less constant in the pres-

ence of the other two reinforcements, apart from a considerable drop of strength already 

at the smallest PET content in the case of the CF composites. The sudden drop might 

result from slight changes in microstructure or the modification of the dominating local 

deformation process, probably from the fracture of CF to the debonding of PET fibers. 

The simple observation of the primary data in Figure 6.2 does not really allow the esti-

mation of the reinforcing effect of the PET fibers. This is possible only by the use of a 

model (Equation 3.1), which allows the quantitative determination of the extent of rein-

forcement.  
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Figure 6.2 Influence of the amount of PET fibers on the tensile strength of hybrid PP 

composites. Symbols: (,) CF, (,) GF, (,) wood; empty symbols 

without MAPP (poor adhesion), full symbols with MAPP (good adhesion). 
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In order to save space, we present only two sets of data to demonstrate the use of 

the model. The strength of the PP/wood composites are plotted in the way suggested by 

Equation 3.2 in Figure 6.3. We must emphasize here that the PP/20 wt% wood compo-

site was regarded as matrix in this case and the slope of the lines reflects the reinforcing 

effect of the PET fibers. According to Figure 6.3 the model can be applied in our com-

posites, straight lines were obtained indeed, and improved adhesion results in considera-

ble increase in the reinforcing effect of the PET fibers. The fitting and the calculations 

were carried out for all six series of composites and the results are collected in Table 6.2. 

The goodness of fit is acceptable, larger than 0.9, in most cases, and the parameters ob-

tained reveal the differences in the reinforcing effect of the fibers. Coupling increases 

reinforcement in all three cases, i.e. for GF, CF, and wood containing hybrid composites, 

and to the largest extent for wood. The apparent contradiction that the largest reinforce-

ment is achieved with the weakest fiber can be explained by the larger strength of the 

other two two-component composites used as matrix in the study. According to the re-

sults, the reinforcing effect of PET fibers is similar in the three sets of hybrid composites, 

but the actual strength values are not, and the glass/PET fiber combination offers the larg-

est composite strength. 
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Figure 6.3 Effect of interfacial adhesion on the reinforcing effect of PET fibers in 

PP/wood/PET hybrid composites. Determination of Parameter Bt (see 

Equations 3.1 and 3.2). Symbols: () without MAPP, () with MAPP. 
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Table 6.2 Load bearing capacity of PET fibers (Bt) and impact resistance at 20 wt% 

fiber content 

 

Fiber Coupling 
Impact strength 

an
 (kJ/m2) 

s
a 

Pa 

Parameter 

Bt 
R2b 

Wood 
-   8.6 ± 0.3 25.8 1.61 0.9688 

+ 11.2 ± 0.4 31.6 3.94 0.9816 

GF 
- 10.7 ± 0.5 39.7 1.11 0.9508 

+ 11.8 ± 0.5 49.1 2.61 0.9912 

CF 
- 10.4 ± 0.3 31.6 1.62 0.8633 

+ 10.8 ± 0.3 34.5 3.16 0.9972 

a) calculated matrix strength 

b) determination coefficient indicating the goodness of fit 

 

6.3.3. Impact resistance 

 

Fracture resistance is one of the crucial properties of reinforced composites. As 

mentioned earlier, hybrid composites were prepared to improve this characteristic already 

in the early days of composite research [1-4]. Composites reinforced with glass and car-

bon fibers are usually quite stiff and their impact resistance is small [12,20], while the 

impact strength of wood reinforced PP composites could not be improved even with elas-

tomers [21-23]. The impact resistance of the six series of hybrid PP composites is plotted 

against the amount of PET fibers used in Figure 6.4. The polymer fiber increases impact 

resistance considerably, irrespective of the reinforcement used in the two-component ma-

terial. Apart from the composites containing wood without coupling, the correlation is the 

same for all composite series with only a few deviating points at larger PET fiber contents. 

The explanation for the deviating points is unclear at this time; the reason might be chang-

ing orientation, the entanglement of the organic fibers [11] or their fracture during pro-

cessing. The smaller impact resistance of the wood composites may be assigned to exten-

sive debonding, the fracture of wood particles and the small plastic deformation in the 

presence of the wood. Quite surprisingly, interfacial adhesion practically does not influ-

ence impact resistance at all, except for wood of course, indicating that the dominating 

local deformation process is the same with and without the coupling agent and thus the 

mechanism of impact modification must be the same as well. 
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Figure 6.4 Dependence of the impact resistance of hybrid PP composites on the 

amount of PET fibers. Symbols: (,) CF, (,) GF, (,) wood; 

empty symbols without MAPP (poor adhesion), full symbols with MAPP 

(good adhesion). 
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Figure 6.5 Instrumented impact traces recorded on PP/wood/PET hybrid composites 

at good adhesion (with MAPP). Effect of PET fiber content. 
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Instrumented impact testing might offer further information about the fracture pro-

cess. Only one example is offered here again, but the effect of the PET fibers as well as 

the traces were very similar also for the other composites. The fractograms recorded on 

the PP/wood/PET composites are plotted in Figure 6.5 at various PET fiber contents and 

good adhesion. Both the maximum force related to fracture initiation and the area under 

the trace characterizing fracture energy increase with increasing PET fiber content. Ap-

parently, the presence of the fibers hinders the initiation of the crack, but it increases 

mainly plastic deformation thus increasing fracture energy. As mentioned above, the 

traces are very similar for the rest of the composites; only the maximum force is some-

what smaller at poor adhesion. These results unambiguously prove that the incorporation 

of PET fibers induces a new deformation mechanism which is independent of the type of 

the reinforcing fiber, i.e. GF, CF or wood. 

 

6.3.4. Mechanism 

 

The final value of impact resistance is the result of numerous energy absorbing 

processes. In fiber reinforced composites, several processes may take place simultane-

ously or consecutively. The heterogeneities, in this case the fibers, have dissimilar elastic 

properties from those of the matrix. These differences induce heterogeneous stress distri-

bution and local deformation processes around the fibers, which can be detected by pie-

zoelectric sensors used in acoustic emission testing (see Section 1.2). The result of such 

a test is presented in Figure 6.6, the measurement was done on a PP composite containing 

20 wt% wood particles and 20 wt% PET fibers at good adhesion. 

 

This particular figure (Figure 6.6) was selected because it shows quite well that 

more than one process takes place in the composite during deformation. The individual 

signals were detected in two separate groups, one at smaller deformations and another 

one at larger elongations. The two processes can be identified well by the two stages of 

the cumulative number of signal trace; the first process is indicated by a plateau, while 

the second is indicated by the increasing part of the trace. In two-component PP/wood 

composites, the two processes were assigned to the debonding of the particles and to their 

fracture, respectively. The relative number of the two kinds of events changes with inter-

facial adhesion; fracture dominates when adhesion is good. In the hybrid composites, the 

PET fibers also initiate local processes, which are mainly the debonding of the fibers 

and/or fiber pullout. In glass, but especially in carbon fiber reinforced composites, one of 

the most important processes is the fracture of the fibers. All processes, or even the dom-

inating one, obviously cannot be identified by simple observation of the acoustic emission 

results and we need additional information, which might be supplied by SEM micro-

graphs. 
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Figure 6.6 Acoustic emission testing of a hybrid PP composite containing 20 wt% 

wood and 20 wt% PET fiber at good adhesion (with MAPP). Symbols: () 

individual signals,  stress vs. strain trace (left axis), cumulative 

number of signal trace (right axis). 

 

SEM micrographs recorded on the fracture surface created in tensile testing are 

presented in Figure 6.7. All composites contained 20 wt% PET and 20 wt% of the rein-

forcing fiber. Micrographs are presented for poor and good adhesion as well. The fracture 

surface of PP/wood/PET composites is presented in Figure 6.7a and 6.7b. According to 

Figure 6.7a, extensive debonding of the PET fiber takes place in the absence of coupling, 

accompanied by the fracture and/or debonding of the wood particles. The debonding of 

PET fibers is extensive also in the presence of the coupling agent (Figure 6.7b), and 

previous experience showed that the fracture of wood particles is more pronounced in 

that case. Extensive debonding can be observed in the glass fiber reinforced composites 

as well, which is accompanied by the fracture of the glass fibers (Figure 6.7c). This latter 

process becomes more pronounced in the presence of the coupling agent (Figure 6.7d). 

The processes are very similar also in the carbon fiber reinforced composites, the debond-

ing of the PET fibers dominates, which is accompanied by the pullout and/or fracture of 

the reinforcing fibers (Figure 6.7e and 6.7f). The ratio of the two latter processes depends 

on interfacial adhesion. Although the pullout or fracture of PET fibers also occurs during 

the deformation of the composite, the dominating process seems to be their debonding. 

The mechanism does not seem to change, but debonding stress obviously does, shown by 

the changing strength of the composites with changing interfacial adhesion (see Figure 

6.2). According to the acoustic emission testing and the SEM study, the mechanism re-

sponsible for the increased impact resistance of hybrid composites containing PET fibers 

is the debonding and/or pullout of the latter and the subsequent plastic deformation of the 

matrix. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 6.7 SEM micrographs recorded on the fracture surfaces of hybrid PP 

composites. All composites contained 20 wt% of the reinforcing fiber and 

20 wt% PET. a) wood, b) wood/MAPP, c) GF, d) GF/MAPP, e) CF,  

f) CF/MAPP. 
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6.3.5. Discussion, correlations 

The results presented above showed that the new local deformation process in-

duced by the PET fibers resulted in an increased impact resistance of the composites and 

the combination of properties obtained. The role and importance of local processes in the 

determination of the macroscopic properties of the composites might be easier to under-

stand if we compare the characteristic stresses related to the initiation of these processes 

to composite properties. The tensile strength of the composites is plotted against the char-

acteristic stresses in Figure 6.8. The latter were determined according to the procedure 

indicated in Figure 6.6. We must call the attention here to the fact that in some of the 

composites two processes could be identified (AE1, AE2), while in others only one was 

observed. The points in Figure 6.8 can be divided into two large groups. The first shows 

some correlation with tensile strength, but composite strength is considerably larger than 

the characteristic stress indicating that the initiation of the local process does not result in 

failure of the composite. The other, smaller group of points falls on or is close to the 

straight line of slope 1 indicating almost identical characteristic stress and tensile strength. 

In this case, the initiation of the local process results in the immediate or almost immedi-

ate failure of the composite. According to the figure, many points belong to the first group 

and the related process results in the advantageous properties of the composites. The ini-

tiation of the second process usually leads to the catastrophic failure of the composite. On 

the other hand, the first local process consumes energy and initiates plastic deformation 

resulting in further energy consumption and increased impact resistance. 
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Figure 6.8 Correlation between the tensile strength of the hybrid PP composites 

studied and the characteristic stresses of the local processes identified 

during their deformation. Symbols: () wood, AE1, () wood/MAPP, 

AE1, () wood/MAPP, AE2, () GF, AE1, () GF, AE2, () GF/MAPP, 

AE2, () CF, AE1, () CF/MAPP, AE1. 
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The other important question for structural materials is the balance of properties, 

i.e. the combination of stiffness, strength and impact resistance. Impact resistance is plot-

ted against the stiffness of the composites in Figure 6.9. Except for the CF composites, 

the two quantities are independent of each other; the increase of impact resistance not 

being accompanied by a decrease in stiffness. This is completely different from the tradi-

tional approach of using elastomers; in the latter case the addition of the impact modifier 

always leads to a decrease in Young's modulus. For the CF composites, the decrease of 

impact resistance with increasing stiffness is the result of the very large modulus (9 GPa) 

of the two-component PP/CF composite and the easy, premature debonding of the PET 

fibers leading to small moduli (see Figure 6.1). We also must emphasize here that, unlike 

in the case of elastomer modification, the impact resistance of the wood composites could 

be raised to the same level as that of the other composites. 
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Figure 6.9 Correlation between the Young's modulus and impact resistance of hybrid 

PP composites. Symbols: (,) CF, (,) GF, (,) wood; empty 

symbols without MAPP (poor adhesion), full symbols with MAPP (good 

adhesion). 

 

Using the approach for impact modification proposed in this work, i.e. the use of 

polymer fibers, allows the adjustment of properties in a relatively wide range. Wood is a 

natural reinforcement with all the advantages, and it is also quite cheap. A relatively large 

impact resistance, close to 15 kJ/m2, can be achieved with its combination with the PET 

fibers, as well as reasonable stiffness and strength. The tensile strength of GF/PET com-

posites is the largest, while the combination of CF and PET results in composites with the 

largest stiffness. Using the polymer fiber as impact modifier allows the production of 

tailor made composites, as well as the optimization of properties and price. 
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6.4. Conclusions 
 

The results obtained on hybrid PP composites containing traditional reinforce-

ments, either wood, GF or CF, and a polymeric fiber proved that improved impact re-

sistance can be achieved in this way with all stiff fibers and not only for wood as shown 

earlier. Approximately the same impact resistance can be achieved with PET fibers, 

which depends on the amount of PET fiber used; impact strength as large as 15 kJ/m2 can 

be obtained with the approach. The large impact resistance is the result of local defor-

mation processes initiated by the polymeric fiber. Irrespectively of the strength of inter-

facial adhesion, the main local process is the debonding and/or pullout of the PET fibers, 

which facilitates also the plastic deformation of the matrix polymer. The combination of 

these local processes results in large energy consumption and increased impact resistance. 

Other properties depend on the type of the reinforcement and on interfacial adhesion. The 

application of carbon fibers results in composites with large stiffness, while the strength 

of glass fiber reinforced composites is the largest at good adhesion. The proper selection 

of components, composition and interfacial adhesion allows the adjustment of overall 

composite properties in a relatively wide range. 
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Chapter 7 
 

Improvement of the Impact Resistance of Natural Fiber 

Reinforced PP Composites Through Hybridization5 

 
7.1. Introduction 
 

The concept of using traditional reinforcement, i.e. carbon or glass fibers and pol-

ymeric fibers (PET) simultaneously was checked and verified in Chapter 6. Hybrid com-

posites containing wood as reinforcement and PET fibers had a stiffness of 3 GPa and an 

impact resistance of 15 kJ/m2 [1], while an even better combination of properties was 

achieved in carbon and PET fiber reinforced hybrid composites, their stiffness was as 

large as 6 GPa and impact resistance was close to 15 kJ/m2. However, the environmental 

benefit of using reinforcements from natural resources was lost in this case. Although, an 

attempt was made by Sudár et al. [2] to use a PP reactor blend containing as much as 

33 wt% elastomer to improve the impact resistance of PP/wood composites, fracture 

strength remained at a low level, despite the large elastomer content. Many attempts were 

made earlier also to combine traditional reinforcements and natural fibers [3-9], but com-

posites with prominently good properties could not be produced. The goal of this study 

was to verify the validity of the approach of hybridization also for PP composites rein-

forced with natural and PET fibers. Flax and sugar palm fibers were applied as reinforce-

ments with wood flour being used as reference. The attention was focused less on con-

ventional properties, stiffness and strength, but more on fracture resistance. Local defor-

mation processes were analyzed to determine the mechanism of deformation and failure. 

The property profile of the materials produced was determined, and the possibilities for 

further improvement, as well as relevance for practice are also discussed in the final sec-

tion of the chapter. 

 

7.2. Experimental 
 

The polypropylene used as matrix in this study was the Daplen HJ 325 MO grade 

homopolymer of Borealis GmbH, Austria. MAPP (Scona 6102) from Byk-Chemie 

GmbH, Germany was used as coupling agent. The wood flour (Filtracell EFC 1000) was 

obtained from Rettenmaier and Söhne GmbH, Germany. The flax fiber was purchased 

from Hungaro-Len Kft, Hungary. The sugar palm fibers were obtained from Surabaya 

Fiber, Indonesia. The PET fiber (T713) was produced by Performance Fibers GmbH, 

Germany. The particle characteristics of natural fibers were determined by image analysis 

from digital optical micrographs before and after processing. The most important charac-

teristics of the fibers are collected in Table 2.1 and 2.2, while the conditions of the ex-

periments are given in Chapter 2. 

 

                                                 
5 Várdai R, Lummerstorfer T, Pretschuh C, Jerabek M, Gahleitner M, Bartos A, Móczó J, Anggono J, Pukánszky 

B: Improvement of the impact resistance of natural fiber reinforced PP composites through hybridization. 

Polym Adv Technol 32, 2499-2507 (2021) 
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7.3. Results and discussion 
 

The results are discussed in several sections. Particle characteristics and the effect 

of processing on them are discussed first together with a brief presentation of tensile prop-

erties. Fracture resistance and its relationship to local deformation processes are analyzed 

next, while general correlations are discussed in the last section together with notes on 

practical relevance. 

 

7.3.1. Properties 

 

The changes in fiber dimensions, i.e. the attrition of stiff fibers during thermo-

plastic processing is a major issue in fiber reinforced composites [10]. Injection molding 

is especially hard on stiff fibers and occasionally the length of the fibers can decrease 

below the critical value thus losing most of the reinforcing effect [11,12] (see Chapter 3). 

 

Table 7.1 Dimensions of the fibers used as reinforcement in hybrid PP composites at 

20 wt% of the natural fiber and 20 wt% of PET; effect of coupling and 

processing 

 

Fiber Coupling Processing Length (m) Diameter 

(m) 

Aspect  

ratio 

Wood 

– before   363  318   64  42 6.8 

– after 169  94   52  30 3.5 

+ after   180  102 55  4 3.6 

Flax 

– before 1000  200 18  7 55 

– after   88  54 17  8 5.6 

+ after   81  59 17  8 5.0 

Sugar 

palm 

– before 1000  200 150  67 6.7 

– after   211  277    50  62 4.6 

+ after   231  317     71  105 4.2 

Fiber length and diameter before and after processing are listed in Table 7.1 for 

the natural fibers used in this study. Wood fibers are relative short, thus the extent of their 

attrition is not very large. Flax, on the other hand, was cut to a considerable size before 

homogenization and the decrease in its length is large, the fibers become quite short dur-

ing processing. The diameter of these two fibers does not change very much. On the other 

hand, sugar palm fibers are quite large originally, both their length and diameter decrease 

quite considerably. Sugar palm fibers are the longest, followed by wood and flax, but 

their aspect ratio does not differ much, they are in the same order of magnitude. Mechan-

ical properties and the reinforcing effect depend on the final dimensions of the fibers 
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obtained after processing [12], thus we must consider them during the evaluation of the 

results. 

Tensile properties, notably stiffness, strength and deformability are discussed only 

briefly. They all correspond to the expectations. The stiffness of the composites contain-

ing only the stiff, reinforcing fibers in 20 wt% is moderate, it changes between 2.4 and 

2.8 GPa. The addition of PET fibers increases modulus somewhat, but the reinforcing 

effect of this synthetic fiber is small (see Chapter 4) and the largest stiffness achieved in 

the presence of wood particles does not exceed 3.2 GPa. The deformability of all compo-

sites is limited changing between 2 and 8 % and increasing slightly with increasing PET 

content. This latter effect might be important for impact, since fracture resistance in-

creases with the increasing plastic deformation of the matrix polymer. Neither stiffness 

nor elongation depend much on coupling, i.e. on the presence or absence of the MAPP 

coupling agent (see Chapter 4). 

Tensile strength is plotted against the amount of PET fibers in the composite in 

Figure 7.1. The difference among the composites containing the three stiff fibers is very 

small, hardly larger than the standard deviation of the measurement. Coupling, on the 

other hand, influences strength quite considerably. Tensile strength decreases with in-

creasing PET content continuously at poor adhesion, in the absence of the coupling agent. 

True reinforcement is achieved when interfacial adhesion is good; strength increases to 

the acceptable level of about 40 MPa, irrespectively of the type of the stiff fiber. 
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Figure 7.1 Effect of PET fiber content on the tensile strength of hybrid PP composites. 

Natural fiber content 20 wt%. Symbols: (,) wood, (,) flax, (,) 

sugar palm fiber; empty symbols: poor adhesion, without MAPP, full sym-

bols: good adhesion, with MAPP. 
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7.3.2. Fracture 

 

Impact resistance is the crucial property of natural fiber reinforced composites. 

The fracture strength of the natural fiber reinforced hybrid composites is plotted against 

the amount of PET fibers in Figure 7.2. Impact resistance increases considerably with 

increasing PET fiber content from the small value of less than 2 kJ/m2 to the respectable 

level of 15 kJ/m2 at large PET content. The type of the natural fiber affects impact re-

sistance only slightly at small PET content, but the difference increases with increasing 

amount of the synthetic fiber in the composite. The largest impact resistance is achieved 

with wood fibers at good adhesion, and the smallest with flax in the absence of the MAPP 

coupling agent. A maximum exists in the composition dependence of impact strength 

indicating the effect of more than one factor or the presence of more than one process. 
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Figure 7.2 Composition dependence of the impact resistance of hybrid PP composites. 

Natural fiber content 20 wt%. Symbols: (,) wood, (,) flax, (,) 

sugar palm fiber; empty symbols: poor adhesion, without MAPP, full sym-

bols: good adhesion, with MAPP. 

 

We hoped to obtain more information about the possible processes taking place 

during fracture from instrumented impact testing. Typical traces are presented in Figure 

7.3 to demonstrate the effect of the amount of PET fibers on the fracture process. The 

traces were recorded on composites containing 20 wt% wood and increasing amounts of 

PET at good adhesion, i.e. with MAPP. Fractograms are very similar for all the other 

combinations of materials, for the remaining two natural fibers with or without MAPP; 

only maximum force and the area under the trace change slightly as a function of these 

variables. The PP composite containing only wood particles fails by brittle fracture. Both 
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maximum force and the area under the trace, i.e. fracture energy increase with increasing 

PET content, indicating that both crack initiation and propagation are hindered by the 

presence of the synthetic fiber. At the largest PET content fracture is not catastrophic 

showing the increased plastic deformation of the matrix initiated by the PET fibers. The 

exact mechanism might be revealed by the study of local deformation processes. 
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Figure 7.3 Instrumented impact testing of hybrid PP composites. The natural fiber is 

20 wt% wood. MAPP was added for improved interfacial adhesion. Effect 

of PET fiber content. 

 

7.3.3. Local processes 

 

The result of an acoustic emission test is presented in Figure 7.4a for the compo-

site containing 20 wt% flax and 15 wt% PET fiber in the absence of the MAPP coupling 

agent. Individual signals (small circles) can be divided into two groups. The majority of 

the events occurs at small deformation, i.e. at small stress. Additional events occur at 

larger deformations and stresses, but their number is relatively small. Previous experience 

shows that the process occurring at small deformations in large numbers is usually 

debonding [13,14], the separation of the fiber and the matrix at the interface. The second 

process might be the pullout or fracture of the fibers [15,16]. The shear yielding of the 

matrix is not accompanied by acoustic activity [13,14]. 
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a) b) 

Figure 7.4 Results of the acoustic emission testing of hybrid PP composites. Compo-

sition: 20 wt% flax, 15 wt% PET. Symbols: () individual acoustic signals, 

full lines: cumulative number of signal vs. strain (right axis) and stress vs. 

strain (left axis) correlation. a) poor adhesion, without MAPP; b) good 

adhesion, with MAPP. 

 

Different results are obtained in the acoustic emission testing of the composite 

containing the same ingredients in the same amount, but in the presence of the coupling 

agent (Figure 7.4b). The relative number of the two kinds of signals changes, less events 

occur at small and many more at large deformations. Increased interfacial adhesion must 

have changed the dominating deformation process from debonding to fiber pullout or 

fracture. The shape of the cumulative number of signal trace has also changed consider-

ably, proving the modification of deformation mechanism. Changing interfacial adhesion 

modifies the number of acoustic events detected during the test as well. 

The variation in acoustic activity and in the mechanism of deformation is demon-

strated well by the comparison of the cumulative number of signal vs. strain correlations 

shown in Figure 7.5. In the absence of the coupling agent, the first process detected at 

small deformations dominates and much smaller number of events occur at large defor-

mations. Wood composites show the largest acoustic activity, followed by flax, and the 

number of signals is surprising small for the composites containing the sugar palm fibers. 

An unambiguous explanation is not available for this behavior at present. At good adhe-

sion, the shape of the traces changes completely [13,15,16]. Although the first process 

also occurs, it is not very easy to see because of the scale of the graph and the domination 

of the second process. The number of events decreases in all three cases and the order of 

acoustic activity remains the same as in the absence of coupling. 
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Figure 7.5 Typical cumulative number of signal traces recorded on the hybrid PP 

composites containing various natural fibers with or without MAPP. PET 

content: 20 wt%. 

 

Based on acoustic emission testing, we can only speculate on the local processes 

taking place during deformation, but we cannot identify them with certainty. SEM micro-

graphs may offer further information about the mechanism of these local deformation 

processes. Typical micrographs taken from the fracture surface of the various composites 

are presented in Figure 7.6. All the composites presented here contain 20 wt% of the 

reinforcing stiff fibers and 20 wt% PET. The micrographs are very similar in one respect: 

debonded or pulled-out PET fibers are visible in every micrograph in relatively large 

numbers irrespectively of the type of the reinforcing fiber or interfacial adhesion. A closer 

study of the micrographs reveal that these pulled out or debonded fibers are somewhat 

shorter at good adhesion, i.e. depending on their orientation PET fibers also break during 

deformation. Wood fibers debond at poor adhesion (Figure 7.6a), while flax fibers frac-

ture in the presence of the coupling agent (Figure 7.6d). A large sugar palm fiber can be 

seen in Figure 7.6e, but it is difficult to decide if the fractured surface was created during 

cutting, processing or testing. The SEM study confirmed our preliminary conclusions 

drawn from the results of acoustic emission testing that the deformation and fracture of 

the hybrid PP composites studied are dominated by the debonding, pullout or fracture of 

the PET fibers. Local deformation processes occur also around the reinforcing natural 

fibers, but they do not contribute to impact resistance (see Figure 7.2). 
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a) 
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c) 

 

d) 

 

e) 

 

f) 

 

Figure 7.6 SEM micrographs recorded on the fracture surface of hybrid PP compo-

sites. Composition: 20 wt% natural fiber, 20 wt% PET. a) wood,  

b) wood/MAPP, c) flax, d) flax/MAPP, e) SPF, f) SPF/MAPP. 
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7.3.4. Correlations, discussion 

 

The study of the properties, especially the impact resistance of the composites and 

the local deformation processes taking place during fracture show that local processes 

occurring around the stiff, reinforcing natural fibers do not contribute to energy absorp-

tion during fracture, but those around the PET fibers do. The relationship between the 

local processes and the final properties of the composites is demonstrated by Figure 7.7 

quite well. Tensile strength is plotted against initiation stresses derived from the cumula-

tive number of signal traces in the way shown in Figures 7.4a and 7.4b. The initiation of 

the first process, called AE1, does not result in the failure of the composite [17]. We 

assume that this process is debonding and it dominates in the absence of the coupling 

agent [17]. At good adhesion, the second process (AE2) becomes more pronounced and 

it leads to the immediate failure of the composite [17]. We assume that debonding and 

the subsequent plastic deformation of the matrix result in the increase of impact re-

sistance, while the second process determines strength. Improved adhesion leads to the 

increase of debonding stress [18] and also to larger deformation thus increasing impact 

resistance in spite of the smaller number of events (see Figure 7.2 and 7.5). 
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Figure 7.7 Correlation between the initiation stresses of the local processes detected 

by acoustic emission testing and the tensile strength of hybrid PP compo-

sites. Symbols: () wood, AE1, () wood/MAPP, AE2, () wood/MAPP, 

AE1, () wood/MAPP, AE2, () flax, AE1, () flax, AE2,  
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Reinforcement, impact resistance and acoustic activity are compared in Table 7.2. 

Parameter Bt in column three represents the reinforcing effect of the PET fibers. PP con-

taining the stiff, natural fibers is regarded as the matrix in this case. Bt expresses the load 

bearing capacity of the PET fibers and it was determined by using a model (Equation 

3.1) developed earlier [19,20]. We can see that coupling improves interfacial adhesion 

and increases the reinforcing effect of the PET fibers quite significantly. The difference 

among the natural fibers is not very large; the best reinforcement is obtained with wood 

flour at good adhesion. Impact resistance is clearly dominated by the PET fibers, the type 

of the natural fiber not making any difference at all. Increased adhesion leads to larger 

impact resistance for the reasons mentioned above, i.e. larger debonding stress, increased 

deformability and plastic deformation of the matrix. Apparently, reinforcement and im-

pact resistance are not related to acoustic activity at all. This characteristic, however, de-

pends on a number of factors, like the number and size of the heterogeneities, the modulus 

of the composites [21-23], etc. making it difficult to find a direct correlation. Still, the 

results obtained on the two component PP/natural fiber composites show that these fibers 

also initiate events, but all evidence indicates that these events do not contribute to energy 

absorption, only those occurring around the PET fibers. 

The hybrid composites studied in this work offer a reasonable compromise of 

properties. Although the reinforcing effect of natural fibers is not as large as that of the 

traditional glass or carbon fibers (see Chapters 3 and 6), their natural origin, better envi-

ronmental impact like small carbon footprint, as well as lower price compensate for the 

loss of reinforcement. The impact resistance of natural fiber reinforced PP composites is 

often quite small [2], but it can be successfully compensated with the use of the synthetic 

fiber, PET in this case. A combination of 2.5 GPa modulus and 10 kJ/m2 impact resistance 

can be easily achieved with these hybrid composites, which is quite acceptable in many 

structural applications in the automotive or the construction industry. 

 

Table 7.2 Some characteristics obtained by the mechanical testing of natural fiber 

reinforced PP/PET hybrid composites; reinforcement, impact resistance 

and acoustic activity 

Fiber Coupling 

Reinforce-

ment 

Parameter Bt 

Impact resistancea 

an (kJ/m2) 

AE activitya 

No of signals 

Wood 
– 1.61   8.5  0.3 71700      160 

+ 3.94 11.2  0.4 15000    2830 

Flax 
– 1.91   8.5  0.4 61200    2320 

+ 3.43 10.8  0.4 41000  13100 

Sugar palm 
– 2.08   8.9  0.4 23000      760 

+ 3.40 10.7  0.2   2500      950 

a) at 20 wt% natural and 20 wt% PET fiber content 
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7.4. Conclusions 
 

Impact strength was successfully improved in wood and in traditional, glass and 

carbon fiber reinforced composites by the incorporation of PET fibers. This study proved 

that the concept works with other natural fibers as well; the impact strength of flax and 

sugar palm fiber reinforced composites could be also improved considerably. The mech-

anism of impact modification is always the same, the debonding or pullout of the PET 

fibers initiates the local yielding of the matrix, which consumes considerable energy. The 

fracture of PET fibers might also contribute to energy absorption. The type of natural 

fiber used as reinforcement does not influence the effect, the amount of PET fibers deter-

mines the fracture resistance of the composites. Improving interfacial adhesion by cou-

pling increases strength and slightly improves impact resistance. The overall properties 

of the hybrid composites prepared are acceptable, sufficiently large stiffness and impact 

resistance can be achieved for a large number of structural applications. 
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Chapter 8 
 

Impact Modification of Hybrid Composites with PVA  

Fibers6 

 

8.1. Introduction 

Traditional reinforcements, i.e. carbon, glass or wood are often used for the rein-

forcement of polypropylene [1-5]. The thorough study of the literature revealed that much 

less information is available on polymer fiber reinforced composites [6-10]. The combi-

nation of traditional reinforcements and polymeric fibers is unexemplary in polypropyl-

ene composites. In our previous projects we found that synthetic polymer fibers, poly(eth-

ylene terephthalate) PET and poly(vinyl alcohol), PVA, increased the impact resistance 

of PP when they were used as single additives (see Chapters 4 and 5), and the PET fibers 

proved efficient impact modifiers in hybrid composites reinforced either with traditional 

glass or carbon fibers (see Chapter 6), or with various natural fibers like flax, sugar palm 

fiber or wood flour as well (see Chapter 7). In these hybrid composites the stiffness of 

the material was determined by the amount of the stiff, reinforcing fibers, while impact 

resistance by that of the synthetic fiber. A detailed analysis of the local deformation and 

failure processes taking place during the deformation of the hybrid composites proved 

that the debonding, i.e. the separation of the interface between the PET fiber and the PP 

matrix, is responsible for the considerable improvement in impact strength. Debonding 

results in the change of local stress distribution and facilitates the plastic deformation of 

the matrix, which consumes considerable energy. Although PVA fibers were also effec-

tive in two-component PP composites (see Chapters 4 and 5), no proof is so far available 

that they improve impact resistance in the presence of reinforcing fibers as well. Conse-

quently, the goal of the present project was to check and – if possible – verify the concept 

of using PVA fibers for the impact modification of PP composites reinforced with the 

most frequently used fibers, i.e. with glass, carbon and wood. Moreover, we also hoped 

that even better property combinations can be achieved with PVA fibers than with PET. 

Relevance for practice is also considered in the final section of the chapter. 

8.2. Experimental 

The Daplen HJ 325 MO grade homopolymer polypropylene of Boralis GmbH, 

Austria was used as matrix in the experiments. The MAPP coupling agent (Scona 6102) 

was obtained from Byk-Chemie GmbH, Germany. The carbon fiber (Panex PX 35) was 

obtained from Zoltek Zrt, Hungary. The glass fiber (ThermoFlow 636) was purchased 

from Johns Manville, USA. The wood flour (Filtracell EFC 1000) was obtained from 

Rettenmaier and Söhne GmbH, Germany. The PVA fiber (VPB-103) was produced by 

Kuraray, Japan. The most important characteristics of the fibers are collected in Table 

2.1 and 2.2, while the conditions of the experiments and the characterization methods are 

given in Chapter 2. 

                                                 
6 Várdai R, Ferdinánd M, Lummerstorfer T, Pretschuh C, Jerabek M, Gahleitner M, Faludi G, Móczó J, Pu-

kánszky B: Impact modification of hybrid PP composites with PVA fibers. Submitted to Composite Structures 

(2021) 
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8.3. Results and discussion 
 

The properties of heterogeneous polymeric materials are determined by several 

factors including their structure [11], among others fiber orientation, fiber length and 

length distribution. These latter characteristics change during processing, considerable 

attrition takes place [12-15]. Fiber length was determined after processing, but since the 

final length of the fibers did not depend considerably on composition, we do not discuss 

these changes. After presenting tensile and impact properties, we focus our attention on 

the fracture process, local deformation processes and on the effect of interactions instead. 

General correlations and consequences for practice are discussed briefly in the final sec-

tion of the chapter. 

8.3.1. Tensile properties 

As mentioned earlier, this study focuses on the fracture resistance of hybrid PP 

composites including the analysis of the fracture process and the mechanism of failure. 

Accordingly, relatively limited attention is paid to tensile properties, only those possibly 

having some relevance will be discussed to some extent. Impact resistance is usually in-

versely proportional to stiffness, i.e. fracture strength decreases with increasing modulus 

[16,17]. The influence of PVA fiber content on the stiffness of hybrid PP composites is 

presented in Figure 8.1. The stiffness of the three sets of composites differs considerably 

from each other. We must remind the reader here that in this case the matrix material is 

the composite containing the reinforcing fiber at 20 wt%.  
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Figure 8.1 Effect of PVA fiber content on the Young's modulus of hybrid PP compo-

sites. Symbols: (,) wood, (,) GF, (,) CF; empty symbols: with-

out MAPP, poor adhesion; full symbols: with MAPP, good adhesion. 
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PP reinforced with wood have a relatively small modulus of about 2.5 GPa, that 

containing glass fibers is stiffer with a modulus of almost 4.0 GPa, while the PP/CF com-

posite is very stiff having a modulus close to 9.0 GPa. The modulus of the PVA fibers is 

around 10 GPa, but this value is measured parallel to the axis of the fiber thus they rein-

force the polymer only when they are oriented in the direction of the load. In the injection 

molded specimens the fibers are oriented randomly, they twist and turn and occasionally 

entangle with each other just like all synthetic fibers [18] (see also later in Figure 8.10). 

Consequently, the reinforcing effect of the PVA fibers is moderate, modulus increases 

slightly with the amount of PVA fibers in the wood and GF hybrid composites and de-

creases in the case of the very stiff PP/CF composites. Based on these results, larger im-

provement can be expected in impact strength upon the addition of the PVA fibers into 

the wood and GF composites than in the presence of CF. 

Strength determined at larger deformation than stiffness has less direct relationship 

to fracture resistance, but its composition dependence can offer information on the adhe-

sion of the components. Tensile strength is plotted against the amount of PVA fibers in 

Figure 8.2. Only the composites containing the GF fibers are shown in order to avoid 

confusion. The effect of coupling, i.e. interfacial adhesion is the same in all three cases. 

Tensile strength decreases slightly with increasing PVA fiber content in the absence of 

the MAPP coupling agent. The decrease is somewhat more pronounced in the case of the 

wood and CF composites, since the sizing of the glass fibers is relatively effective and 

adhesion is reasonably good also without coupling (see Chapter 3). The addition of 

MAPP increases tensile strength considerably showing that coupling is effective, interfa-

cial adhesion and thus the load bearing capacity of the fibers increases considerably upon 

coupling. We can deduce from these results that interfacial adhesion and coupling influ-

ence the failure process thus possibly also fracture resistance. 

The other characteristic of the composites important for fracture resistance is their 

deformability. The elongation-at-break of the composites is plotted against the amount of 

the PVA fiber in Figure 8.3. Deformability increases with PVA fiber content in all com-

posites, irrespectively of the strength of adhesion, and goes through a maximum. Alt-

hough the absolute value of elongation is not large, the increase forecasts some improve-

ment in fracture resistance as well, since the largest energy absorbing process during frac-

ture is the plastic deformation of the matrix. The maximum in deformability can be the 

result of some structural effect, like changing orientation, orientation distribution, the en-

tanglement of the fibers, etc. Wood composites possess the largest deformability thus we 

may expect the largest fracture resistance in this case, even if the relationship of elonga-

tion-at-break and impact resistance is not really straightforward, since the two properties 

are determined at very different velocities. 
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Figure 8.2 Dependence of the tensile strength of PP/GF hybrid composites on PVA 

fiber content. Symbols: () without MAPP, () with MAPP. 
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Figure 8.3 Influence of the amount of PVA fibers on the deformability of hybrid PP 

composites. Symbols: (,) wood, (,) GF, (,) CF; empty sym-

bols: without MAPP, poor adhesion; full symbols: with MAPP, good adhe-

sion. 
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8.3.2. Impact resistance 

 

The dependence of the notched Charpy impact strength on the amount of PVA 

fiber in the composite is presented in Figure 8.4. Impact resistance increases quite 

strongly with increasing fiber content as expected. A similar maximum appears in impact 

strength as in deformability, but not at the same composition. As mentioned earlier, the 

decrease at larger PVA fiber contents must be the result of some structural phenomenon 

like the entanglement and/or bundling at fiber contents above 30 wt%. Apart from the 

effect of fiber content, the most prominent feature of Figure 8.4 is the effect of coupling. 

Impact strength is definitely larger without coupling, i.e. at weak matrix-fiber adhesion, 

than in the presence of the coupling agent, and this statement is valid in the case of all 

three reinforcing fibers. The effect of increased adhesion is in accordance with earlier 

observations showing that better interfacial adhesion usually leads to smaller impact re-

sistance [19]. We must also call the attention here to the absolute values of impact re-

sistance, the 25 kJ/m2 measured at around the maximum is extremely good and very dif-

ficult to achieve in fiber reinforced PP composites. 
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Figure 8.4 Notched Charpy impact resistance plotted against the PVA fiber content of 

hybrid PP composites. Symbols: (,) wood, (,) GF, (,) CF; 

empty symbols: without MAPP, poor adhesion; full symbols: with MAPP, 

good adhesion. 

 

Impact strength measured on unnotched specimens is plotted against PVA fiber 

content in Figure 8.5 for the three sets of composites. In the absence of the notch, the 

importance of crack initiation increases and it plays a more important role both in the 
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fracture process and in the value of fracture resistance. The general tendency is the same 

as in the case of the notched specimens; impact strength increases with PVA fiber content 

and the correlation exhibits a maximum. However, the effect of coupling is completely 

different in this case. Impact strength is larger in the presence of the coupling agent in all 

cases and the difference is especially large for the wood and maybe the CF composites. 

The small difference in the case of the composites containing the GF fibers can be ex-

plained with the efficiency of the sizing. The different behavior of notched and unnotched 

specimens and the influence of interfacial adhesion must be related to the local defor-

mation processes occurring around the fibers during fracture. These will be discussed 

later (see Section 8.2.4). 
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Figure 8.5 Effect of the amount of PVA fiber on the unnotched impact strength of the 

hybrid PP composites studied. Symbols: (,) wood, (,) GF, (,) 

CF; empty symbols: without MAPP, poor adhesion; full symbols: with 

MAPP, good adhesion. 

 

The results presented in Figures 8.4 and 8.5 undoubtedly prove that PVA fibers 

efficiently improve the impact resistance of fiber reinforced PP composites. However, the 

extent and efficiency of the improvement is difficult to estimate quantitatively by the 

direct observation of the composition dependence of impact resistance. A model devel-

oped earlier offers quantitative information on the reinforcing effect of a second compo-

nent, impact modifier, filler or fiber [20]. The model can be expressed in the form of 

Equation 8.1 
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𝑎𝑛 =
𝑎𝑛0
𝐸
𝐸0

1 − 𝜑

1 + 2,5𝜑
exp(𝐵𝑓𝜑) 

(8.1) 

 

where an0 and an are the notched Charpy impact strength of the matrix and the composite, 

respectively, E0 and E are matrix and composite Young's moduli,  is the volume fraction 

of the fiber and Bf is a parameter related to stress transfer and shows the efficiency of the 

fiber in improving fracture resistance. The rearrangement of Equation 8.1 leads to re-

duced impact strength (Equation 8.2) 

 

𝑎𝑛𝑟𝑒𝑑 = 𝑎𝑛
𝐸

𝐸0

1 + 2,5𝜑

1 − 𝜑
= 𝑎𝑛0exp(𝐵𝑓𝜑) (8.2) 

 

and the plotting of the natural logarithm of this quantity against the volume fraction of 

the fibers should yield a straight line the slope of which is parameter Bf. The procedure is 

demonstrated in Figure 8.6 for the composites showing the two extreme effects. The 

largest improvement is observed in wood composites not containing the MAPP coupling 

agent, i.e. at poor adhesion, while the smallest effect is seen with CF at good adhesion. 

All the other composites are located between these two extremes. Quantitative evaluation 

with the model helps the identification of factors determining the efficiency of impact 

modification. 
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Figure 8.6 Determination of the impact modification efficiency of PVA fibers with the 

help of model calculations (see Equations 8.1 and 8.2); examples. Sym-

bols: () CF, with MAPP, () wood, without MAPP. 
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The evaluation was carried out for all six sets of composites (wood, GF, CF with 

and without coupling) and the obtained parameters are listed in Table 8.2. The results 

confirm our earlier, qualitative observations [19]. Coupling decreases the efficiency of 

impact modification in all three cases. The efficiency of impact modification depends on 

the stiffness of the composites, their deformability and interfacial adhesion as described 

in Section 8.2.1 in relation with Figures 8.1-8.3. We must emphasize, though, that both 

the absolute value of impact strength and the improvement achieved are quite large. The 

differences observed must be related to the fracture process and local deformations. 

 

Table 8.2 Quantitative estimation of the efficiency of impact modification by PVA fi-

bers in hybrid PP composites; parameter Bf was calculated using Equa-

tions 8.1 and 8.2 

 

Fibera Coupling an0m
b 

(kJ/m2) 

an0c
c 

(kJ/m2) 

Parameter Bf R2d 

Wood 
– 2.13 3.10 15.36 0.9596 

+ 2.23 2.27 12.33 0.9835 

GF 
– 2.28 2.83 14.97 0.9855 

+ 3.20 3.60 9.79 0.9891 

CF 
– 4.08 3.94 12.51 0.9886 

+ 3.52 3.35 9.19 0.9881 

a) PP containing 20 wt% of the reinforcing fiber was regarded as matrix 

b) measured impact strength of the matrix, see a) 

c) calculated impact strength of the matrix, see a) 

d) determination coefficient indicating the goodness of the fit 

 

8.3.3. The fracture process 

 

The fracture of an object consists of two steps: crack initiation and propagation. 

The first step is assisted in notched specimens by the preparation of the notch. In un-

notched specimens initiation is random, it occurs at flaws or at around heterogeneities 

through local processes. Usually crack propagation consumes more energy and impact 

modifiers influence mainly the propagation step. Instrumented impact testing offers more 

detailed information about the two steps compared to standard impact tests. The traces 

recorded during the instrumented impact testing of the composites containing the glass 

fibers are presented in Figure 8.7. The measurements were done on notched Charpy spec-

imens. In the absence of the coupling agent (Figure 8.7a) the PVA fibers increase both 

the maximum force needed for crack initiation and the area under the traces related to the 

energy of crack propagation. It is obvious that PVA fibers hinder crack propagation con-

siderably thus increasing impact resistance. The effect is more or less proportional to the 

amount of the PVA fiber added. The addition of the MAPP coupling agent does not 
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change the effect of the PVA fibers much, i.e. both the maximum force and the area under 

the curve increases with increasing PVA fiber content, but the shape of the traces changes 

somewhat (Figure 8.7b). Maximum force increases, but the area under the traces de-

creases with increasing PVA fiber content with the net effect of slightly smaller impact 

resistance at good adhesion (see Figure 8.4). 
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Figure 8.7 Instrumented impact testing of PP/GF hybrid composites. Notched Charpy 

specimens. Effect of PVA fiber content and adhesion. PVA content in-

creases from left to right; a) poor adhesion, without MAPP, b) good adhe-

sion, with MAPP. 

 

The picture is slightly different in the case of unnotched specimens prepared from 

PP/wood hybrid composites (Figure 8.8). In this case, maximum force is slightly larger 

than for notched samples, since fracture initiation is more difficult, and the area under the 

traces is larger (Figure 8.8a). The stochastic nature of fracture initiation is also shown by 

the fact that a clear correlation cannot be established between the characteristic quantities 

of fracture (maximum force, area) and PVA fiber content. Accordingly, in the case of 

unnotched specimens the critical stage of fracture is the initiation of the crack. The sto-

chastic nature of initiation remains the same at good adhesion, in the presence of MAPP 

as well. Maximum force increases drastically, while the time of fracture remains approx-

imately the same as without MAPP (Figure 8.8b) leading to slightly increasing fracture 

resistances as shown by Figure 8.5. Instrumented impact testing revealed clearly that the 

PVA fibers influence crack propagation first of all, but crack initiation also plays a role 

in the determination of impact resistance. Interfacial adhesion has an opposite effect for 

notched and unnotched specimens because of the larger importance of crack initiation in 

the latter case. 
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8.3.4. Local processes, mechanism 

The results presented in the previous sections indicate the important role of local 

deformation processes in the fracture process. Interfacial adhesion and coupling may 

change the dominating local process thus modifying fracture resistance. The effect of 

coupling is shown in previous figures and in Table 8.2. 
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Figure 8.8 Instrumented impact testing of unnotched samples prepared from PP/wood 

hybrid composites. The numbers on the traces indicate PVA fiber content. 

a) without MAPP, b) with MAPP. 

 

As mentioned earlier, some of these local processes can be detected by acoustic 

emission testing. Local processes related to both fibers may occur in our hybrid compo-

sites. In order to prove the existence of these processes the result of an acoustic emission 

test is presented in Figure 8.9. The signals were recorded during the tensile testing of the 

PP/GF composite containing 15 wt% PVA fiber in the absence of the coupling agent. The 

figure clearly shows that three consecutive local processes take place in this composite 

during its testing. This is indicated by the three groups of circles (signals) and the three 

stages or steps on the correlation between the cumulative number of signals and strain. 

Based on previous experience [21,22], the three processes are the debonding of the PVA 

fiber, the debonding of the glass fiber with better adhesion because of the sizing used, and 

the fracture of both fibers at the end of the test. Acoustic emission measurements clearly 

show that coupling modifies the local processes, the appearance of the plots change con-

siderably. However, we refrain from presenting the acoustic emission results for all com-

posites in order to keep the chapter at reasonable length. 
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Figure 8.9 The result of the acoustic emission testing of the PP/GF composite contain-

ing 15 wt% PVA fiber. Three consecutive local processes. Symbols: () 

individual acoustic events, the solid lines are the cumulative number of sig-

nal trace (right axis) and the stress vs. strain correlation (left axis). 

Acoustic emission testing may indicate the existence and number of processes tak-

ing place during deformation and failure, but these latter cannot be identified unambigu-

ously based on the results. SEM micrographs offer additional information about them and 

help their identification (Figure 8.10). A micrograph recorded on the fracture surface of 

the PP/wood composite containing 20 wt% PVA fiber is presented in Figure 8.10a. The 

micrograph clearly shows that the dominating process in this case is debonding and fiber 

pullout, the surface is covered by the debonded/pulled out PVA fibers. Previous experi-

ence shows that the wood particles predominantly debond in the absence of the coupling 

agent [23]. As mentioned above, coupling drastically changes the local processes; both 

PVA fibers and wood particles break in the presence of MAPP, as shown by Figure 

8.10b. The main processes are basically the same in the other four sets of composites as 

well. Considerable debonding of PVA fibers, as well as pullout and fracture of the glass 

fibers are seen in the PP/GF/PVA composites at poor adhesion (Figure 8.10c), while 

fracture is the dominating process in the presence of MAPP (Figure 8.10d). The micro-

graph recorded on the PP/CF/PVA composite offers a very similar picture at poor adhe-

sion (Figure 8.10e). Rather surprisingly, the fracture surface of the CF composites pre-

pared with MAPP are different, considerable pullout of the carbon fibers is seen in the 

micrograph indicating the inefficiency of coupling in this case (Figure 8.10f). The study 

of local processes by acoustic emission testing and SEM indicates that several processes 

take place during the deformation of the specimens parallel or consecutively and in most 

cases coupling changes the dominating process. The efficiency of impact modification 

depends on these processes each one of them consuming different levels of energy. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 8.10 SEM micrographs recorded on the fracture surface of PP/reinforcing fi-

ber/PVA hybrid composites. All composites contained 20 wt% of the rein-

forcing and 20 wt% PVA fiber. Magnification: 250x. a) wood,  

b) wood/MAPP, c) GF, d) GF/MAPP, e) CF, f) CF/MAPP. 
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8.3.5. Discussion 

 

The results presented in the previous sections prove that the main factors deter-

mining the efficiency of impact modification with PVA fibers and the absolute value of 

impact strength are local processes, fiber content and interfacial adhesion. The latter de-

termines the dominating local process occurring around the fibers. The question remain-

ing is the relative role of the various local processes in increasing impact resistance. All 

processes consume energy, but not to the same extent. In an attempt to analyze the effect 

of the factors mentioned above, some parameters related to them are collected in Table 

8.3. The table contains the notched Charpy impact resistance of all composites at 20 wt% 

reinforcing and 20 wt% PVA fiber content, the number of acoustic emission signals de-

tected at the same composition and parameter Bt derived from the composition depend-

ence of tensile strength [24,25]. This parameter shows the load-bearing capacity of the 

fibers and it is closely related to the strength of interfacial adhesion. 

The values of parameter Bt show that coupling increases interfacial adhesion in all 

three cases, the largest increase is achieved in wood composites, while the smallest in 

those containing GF. The smaller effect can be explained by the fact that adhesion is 

inherently good in this case because of the sizing of the glass fibers. Coupling, i.e. in-

creased adhesion, decreases impact resistance drastically, approximately to half of the 

value measured at poor adhesion at least at the composition discussed here. On the other 

hand, the number of signals is always larger in the presence of the coupling agent, some-

times drastically (see GF). In Section 8.2.4 we could identify the local processes gener-

ating these signals, the fracture of the fibers being the dominating process at good adhe-

sion. Obviously, the debonding of the fibers, or more exactly the plastic deformation of 

the matrix initiated by debonding, consumes more energy than fiber fracture, but this 

latter process is also significant and an improvement of fracture resistance can be 

achieved with PVA fibers also in the case of good adhesion. Local processes are espe-

cially important in the case of the unnotched specimens, the debonding of wood particles 

is easy, flaws are created, which facilitate the initiation of cracks. Accordingly, fracture 

resistance is small in the absence of the MAPP coupling agent. At good adhesion, wood 

particles must be fractured to initiate the crack which requires more energy. The same 

considerations apply more or less also to carbon fibers.  

The results clearly prove that the proper selection of composition, fiber type and 

interfacial adhesion allows the design of materials with very good property combinations. 

Moreover, properties can be modified in a relatively wide range according to the require-

ments of the intended application. The combination of a stiffness larger than 4 GPa, 6 

GPa in the case of carbon fibers, and an impact resistance of 20-25 kJ/m2 is very useful 

if the material is used for structural purposes in any area of the industry, but especially in 

automotive applications. 
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Table 8.3 Characteristic quantities of the composites related to interfacial adhesion 

(parameter Bt), local processes (signals) and impact resistance (an) 

 

Fiber Coupling Impact, an
a 

(kJ/m2) 

No of signalsa Parameter 

Bt
b 

R2c 

Wood 
– 19.0  0.9   51610    9080 4.38 0.9852 

+   8.3  0.4   66480  15710 6.61 0.9766 

GF 
– 18.9  1.4   38690    9670 3.24 0.9895 

+ 10.7  0.8 126940  21990 4.58 0.9926 

CF 
– 22.0  1.8   28950    1500 2.56 0.9913 

+ 13.1  0.4   34540  11060 4.77 0.9799 

a) at 20 wt% reinforcing and 20 wt% PVA fiber 

b) determined from tensile strength and related to the load bearing capacity of the PVA 

fiber as well as interfacial adhesion 

c) determination coefficient indicating the goodness of the fit 

 

8.4. Conclusions 
 

The results obtained in this study on the impact modification of fiber reinforced 

hybrid composites prove that the novel concept of using synthetic fibers for the purpose 

can be applied successfully also with PVA fibers. The impact resistance of the composites 

increases with increasing PVA fiber content. The extent of improvement in impact 

strength depends on fiber type and content, but also on interfacial adhesion which strongly 

influences the local deformation processes occurring around the fibers during fracture. 

Both the reinforcing and the synthetic fiber take part in these processes and contribute to 

energy consumption. Debonding and the subsequent plastic deformation of the matrix 

consumes energy the most efficiently, but the fracture of the PVA fibers also requires 

energy, thus PVA fibers improve impact resistance both at poor and good adhesion. The 

approach allows the design of materials for structural applications, the combination of a 

stiffness of 4-6 GPa and an impact resistance of 20-25 kJ/m2 exceeds the properties of 

most PP composites available on the market.  
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Chapter 9 

 

Summary 
 

The use of plastic composites as structural materials, especially in the automotive 

industry, requires excellent mechanical properties, particularly large impact resistance 

and stiffness. Carbon and glass fiber reinforced composites have been used for decades, 

but increasing environmental awareness and some economical aspects created much in-

terest for natural fibers (wood, hemp, flax, etc.). Several attempts have been made to 

achieve the goal of increasing stiffness and impact resistance by the combination of var-

ious fillers and fibers with elastomers in hybrid composites, but these attempts proved 

unsuccessful especially in the case of natural reinforcements. Our approach is completely 

new, besides the natural and synthetic reinforcing fibers we use polymeric fibers in order 

to achieve the best combination of properties in heterogeneous polymer composites. This 

Thesis on short fiber reinforced composites used the knowledge obtained in previous pro-

jects, but also in earlier studies, it built on it, and extended it further. The Thesis reports 

the progress that we achieved during this work. Although we summarized the most im-

portant results at the end of each chapter, we briefly repeat them here to give a concise 

overview of the results. At the end of this chapter we compile our most important new 

findings in a few thesis points.  

 

A comparative study with three different fibers, wood, glass and carbon, was car-

ried out to determine their advantages in the reinforcement of PP. The results proved that 

all three have advantages and drawbacks. The stiffness of the composites depends on the 

modulus of the fiber, their aspect ratio and on composition, but coupling does not influ-

ence it practically at all. Properties measured at larger deformations, on the other hand, 

are influenced quite strongly by interfacial adhesion and local deformation processes re-

lated to the fibers. The effect of adhesion depends on the type of the fiber. Large wood 

particles debond from the matrix very easily without coupling, while their fracture is the 

dominating process at good adhesion, which leads to immediate failure in PP/wood com-

posites. Increased interfacial adhesion improves reinforcement, but decreases impact re-

sistance in carbon fiber reinforced composites. The glass fiber used in the study offers 

good adhesion even without coupling. The initiation of some local deformation processes 

does not result in the immediate failure of the composites, but that of others leads to cat-

astrophic failure. Characteristic stresses related to the initiation of local processes corre-

late well with macroscopic properties. Due to its natural and renewable character as well 

as low price, wood is a good reinforcement when the increase of stiffness is the main goal 

of modification, but it cannot be used in applications in which impact resistance is im-

portant. Carbon fibers are rather expensive and their composites are very stiff, but other-

wise they possess intermediate properties. If adhesion is good, glass fibers offer a good 

balance of properties including stiffness, strength and impact resistance. 

 

The study of the effect of four organic fibers (wood, flax, PET, PVA) on the prop-

erties of PP showed that these fibers increase stiffness only moderately; because of the 

flexibility of the fibers, they do not orientate in the direction of the load. Consequently, 
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the aspect ratio of the fibers is less important than in the case of stiff fibers like glass and 

carbon. Composite strength changes in a wider range and it depends on coupling. PP 

composites containing PVA and flax fibers have the largest strength when adhesion is 

good. The deformability of the composites also varies considerably, more plastic defor-

mation occurs in composites prepared with the PET and PVA fibers. Compared to tradi-

tional, stiff fibers, impact resistance can be improved significantly with PET and PVA 

fibers; an impact strength as large as 30 kJ/m2 can be achieved with PVA fibers. Fiber 

type and coupling influence the local deformation processes occurring around the fibers 

considerably, but does not change fracture energy much. The combination of debonding 

and subsequent plastic deformation is the most efficient in the improvement of impact 

strength. Fiber fracture dominates in wood and flax composites at good adhesion, but it 

does not consume sufficient energy to increase impact resistance. 

 

The comparison of the effect of two polymeric fibers (PET, PVA) in two PP ma-

trices (hPP, ePP) showed that different inherent matrix characteristics result in dissimilar 

combination of properties. The PVA fiber proved to be more efficient as reinforcement 

in both matrices than the PET fiber; the former increases both stiffness and strength more 

than the latter. The strength of the composites depends very much on interfacial adhesion, 

the application of the MAPP coupling agent resulted in stronger composites in all cases. 

The effect of the factors studied (fiber and matrix type, interfacial adhesion) is stronger 

and more complicated in the case of impact resistance. Both fibers improve impact 

strength in the hPP matrix, but the effect depends on fiber type and interfacial adhesion. 

The changes in impact resistance cover a wide range in the ePP matrix; impact strength 

may increase or decrease depending on fiber type and adhesion, however, it remains al-

ways smaller than the fracture resistance of the matrix. Interfacial adhesion influences 

local deformation processes very strongly and these processes determine the macroscopic 

properties of the composites. Shear yielding and cavitation occur in the matrix, while 

debonding, fiber pullout and fracture are the main deformation mechanisms in the com-

posites. Shear yielding induced by the debonding of the fibers consumes much energy, 

the fracture of the fibers is less efficient in the increase of impact resistance, while cavi-

tation in the ePP polymer results in inferior impact strength. A combination of stiffness 

and impact resistance in excess of 3 GPa and 40 kJ/m2, respectively, can be obtained in 

PP homopolymers modified with PVA fibers, while this type of modification is less ad-

vantageous for elastomer modified PP grades. 

 

The results obtained on hybrid PP composites containing traditional reinforce-

ments (wood, GF or CF) and a polymeric fiber proved that impact modification with pol-

ymer fibers (PET) works for all reinforcements and, not only for wood as shown earlier. 

Approximately the same impact resistance can be achieved with PET fibers, which de-

pends on the amount of PET fiber used; impact strength as large as 15 kJ/m2 can be ob-

tained with the approach. The large impact resistance is the result of local deformation 

processes initiated by the polymeric fiber. Irrespective of the strength of interfacial adhe-

sion, the main local process is the debonding and/or pullout of the PET fibers, which 

facilitates also the plastic deformation of the matrix polymer. The combination of these 

local processes results in large energy consumption and increased impact resistance. 

Other properties depend on the type of the reinforcement and on interfacial adhesion. The 

application of carbon fibers results in composites with large stiffness, while the strength 
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of glass fiber reinforced composites is the largest at good adhesion. The proper selection 

of components, composition and interfacial adhesion allows the adjustment of overall 

composite properties in a relatively wide range. 

 

Impact strength was successfully improved in wood and in traditional, glass and 

carbon fiber reinforced composites by the incorporation of PET fibers. We proved that 

the concept works with other natural fibers as well; the impact strength of flax and sugar 

palm fiber reinforced composites could be also improved considerably. The mechanism 

of impact modification is always the same, the debonding or pullout of the PET fibers 

initiates the local yielding of the matrix, which consumes considerable energy. The frac-

ture of PET fibers might also contribute to energy absorption. The type of natural fiber 

used as reinforcement does not influence the effect, the amount of PET fibers determines 

the fracture resistance of the composites. Improving interfacial adhesion by coupling in-

creases strength and slightly improves impact resistance. The overall properties of the 

hybrid composites prepared are acceptable, sufficiently large stiffness and impact re-

sistance can be achieved for a large number of structural applications.  

 

The results obtained on hybrid PP composites containing a traditional reinforce-

ment (carbon, glass or wood) and a polymeric (PVA) fiber proved that the novel concept 

of using synthetic polymeric fibers for impact modification works for all reinforcements. 

The impact resistance of the composites increases with increasing PVA fiber content. The 

extent of improvement in impact strength depends on fiber type and content, but also on 

interfacial adhesion which strongly influences the local deformation processes occurring 

around the fibers during fracture. Both the reinforcing and the synthetic fiber take part in 

these processes and contribute to energy consumption. Debonding and the subsequent 

plastic deformation of the matrix consumes energy the most efficiently, but the fracture 

of the PVA fibers also requires energy, thus PVA fibers improve impact resistance both 

at poor and good adhesion. The approach allows the design of materials for structural 

applications, the combination of a stiffness of 4-6 GPa and an impact resistance of 20-25 

kJ/m2 exceeds the properties of most PP composites available on the market.  

 

The most important conclusions of this Thesis can be summarized briefly in the 

following main points: 

 

1. In spite of numerous claims and statements published about the benefits and su-

perior performance of natural fibers, by the comparative study of three reinforc-

ing fibers in polypropylene we pointed out the first time, that traditional glass or 

carbon fibers cannot be replaced automatically with a natural reinforcement. All 

fibers have advantages and drawbacks and must be selected according to the re-

quirements of the application in mind. Wood has environmental benefits, carbon 

fibers provide large stiffness, while glass fibers offer a good balance of proper-

ties (Chapter 3, Ref. 1). 

 

2. The comparison of the effect of four organic fibers on the properties of polypro-

pylene showed that although such fibers do not increase the stiffness of the poly-

mer very much, but synthetic polymer fibers improve impact resistance consider-
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ably. The observation led to the development of the novel concept of impact mod-

ification with synthetic fibers which has not been used before (Chapters 4-8, Refs. 

2, 3). 

 

3. By the study of the effect of two different synthetic fibers on the reinforcement 

and impact modification of PP in two different matrix polymers, we proved that 

the extent of reinforcement and impact modification depends on the properties of 

the matrix polymer and on interfacial adhesion. The novel principle of impact 

modification with synthetic fibers can be applied successfully in stiff PP matrices 

(homopolymers), but it is less efficient in random copolymers or reactor blends 

(Chapter 5, Ref. 3). 

 

4. With the help of systematic experiments we proved that the novel concept of im-

pact modification with synthetic fibers can be used also in hybrid composites con-

taining a reinforcing and a synthetic fiber. The combination of the two fibers re-

sults in large stiffness and impact resistance simultaneously very much sought for 

by the industry. We also showed that the mechanism of impact modification is the 

debonding of the fibers and the subsequent plastic deformation of the matrix pol-

ymer (Chapter 6, Ref. 4). 

 

5. In another series of experiments we showed that the new approach of impact mod-

ification can be applied in hybrid composites reinforced with any kind of natural 

fibers. The extent of impact modification does not depend on the type of the natu-

ral reinforcement, but only on the amount of the synthetic fiber (PET), since the 

former does not contribute to impact resistance (Chapter 7, Ref. 5). 

 

6. By the analysis and modeling of the fracture process in PP hybrid composites we 

proved that both the reinforcing and the synthetic fiber can contribute to the mod-

ification of impact resistance. The contribution depends on the characteristics of 

the components and interfacial adhesion that determines the local deformation pro-

cesses initiated around the fibers by the external load. We showed that even better 

property combinations can be achieved with PVA than with PET fibers (Chapter 

8). 

 

7. During the work done in the thesis we paid increased attention to local, microme-

chanical deformation processes and pointed out that several of such processes 

(yielding, cavitation, debonding, fiber fracture, pullout) can take place simultane-

ously or consecutively in polymer composites during deformation and that these 

processes determine the macroscopic properties of the composites. Debonding and 

pullout accompanied by the plastic deformation of the matrix consume much en-

ergy and result in efficient impact modification. In spite of their importance, local, 

micromechanical processes are largely neglected in the study of polymer compo-

sites in the literature (Chapters 3-8). 
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List of symbols and abbreviations 

 
AE  acoustic emission 
AR  aspect ratio 

CF  carbon fiber 

DOM  digital optical microscopy 

DSC  differential scanning calorimetry 

ePP  heterophasic ethylene-propylene copolymer 

EPR  ethylene-propylene copolymer 

EPDM  ethylene-propylene-diene copolymer 

GF  glass fiber 

HIPS  high impact polystyrene 

hPP  polypropylene homopolymer 

MA  maleic anhydride 

MAPP  maleic anhydride modified polypropylene 

MFR  melt flow rate (g/10 min) 

PA  polyamide 

PE  polyethylene 

PET  polyethylene terephthalate 

PLA  poly(lacic acid) 

PP  polypropylene 

PS  polystyrene 

PVA  poly(vinyl alcohol) 

PVC  poly(vinyl chloride) 

RH  relative humidity 

SEM  scanning electron microscopy 

SP  sugar palm fiber 

WF  wood fiber 

WPC  wood plastic composite 

 

an  notched Charpy impact strength 

an0  notched Charpy impact strength of the matrix 

anred  reduced notched Charpy impact strength 

aun  unnotched impact strength 

B  load bearing capacity of the fiber 

Bf effect of the fiber on improving the impact resistance of the polymer 

Bt  load bearing capacity of the fiber derived from the composition depend-

ence of tensile strength 

E  Young's modulus (GPa) 

E0  Young's modulus of the matrix (GPa) 

  elongation-at-break (%) 

AE characteristic deformation derived from AE measurements (%) 

  volume fraction of the fiber in the composite 

  relative elongation 

n  parameter characterizing the strain hardening of the matrix 

R2  goodness of the fit 
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  tensile strength (MPa) 

AE characteristic stress derived from AE measurements (MPa) 

T  true tensile strength (MPa) 

T0  true tensile strength of the matrix (MPa) 

Tred  reduced tensile strength 

σy  tensile yield stress 

σy0  tensile yield stress of the matrix 

vol%  volume percent 

wt%  weight percent 
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