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Chapter 1 

 

Introduction 

 Plastics play a very important role in industry and in our everyday life. They are 

versatile and satisfy all expectations from cheap, commodity products to high-tech appli-

cations like the aerospace industry, electronics or health care. Nevertheless, the abundant 

use of commodity plastics results in large amount of consumer waste which raises envi-

ronmental concerns in the public. The increasing environmental awareness of the popu-

lation pushes industry towards the application of more environmentally friendly materi-

als, which are produced from natural resources or which are biodegradable or at least 

compostable. The use of natural polymers like cellulose, starch, chitin and chitosan be-

come more frequent and intensive research is going on to improve the processing charac-

teristics and properties of such materials. Another route towards decreasing environmen-

tal impact is the use of raw materials from natural resources or natural processes to pro-

duce polymeric materials. Bio-polyethylene and PET are such products which demand 

increasing share in the plastic market. These are produced from bioethanol and their prop-

erties correspond to those of polymers produced by the traditional synthetic routes. How-

ever, these polymers are neither biodegradable nor compostable. On the other, hand 

poly(lactic acid), PLA, is one of the new polymers produced from corn starch, which has 

acceptable properties and price and is compostable. In recent years the interest of both 

the academia and industry increased tremendously in this material. 

 Although biopolymers and PLA gained considerable importance recently, these 

materials have several drawbacks as well. Their processability is usually inferior to those 

of commodity polymers (starch, cellulose), they are heat and moisture sensitive and their 

properties often do not meet the requirements of demanding applications. Although the 

processability of PLA is acceptable, its physical ageing leads to a rapid change of prop-

erties and to brittleness and its low glass transition temperature limits its application in 

many areas. As a consequence, similarly to other biopolymers, PLA is also modified in 

many ways. Deformability and brittleness is compensated by plasticization or by the use 

of impact modifiers. Dimensional stability and stiffness is improved by the addition of 

mineral fillers or short fibers. Natural fibers are used with increasing frequency to modify 

PLA and other biopolymers, and the combination leads to environmentally friendly ma-

terials. However, modification results in new polymers, but also in new problems, thus 

the thorough study of these materials is essential for future applications. 

 Natural fiber reinforced polymers are heterogeneous materials with all conse-

quences. The properties of such composites are determined by the characteristics of the 

components, composition, interfacial interactions and structure. Because these materials 

are relatively new, reliable information is extremely limited on the effect of the basic 

factors on their final properties. Interfacial adhesion is claimed to be weak in PLA/wood 

composites, structural phenomena are scarcely investigated and even less is known about 

the effect of the very complex structure of cellulose fibers on the deformation and failure 

of the composites. These latter questions, i.e. deformation and failure mechanisms, are 

also neglected in most studies, which are usually directed toward the development of ma-

terials with acceptable properties on a trial and error basis. The knowledge of the basic 



Chapter 1 

 

 

8 

processes leading to the failure of the material would allow their control and the improve-

ment of properties, which could be optimized and adjusted to the intended application. 

 The Laboratory of Plastics and Rubber Technology of the Department of Physi-

cal Chemistry and Materials Science at the Budapest University of Technology and Eco-

nomics together with the Institute of Materials and Environmental Chemistry at the Hun-

garian Academy of Science have vast experience in the development and study of heter-

ogeneous polymeric materials including short fiber reinforced composites. The group has 

developed models which allow the prediction of properties, or describes micromechanical 

deformation processes and created methods for the quantitative estimation of interfacial 

adhesion. As a result of its internationally acknowledged expertise in this area, the La-

boratory was approached by a group of institutions to join a European application aiming 

at the use of forest resource materials in the development of new composites mainly for 

the automotive industry, agriculture and packaging. The application was successful and 

the Forbioplast (Forest Resource Sustainability through Bio-Based-Composite Develop-

ment) project started in 2008. The main role of the Laboratory was to explore possibilities 

and to develop methods for the improvement of the properties of PP/wood and PLA/wood 

composites through the modification of interfacial interactions and wood characteristics. 

Scientific results were summarized in publications, but some of them found their way into 

practical applications and even a patent is under preparation. Quite a few BSc and MSc 

theses form the basis of this work, which in itself is one of the most important results of 

the project.  

 The preparation and use of polymers containing natural fillers or reinforcements 

is not new in the plastics industry, but these materials went through a revival in recent 

years all over the world. Composites containing lignocellulosic components are known 

since the 1900s, especially in the building and furniture industry [1], but they were used 

in other areas as well. Already in 1916 Rolls Royce used a phenol-formaldehyde 

resin/wood composite for the production of the knob of its gear shift lever [2]. Various 

wood-fiber, laminated and MDF boards are prepared from phenol-formaldehyde, urea-

formaldehyde and melamine-formaldehyde resins. 

 After recognizing the advantages of natural fillers and fibers, more and more 

research groups started to work on the replacement of glass and carbon fibers in compo-

sites and to study natural fiber reinforced unsaturated polyester [3-7], epoxy [3,4,8,9] and 

novolac [10] composites. In recent years, increasing quantities of thermoplastic polymers 

were used as matrix materials in wood/plastic composites (WPC). One of the main ad-

vantages of these materials is that products can be manufactured with traditional thermo-

plastic processing technologies for a wide range of applications. Due to geographical con-

ditions, i.e. large quantities of primary wood raw material as well as byproducts, wood 

composites are used in the building industry as decking and fencing mainly in North 

America [11,12]. Europe is behind the US and Canada in the application of natural fiber 

reinforced plastics. Hemp, flax and jute are more often used here as natural reinforce-

ments, mostly in the automotive industry [13], since wood based raw materials and wood 

waste are available in smaller quantities [11,12,14]. 

 Commodity polymers are used the most often as matrices for the production of 

such composites [11,15]. The selection of the polymer depends on the intended applica-

tion. Floor or wall coverages and fences are usually prepared from polyethylene (PE), 
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while poly(vinyl chloride) (PVC) is mostly used for the production of window or door 

profiles [16]. Internal panels in cars are produced from polypropylene or polyurethane 

reinforced with natural fibers [17]. The application of wood composites based on poly-

styrene (PS) foam matrix also increases continuously [18].  

 Natural reinforcements have numerous advantages. They are produced and 

available in large quantities as shown by Table 1.1 [19]. Their price is low compared to 

traditional reinforcements and competes even with mineral fillers. They have large stiff-

ness and strength, as well as low density. They are produced from renewable resources, 

often as byproducts. They can degrade biologically and the waste can be handled easily. 

The use of natural reinforcements may substitute both plastics and wood. On the other 

hand, they have a few disadvantages as well. These reinforcements are sensitive to hu-

midity and heat, they have poor transverse strength and very poor adhesion to the matrix 

due to their low surface energy. 

 The use of thermoplastic composites reinforced with natural fibers is now a ma-

ture technology with a considerable growth rate. Although the products are used in many 

areas, extensive research is still going on aiming to compensate for the weaknesses of 

such composites, to improve properties and decrease price. Optimization of price and 

performance is possible only if the factors determining the properties of the composites 

are known, thus we discuss the most important ones at length in this introductory chapter. 

Most frequently, natural fiber reinforced composites are produced from wood (see Table 

1.1) and thermoplastics, we focus our attention mainly on commodity polymer/wood 

composites, and because of our special interest we pay increased attention to PLA/natural 

fiber composites. 

 

Table 1.1 Production of natural fibers used as reinforcement in plastics in 1998 [19]. 

Fiber Source World production (1000 t) 

Wood stem 1,750,000 

Bamboo stem 10,000 

Cotton lint fruit 18,450 

Jute stem 2,300 

Kenaf stem 970 

Flax stem 830 

Sisal leaf 378 

Hemp stem 214 

Coir fruit 100 

Ramie stem 100 

Abaca leaf 70 
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1.1 Factors determining the properties of heterogeneous polymers 

 The properties of all heterogeneous polymers, including polymer/wood compo-

sites, are determined by the same four factors: component properties, composition, struc-

ture and interfacial interactions. All four are equally important and they must be adjusted 

to achieve optimum performance and economics.  

 Component properties. The characteristics of the matrix strongly influence the 

effect of the filler or fiber on composite properties; the reinforcing effect increases with 

decreasing matrix stiffness. True reinforcement takes place in elastomers, both stiffness 

and strength increases [20], since the filler carries a significant part of the load in weak 

matrices. On the other hand, reinforcement is much smaller in stiff matrices and the dom-

inating micromechanical process is often debonding. 

 Numerous fiber characteristics influence the properties of composites [21,22]. 

Chemical composition, particle characteristics, surface free energy and other properties 

all affect composite properties in smaller or larger extent. Particle characteristics and par-

ticle shape are especially important in wood composites. Small particles often aggregate, 

while large particles adhere to the matrix very weakly and debonding, i.e. the separation 

of the matrix and the reinforcement, occurs very easily. Anisotropic particles orientate 

during processing and the extent of reinforcement depends very much on the relative di-

rection of orientation and load.  

 Composition. Composition, i.e. the fiber content of composites may change in 

a wide range. The goal of using fibers is usually to improve stiffness and strength. This 

requires the introduction of the largest possible amount of filler or fiber into the polymer, 

but the improvement of the targeted property may be accompanied by the deterioration 

of others. Since various properties depend 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 in the polymer matrix is 

assumed in most cases. This, however, rarely occurs and often special, particle related 

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

orientation of anisotropic filler particles. 

 Interfacial interactions. Particle/particle interactions result in aggregation, 

while matrix/filler interactions lead to the development of an interphase with properties 

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

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

surface treatment of the filler. In fiber reinforced composites reactive treatment, i.e. cou-

pling, 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. The most important aspects of these factors will be discussed in 

detail in subsequent sections. 

 

1.2 Component properties 

 Reinforcement is often reported as a percentage increase in properties. Such an 

increase depends on many factors. Drawing general conclusions from such values does 
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not make much sense, since all of these are valid only for that particular case. The stiffness 

of the polymer is probably the most important matrix characteristic, while the effect of 

fiber properties is much more complicated and ambiguous. 

 

1.2.1 Matrix properties 

 The extent of reinforcement is inversely proportional to the stiffness of the ma-

trix. This effect was clearly demonstrated by Bornaud and Pimber [23] who achieved a 

relative stiffness of 2.5 GPa in a PP of 1.05 GPa compared to less than 2 GPa in PLA 

having a stiffness of 3.4 GPa, both at 40 wt% wood content. Similar results are presented 

in Fig. 1.1, but the difference in reinforcement is even larger, since other matrices were 

used than in the previous case [23] and the characteristics of the fibers were also different. 

The effect of matrix properties is similar also for yield stress and tensile strength. How-

ever, properties measured at larger deformations depend strongly on interactions, while 

this latter factor influences stiffness only slightly. The yield stress of PLA composites 

mentioned above [23] decreases rather fast with increasing fiber content, while that of PP 

composites decreases only moderately in spite of the fact that the former polymer is more 

polar than the latter. The strength of interfacial adhesion is expected to increase with po-

larity, but the inherent properties of the matrix dominate composite properties in this case. 

 

 

Fig. 1.1 Influence of component properties (matrix stiffness, adhesion, fiber type, and 

characteristics) on the extent of reinforcement in various wood composites. 

Symbols:  TPU/cellulose [24],  PCL/cellulose [25],  PE/cellulose [26]. 
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 Composition dependence of tensile strength is plotted for three different natural 

fiber reinforced composites in Fig. 1.1. The results were taken from three sources [24-

26]. The general tendency mentioned earlier can be observed here too. Large reinforce-

ment is achieved in the soft polyurethane elastomer, while smaller in the two stiffer ma-

trices. The effect of adhesion is clearly shown by the difference between PCL and PE. 

However, besides different matrices also dissimilar reinforcements were used and fiber 

characteristics play a similarly important role in the determination of composite proper-

ties. Besides the type also the size, length and aspect ratio of the fibers differ considerably 

in these composites. 

 

1.2.2 Wood characteristics 

 Synthetic fibers and mineral fillers can be characterized relatively easily with a 

few quantities like particle size, size distribution, specific surface area, aspect ratio, etc. 

Both the chemistry and the structure of wood is much more complex, characterization is 

often difficult and the effect of various parameters on composite properties is unclear. 

Wood and other natural fibers consist of polymers and accompanying materials. Most 

encyclopedias, monographs and books on wood and natural fibers usually contain a table 

giving ranges for the various components of fibers. The main components are usually the 

same, i.e. crystalline cellulose, amorphous hemicellulose and lignin, but the accompany-

ing components may differ from one source to the other. Mohanty et al. [27] gives the 

pectin and ash content of natural fibers in their paper, while Clemons and Caulfield [28] 

list extractives and ash content for wood fillers. Occasionally the total cellulose content 

(holocellulose) is determined instead of hemicellulose and water content is often listed as 

a characteristic. Chemical composition of selected wood species is given in Table 1.2 as 

an example. Composition changes in a relatively wide range. Wood has more lignin than 

natural fibers and the lignin content of soft wood is supposed to be larger than that of hard 

wood [28]. The main component is cellulose, the reactive –OH groups of which can be 

used for coupling. 

 

Table 1.2 Chemical composition of selected wood species [28]. 

Species 

Amount of components (wt%) 

Cellulose 
Hemi- 

cellulose 
Lignin 

Extrac-

tives 
Ash 

Ponderosa pine 41 27 26 5 0.5 

Loblolly pine 45 23 27 4 0.2 

Incense cedar 37 19 34 3 0.3 

Red maple 47 30 21 2 0.4 

White oak 47 20 27 3 0.4 

Southern red oak 42 27 25 4 0.4 
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 The chemical composition of wood flour or natural fibers are rarely determined 

and/or given in papers on WPC. The most information offered is usually the type of wood 

used, i.e. soft or hard wood [29-32]. This classification is made more on botanical and 

structural grounds than by the actual hardness of the wood. Pines, firs, cedars and spruces 

belong to the group of softwoods, while oak, maple and ash are hard woods. Even in those 

cases when the type of wood is specified and/or a comparative study is conducted, it is 

extremely difficult to find out the effect of wood type on composite properties. Polec et 

al. [29] compared a soft and a hard wood filler and determined slightly larger composite 

strength for materials containing hard wood. Bledzki et al. [30] also compared hard and 

soft wood in one of their papers, while soft wood and other natural fillers (coconut shell, 

barley husk,) in another [31], but the differences in their effect are slight and the benefit 

in using any one of them remains more or less unclear. 

 The inherent strength of wood and natural fibers depends on their composition 

and structure. Wood and natural fibers are very strong in the fiber direction, but fail rela-

tively easily perpendicularly. This behavior may influence composite properties, leading 

to premature failure and to the limitation of the maximum composite strength achieved. 

 

Table 1.3 Mechanical properties of selected natural fibers [33]. 

Fiber 
Density 

(g/cm3) 

Modulus 

(GPa) 

Strength 

(MPa) 

Soft wood 1.50 40 1000 

Cotton 1.51 12 400 

Jute 1.46 20 600 

Flax 1.40 70 1150 

Sisal 1.33 38 650 

Hemp 1.48 70 750 

Coir 1.25 6 220 

Ramie 1.50 44 500 

Abaca 1.50 - 980 

 

 Table 1.3 presents the mechanical properties of selected natural reinforcements. 

The numbers in the table are average, or more correctly, approximate values. Properties 

change from one crop area to the other, but also with year and climatic conditions even 

for the same species. The specific stiffness and strength related to the density of the fibers 

are comparable to those of glass fibers. However, the price of natural fibers is usually 

lower, which makes these reinforcements attractive. Because of the considerable interest 

in natural reinforcements, a large number of wood and lignocellulosic filler grades are 

available in the market. These are usually prepared by grinding and some of them undergo 



Chapter 1 

 

 

14 

also further treatment. As a consequence their chemical composition and particle charac-

teristic may differ considerably. Particle size and aspect ratio influence composite prop-

erties considerably in all kinds of composites. 

 

1.3 Composition, fiber content 

 Modification of a polymer with wood, or in fact with any other filler, changes 

all properties. The magnitude of changes depends on the type of the reinforcement and 

on its amount. All properties are influenced differently by modification. In order to 

achieve maximum effect, i.e. increase in stiffness or strength, or a decrease in price, the 

maximum possible amount of fiber is added to the polymer. Wood composites usually 

contain 50-70 wt% fiber for maximum efficiency. Large fiber content may lead to prob-

lems, however. Structural effects (aggregation, orientation, see later) become more pro-

nounced with increasing filler content, but processing and aesthetic problems may also 

occur at very large loadings. 

 For practical reasons wood content is usually expressed in weight percentages. 

However, the properties of composites are determined by the volume fraction of the sec-

ond component and all theoretical models express fiber content in this way. The density 

of natural reinforcements usually varies between 1.2 and 1.5 g/cm3 (see Table 1.3), but 

much larger differences can also occur for particular species. Even the simple comparison 

of the effect of two natural fibers is difficult or even questionable if their density differs 

considerably. Another important issue is the composition dependence of properties. As 

Fig. 1.1 shows, properties rarely change linearly with increasing fiber content and even 

the tendency of composition dependence may change when one of the important factors, 

like particle characteristics or adhesion, is modified. As a consequence, comparison of 

the effect of various components at a single composition does not make sense; always a 

series of compositions must be prepared and evaluated. 

 

1.4 Interfacial interactions 

 Interfacial interactions are crucial in all composites, but especially in fiber rein-

forced polymers. In fact very good, even perfect adhesion is assumed in continuous fiber 

reinforced advanced composites. Interfacial interactions are equally important in wood 

and natural fiber reinforced materials and because of the particle characteristics of the 

components, the necessary adhesion is achieved by surface modification. Interactions 

very often determine the local deformation processes occurring around the heterogenei-

ties and thus the final properties of the composites.  

 

1.4.1 Surface characteristics and adhesion 

 Wood composites are usually used as structural materials thus the load-bearing 

capacity of the dispersed component is crucial. This latter is determined by the particle 

characteristics of the reinforcement and by interfacial adhesion [34-38]. In the absence of 

covalent bonding interfacial interactions are created by secondary, van der Waals forces. 

The strength of interaction can be expressed by the reversible work of adhesion which 

was shown to be related quantitatively to interphase and composite properties [39]. The 
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reversible work of adhesion can be derived from the surface free energy of the compo-

nents in a very simple manner. The surface tension of organic compounds is usually small, 

thus weak interactions should develop between wood and most polymers. On the other 

hand, the active hydroxyl groups of cellulose may form specific interactions, H-bonds 

with certain polymers and they can be used also for reactive modification or coupling. In 

order to achieve sufficient adhesion, the fibers must be chemically treated, an appropriate 

surface modification technology must be developed. The effect of interfacial adhesion 

depends on the contact surface between the fibers and the matrix and on the strength of 

interaction. The first can be varied in a limited range, since small particles aggregate, 

while the use of large ones leads to excessive debonding. On the other hand, the strength 

of interaction may be changed in a much wider range, if the type and amount of the cou-

pling agent is selected properly. Surface treatment may not modify only the strength, but 

also the mechanism of interaction. Additionally, the proper selection of the surface mod-

ification technology may result in the decrease of water adsorption, which otherwise 

strongly influence the dimensions and properties of parts, as well as the processability of 

composites containing a large amount of fiber. 

 The majority of works on polymer/wood composites utilizes or expressively dis-

cusses some kind of surface modification. However, interfacial adhesion is rarely meas-

ured, estimated or expressed in quantitative terms, which makes judging the real effect of 

surface modification rather difficult. The reinforcing effect of a filler or fiber can be ex-

pressed quantitatively with the help of a simple model developed earlier [36,37,40,41]. 

This model takes into account the effect of decreasing load-bearing cross-section of the 

polymer as an effect of filling, while the load-bearing capacity of the filler, i.e. reinforce-

ment is expressed by an exponential term: 

 

(1.1) 

 

where T and T0 are the true tensile strength (T =  and  = L/L0, L and L0 being the 

actual and the initial length of the sample respectively) of the composite and the matrix, 

respectively, n is a parameter expressing the strain hardening tendency of the matrix,  is 

the volume fraction of the wood flour in the composite and B is related to the relative 

load-bearing capacity of the filler, i.e. to the extent of reinforcement, which depends on 

interfacial interaction. We can write Eq. 1 in linear form: 

 

(1.2) 

 

Plotting the natural logarithm of reduced tensile strength against wood content should 

result in a linear correlation, the slope of which is proportional to the reinforcing effect 

of the fiber. 

 The reduced tensile strength of four PP composites containing fillers with dif-

ferent particle sizes in the presence and absence of a coupling agent (MAPP) is plotted in 

Fig. 1.2 in the form indicated by Eq. 1.2. The correlations are reasonably linear with a 

few points deviating at large filler content. Such deviations were shown to indicate struc-

tural effects; aggregation or changing orientation may be the main reasons in our case. 
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Fig. 1.2 Reduced tensile strength of selected composites plotted in linear form (see Eq. 

1.2). The slope of the straight line expresses the extent of reinforcement. Sym-

bols:  corn cob, aspect ratio 2.3, no MAPP,  corn cob, with MAPP,  

wood flour, aspect ratio 12.6, no MAPP,  wood flour, with MAPP [42]. 

 

1.4.2 Micromechanical deformation processes 

 The modification of interfacial interactions may change composite properties 

considerably. The reason for the large changes can be traced back to local micromechan-

ical deformation processes occurring around particles. External load creates inhomoge-

neous stress distribution around inclusions in all heterogeneous polymer systems includ-

ing wood flour and natural fiber reinforced polymers. Local stress maxima induce local 

deformation processes. Some of these occur also in neat polymers (shear yielding), while 

others are related to the filler or reinforcement (debonding, fiber pull-out). Wood flour 

and natural fiber reinforced polymers are rather particular, since several micromechanical 

deformation processes may occur in them simultaneously or consecutively. The dominat-

ing process plays a crucial role in the determination of the properties and performance of 

composites. 

 In particulate filled polymers the dominating deformation mechanism is debond-

ing, which depends on matrix stiffness, interfacial adhesion and particle size [50]. Large 

particles and weak interactions result in easy debonding that creates large holes around 

the particles, which rapidly merge into cracks and result in catastrophic failure. In the 

absence of coupling debonding is the dominating deformation process in wood compo-

sites [40]. 
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 Local deformation processes induce sound in the material, which can be detected 

by appropriate microphones. The sound emitted by the deformation of metals and plastics 

is in the ultrasound range. Each event is a sound wave characterized by several parame-

ters. The number of events, their amplitude, frequency or energy can be used for the char-

acterization of the composite. The analysis of acoustic signals gives information about 

the mechanism of the micromechanical deformation processes. Moreover, the volume of 

the specimen increases after debonding. Consequently, the measurement of volume offers 

further information about micromechanical deformations and the behavior of composites.  
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Fig. 1.3 Result of the acoustic emission measurement carried out on a PP/wood com-

posite prepared without MAPP (poor adhesion).  PP/20 wt% wood 

flour,  individual acoustic signals detected in the wood composite, ------ neat 

PP [42]. 

 

 The result of a representative acoustic emission measurement from the paper of 

Renner et al. [42] is shown in Fig. 1.3 in order to demonstrate characteristic deformation 

processes in wood composites, as well as the utilization of the technique to detect and 

analyze them. The stress vs. deformation correlation measured in a tensile test for a 

PP/wood composite is plotted in the figure (left axis). The small circles indicate individual 

acoustic events (signals, hits) with their corresponding amplitude. We can see that acous-

tic activity starts at small deformation and the events can be divided into two groups: 

those occurring below ~3 % deformation and the rest above. The detection of two groups 

of signals indicates the occurrence of two consecutive deformation processes. The evalu-

ation and interpretation of the results is rather difficult on the basis of individual signals. 
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Instead of individual hits, the cumulative number of signals is determined and it is also 

plotted in Fig. 1.3 as a function of deformation (right axis). The corresponding correla-

tions of the neat matrix PP, without the individual signals, are also presented as reference. 

We can see that the acoustic activity of PP is very small, deformation occurs with a mech-

anism not giving any sound possibly by shear yielding. In PP/wood composites the two 

sets of individual signals translate into two steps in the cumulative signal correlation cor-

responding to two mechanisms. The two steps allow also the determination of character-

istic deformation values (eAE) as indicated in Fig. 1.3, and corresponding stress (AE) val-

ues can be derived from these deformations which are characteristic for the dominating 

deformation process. These can be used for further analysis and for the identification of 

deformation processes.  

 Cumulative number of signals versus deformation traces are presented in Fig. 

1.4 for PP composites containing 20 wt% of various fibers. The traces were determined 

in composites not containing MAPP, i.e. at poor adhesion. The total number of signals is 

large for corn cob and only a single step can be detected on the trace which corresponds 

to the debonding of the particles. Debonding is very easy at large particle size, it occurs 

at a small stress, results in the development of many voids which lead to failure at low 

deformation and stress. The result explains the weak reinforcing effect of this filler. The 

rest of the correlations are more or less similar and exhibit two steps. The first was iden-

tified as debonding and the second as fiber pull-out. The role of the second process be-

comes more pronounced with increasing aspect ratio.  

 

 

Fig. 1.4 Comparison of the evolution of the cumulative number of signals during the 

deformation of composites containing four lignocellulosic fibers in 20 wt% in 

the absence of MAPP [42]. 
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Fig. 1.5 Cumulative number of signals plotted against deformation for PP composites 

containing four natural fibers in 20 wt% in the presence of MAPP [42]. 

 

 Improved adhesion changes the cumulative signal traces significantly (Fig. 1.5). 

The four fibers show three different behaviors corresponding to different combinations 

of micromechanical processes. Fibers with small aspect ratio (CC23 and W35) behave 

more or less similarly. After initiation, the number of signals gradually increases and ap-

proaches a saturation value. The dominating deformation mechanism must be debonding 

here, which occurs at a larger stress than at poor adhesion due to the stronger interaction 

between the fiber and the polymer. The difference in initiation deformation and the cor-

responding stress is the result of different particle size, which is much larger for the CC23 

than for the W35 filler. Accordingly, debonding occurs at much smaller deformation and 

stress for the former. Only one process takes place, but definitely dominates in the com-

posite containing the fiber with larger aspect ratio (W68). This process was identified as 

fiber fracture [40]; large particles break parallel to their axis. The most signals can be 

detected in composites reinforced with the fiber having the largest aspect ratio (W126) 

and at least two processes take place consecutively during deformation. Debonding could 

be the first process for fibers oriented parallel to the direction of the load and fiber fracture 

must be the second resulting in a large number of signals with larger amplitudes. 

 One may question the importance of local processes occurring around heteroge-

neities on a very small, micrometer scale. However, these processes determine the final 

properties, failure and performance of the entire composite. This statement is strongly 

supported by Fig. 1.6, in which the tensile strength of a large number of composites pre-

pared with PP matrices is plotted against the characteristic stress derived from acoustic 
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analysis [42] (see Fig. 1.3). The correlation is surprisingly close for most composites in-

dicating that local processes determine the strength of the composites. Controlling these 

processes and increasing the initiation stress of the dominating process would lead to 

stronger composites. Since often the fracture of the fibers initiate these processes and 

results in catastrophic failure, the selection of fibers with larger inherent strength or the 

improvement of this latter characteristic would lead to composites with larger strength 

and better performance. 

 

 

Fig. 1.6 Correlation between the tensile strength of polymer/wood composites and the 

characteristic stress determined from acoustic emission measurements [42]. 

 

1.4.3 Modification of interactions 

 We saw in the previous sections that interfacial interactions are important in the 

determination of the properties of wood/polymer composites. It is not very surprising as 

a consequence that quite a few approaches are known for the physical or chemical modi-

fication of interfacial interactions between natural fibers and polymers. Physical methods 

include corona [43,44] and cold plasma [45,46] treatment, which create various functional 

groups on the surface and change the surface energy of the fibers. Such treatment in-

creases the number of aldehyde groups on the surface of wood. These methods, however, 

rarely lead to the creation of covalent bonds between the components. 

 One often applied, relatively old method for the modification of cellulose fibers 

is mercerization used for the treatment of cotton textiles. The efficiency of this alkaline 

treatment depends on the concentration of the sodium hydroxide solution used, and on 
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the temperature as well as time of the treatment. This treatment removes the non-cellulo-

sic components (hemicellulose, lignin, alkali soluble constituents), improves the accessi-

bility of the fiber and increases its active surface [47]. Natural fibers are also often treated 

with sodium hydroxide solutions of different concentrations (2-28 wt%) [8,48-56]. If the 

conditions are properly selected, the treatment increases the tensile strength of the fibers 

[47]. Since alkaline treatment does not improve interfacial adhesion either, it is often 

combined with another surface modification approach [53,54]. 

 The oldest and most often used method for the surface modification of fillers is 

coating them with a small molecular weight nonpolar organic compound [57-59]. Usually 

amphiphilic surfactants are used for this purpose, which contain one or more polar groups 

and a long aliphatic tail. Typical example is the surface coating of CaCO3 with stearic 

acid [58,60,61]. The principle of the modification is that the polar group of the surfactant 

preferentially adsorbs on the surface of the filler and the aliphatic tail decreases surface 

energy. In some cases, like for cellulose and wood flour, also hydrogen bridges or even 

covalent bonds may form between the surfactant and the surface of the filler. Smaller 

surface tension results in smaller interfacial tension and reversible work of adhesion thus 

both particle/particle and particle/matrix interactions decrease. The main goal and ad-

vantage of this non-reactive treatment is the first effect, i.e. the decrease of particle/parti-

cle interactions. Weaker interaction results in a drastic decrease of aggregation, better 

homogeneity, improved processability, better mechanical properties and appearance 

[58,60]. The surface of wood fibers was also modified using this principle [62]. The tech-

nology was slightly modified and the fibers were coated either in vapor or from solution, 

but the effect was similar: decreased aggregation and smaller water absorption was ob-

served as a result. Unfortunately this approach leads to decreased interaction between the 

components, thus to smaller composite strength, as a consequence. [63] 

 Because of the large number of reactive hydroxyl groups on cellulose, chemical 

methods are often used for surface modification. These can be divided into two groups, 

one resulting in the decrease of reactivity and polarity and the other in chemical coupling. 

The surface of natural fillers and reinforcements is often modified by etherification or 

esterification [64,65], methods which belong to the first category. The modifiers can be 

long chain aliphatic fatty acids [66-68], fatty acid chlorides [69-72], anhydrides, acrylic 

acid anhydride, maleic anhydride [51] or simply acetic acid or its anhydride [52,73]. A 

typical etherification reaction is benzylation, in which cellulose is reacted with benzyl 

chloride. This process was also used for the preparation of all cellulose or wood/wood 

composites [74-76]. All these esterification and etherification reactions lead to the ex-

change of the surface hydroxyls of cellulose to less polar groups resulting in decreased 

water absorption and aggregation. On the other hand, other properties of the composites 

are affected less favorably, since this treatment leads to weaker interfacial interactions. 

As large wood particles debond from the matrix very easily, a further decrease of inter-

action may easily result in fast, catastrophic failure. 

 Because of the large size and small surface energy of the wood particles, the 

majority of surface modification techniques intend to increase the strength of interaction. 

This goal usually can be achieved by chemical coupling. Treatment with functionalized 

polymers represents a transition between physical and chemical modification, and it is an 
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often applied technology in composites with polyolefin matrices. Polyethylene or poly-

propylene is grafted with polar groups, mainly with maleic anhydride, acrylic acid and 

acrylate groups, to prepare these coupling agents. The polar groups react chemically with 

the surface of the fiber, while the long molecules of the polymer diffuse into the matrix. 

The interlayer forming through this interdiffusion usually increases the strength of the 

composite considerably. Maleic anhydride modified polyethylene (MAPE) or polypro-

pylene (MAPP) are the most frequently used coupling agents in PE and PP composites 

[48,50,51,53,66-68,77-91]. Often a very small amount of functionalized polymer is 

needed to achieve considerable improvement in stress transfer. Sufficient chain length, or 

molecular weight, is the basic condition of interdiffusion as shown by the experiments of 

Felix and Gatenholm [88]. Increasing molecular weight results in larger composite 

strength as shown by Fig. 1.7. A similar mechanism is assumed also when a polymer is 

grafted to the surface of the fiber. In this approach, acrylonitrile, methyl methacrylate and 

various other vinyl monomers were grafted with appropriate initiation methods [33,47,92-

95]. In one process, the fiber was soaked in the solution of the compatibilizer and the 

grafted fiber was compounded with the polymer matrix subsequently. According to an-

other approach, the grafting reaction takes place during compounding [96]. 

 

 

Fig. 1.7 Effect of the molecular weight of the functionalized polymer (MAPP) used as 

coupling agent on the tensile strength of PP/cellulose composites. Symbols:  

no MAPP; molecular weight of MAPP  350,  4500,  39000 g/mol [88]. 

 

 Coupling agents represent the most important approach among all chemical 

treatment methods. These compounds create covalent bonds between the fiber and the 



Introduction 

 

 

23 

matrix by reacting chemically with both. The coupling agent must be selected accord-

ingly, it must have functional groups to react with both components. Organofunctional 

silanes are known coupling agents for glass fiber reinforced thermoset composites. Using 

this analogy, the surface of natural fibers is also modified with them [3,43,51,54,55, 

67,81-86,97,98]. According to the general assumption, the silane molecule is attached to 

the surface of cellulose through a siloxane bridge, while the organic functionality reacts 

with the polymer. The organofunctional group must be selected according to the matrix 

polymer and it can be vinyl, epoxy, methacryl, or phenyl group [92]. The most often used 

silane compounds are vinyltri(2-methoxyethoxy) silane (A172) and -aminopropyltri-

methoxy silane (A1100). Apart from the fact that the reaction of silane with the organic 

hydroxyl groups of cellulose is questionable, the efficiency of silane treatment is often 

claimed but rarely proved. An example demonstrating such contradictions is presented in 

Fig. 1.8. Interfacial interactions were modified by a silane coupling agent in PLA/pine 

wood flour composites [99]. The composites contained 20 and 40 wt% wood, which was 

either treated with 0.5 wt% silane or not treated. Treatment resulted in a decrease in tensile 

strength at 20 wt%, while an increase in strength was observed at 40 wt%. Such a result 

is impossible to explain, but also calls attention to the importance of carrying out experi-

ments as a function of wood content.  

 

 

Fig. 1.8 Contradictory effect of silane coupling on the tensile strength of PLA/pine 

wood composites. The legend indicates the amount of fiber and silane coupling 

agent in wt% [99]. 

 

 Isocyanates are known coupling agents for polystyrene and PVC matrices [100-

102]. One of them, polymethylene-polyphenyl-isocyanate (PMPPI), is often applied as 

coupling agent [33,102-104]. The isocyanate group reacts chemically with the fiber, and 

coupling with the polystyrene matrix results from the interaction of the delocalized  
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electrons of the two components [102]. Treatment with PMPPI led to the improvement 

of heat stability and the decrease of water absorption [102]. Due to its molecular structure 

2,4-toluene diisocyanate (TDI) proved to be an efficient coupling agent compared to the 

aliphatic hexamethylene diisocyanate (HMDI) and ethylene diisocyanate in PS and PVC 

composites [102]. The mechanism of triazine compounds is similar to that of isocyanates 

and they also decrease water absorption significantly [33,105,106].  

 

1.5 Structure 

 Besides interfacial interactions, the structure of polymer/wood composites also 

receives less attention than it merits. Usually homogeneous distribution of the particles 

or fibers is assumed in the matrix. However, often structure related phenomena influence 

properties, which must be taken into account during the development of new materials. 

In relation with WPC we discuss three phenomena: aggregation, orientation and the attri-

tion, fracture of the fibers during processing. 

 Fillers and reinforcements do not interact only with the matrix in a composite, 

but often also with each other. Several forces may act among the particles, the two most 

important are the adhesive (Fa) and the hydrodynamic (Fh) force. The first keeps the par-

ticles together, while the second separates them. The occurrence and extent of aggregation 

is determined by the relative ratio of adhesive and separating forces, as shown by Eq. 1.3 

 

(1.3) 

 

where WAB is the reversible work of adhesion related to the strength of interaction,  is 

the viscosity of the medium,   shear rate, R the radius of the particles and k is a constant. 

Aggregation occurs frequently and dominates at high surface energy and small particle 

size. Non-reactive surface modification decreases surface tension and hinders aggrega-

tion. Aggregation should not occur in wood composites since adhesion is weak, while 

particles are large.  

 The information published about the aggregation of wood is scarce in the litera-

ture. Several papers mention it only as a possibility [108,109], while Couturier [110] ex-

plains the increase of viscosity during processing with the aggregation of particles. Drzal 

et al. [111-113] mention aggregation in several of their papers; they explain the limited 

increase of modulus at large fiber content with aggregation [112]. They also found that 

the tendency for aggregation can be decreased by the use of appropriate coupling agents, 

but it cannot be hindered completely [111]. 

 Similarly to the results of Drzal et al. [112], limited increase or even decrease of 

modulus was observed in PP/wood composites [114] as shown in Fig. 1.9. Deviation from 

the general tendency indicated by the solid line drawn indicates aggregation. Aggregation 

is confirmed also by the considerably larger standard deviations at large filler content than 

at smaller wood flour loadings. The results obviously contradict the prediction that be-

cause of large particle size and small surface energy, aggregation does not occur in poly-

mer/wood composites. However, the arrangement of the fillers and reinforcements in the 

polymer varies with particle shape and processing technology. At small aspect ratio and 
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random orientation the maximum packing fraction, that is, the maximum amount of filler 

which can be included without the particles touching each other, is in the range of filler 

contents used in composites. 

 

 

Fig. 1.9 Aggregation in highly filled PP/wood composites with or without compatibili-

zation. Symbols:  no MAPP;  MAPP1 (Mn = 25,000 g/mol, MA = 1.0 wt%), 

 MAPP2 (Mn = 3,500 g/mol, MA = 3.5 wt%) [107]. 

 

 Orientation is probably an even more important structural phenomenon in wood 

composites than aggregation. All processing technologies orient anisotropic particles in 

smaller or larger extent. The extent and direction of orientation depend on the flow pattern 

developing during processing. An example is given in Fig. 1.10 showing the effect of 

orientation on the strength of PVC/lignocellulosic filler composites prepared with two 

different fibers, corn cob and wood flour [107]. The composites were homogenized on a 

two-roll mill and subsequently compression molded. The fibers were oriented as much as 

the technology allowed. Strength was determined in parallel and perpendicular direction 

to orientation. Strength differs significantly depending on the type of the filler and on 

orientation. Stiffness and strength increases in the direction of orientation and decreases 

perpendicularly to it. 
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Fig. 1.10 Effect of fiber orientation on the tensile strength of PVC/lignocellulosic fiber 

composites. Symbol:  corn cob, aspect ratio 2.3, perpendicular,  corn cob, 

parallel,  wood flour, aspect ratio 6.8, perpendicular,  wood flour, paral-

lel [107]. 

 

1.6 Biopolymers 

 Although the main goal of this thesis is to present scientific results related to 

natural fiber reinforced polymer systems, in many cases poly(lactic acid), a biopolymer, 

was used as matrix during the work, thus it is appropriate to give a brief overview on 

biopolymers. In addition to the general introduction of biopolymers, the economic signif-

icance and potentials of these materials are also presented briefly. 

 The global production capacity of biopolymeric materials shows dynamic 

growth [115,116]. Both environmental concerns and market trends stand behind this ten-

dency, since with increasing oil prices, conventional polymers will become more and 

more expensive. Not surprisingly, the replacement of fossil feedstock with renewable 

ones is one of the main endeavors of the modern plastics industry. Consumer expectations 

cannot be neglected either, since many customers take into consideration the environmen-

tal effect of the products they buy. The ratio of biodegradable polymers compared to non-

degradable bio-based types has also increased recently [115]. However, first the termi-

nology used in this thesis must be clarified.  The term “biopolymer” or “bioplastic” is 

used in different ways depending on the application area. The generally accepted defini-

tion covers polymers that belong to the following categories: they are either renewable-

based, biodegradable or both. Natural polymers represent a specific class of materials 

among polymers based on natural resources. These occur in nature as macromolecules 
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and we also include the physically or chemically modified natural polymers into this cat-

egory. Another class of materials consists of the natural-based or bio-based synthetic pol-

ymers, the monomers of which are derived from renewable resources. Biodegradability, 

on the other hand, is independent of the categories mentioned above, thus biodegradable 

polymers are not necessarily of natural origin. In biodegradable polymers, chain scission 

is caused by cell (human, animal, fungi, etc.) activity, thus it is an enzymatic process, 

although it is usually accompanied and promoted by physicochemical phenomena as well.  

 According to the latest market data compiled by European Bioplastics in coop-

eration with the Nova-Institute, global bioplastics production capacity is expected to in-

crease from around 2.11 million tons in 2019 to approximately 2.43 million tons in 2024 

(see Fig 1.11) [117]. 

 

 

Fig 1.11  Global production of bioplastics. Further growth of production is expected in 

the near future [117] 

 

 One of the reasons leading to the trend shown by Fig. 1.11 and mentioned above 

might be the considerable changes in legislation in recent years related to compostable 

products. Long-term predictions, however, forecast the dominance of non-degradable bi-

opolymers also in the future [115]. Nevertheless, the relative importance of bio-based and 

biodegradable grades in polymer production might further increase as production tech-

nology improves and becomes more cost-effective. According to various estimates, only 

less than 4 % of world biomass is utilized by humanity, the majority for food-related 

purposes, while only a fraction for chemical applications and plastics production [116] 
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indicating the existence of tremendous room for further increase in the capacity of bio-

plastic production yet.  

 Biodegradable plastics altogether, including PLA, PHA, starch blends and oth-

ers, account for over 55.5 percent (over 1 million tons) of global bioplastics production 

capacities (Fig 1.12). According to this source, the production of biodegradable plastics 

is expected to increase to 1.33 million in 2024 especially due to the significant growth 

rate of PHA production [117]. 

 

 

Fig 1.12  Global production capacities of bioplastics by material type in 2019 [117] 

 

 The growth is considerable not only in the production of biopolymers but also in 

the market segments that use these materials (see Fig 1.13). Today, there is a bioplastic 

alternative for almost every conventional plastic and corresponding application. Depend-

ing on the material, bioplastics have nearly the same properties as conventional plastics 

and offer additional advantages, such as a reduced carbon footprint or additional waste 

management options, such as industrial composting [117]. 
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Fig 1.13  Global production capacities of bioplastics in 2019 by market segment [117] 

 

 Poly(lactic acid) received much attention in recent years [118,119] as one of the 

most promising alternatives to conventional plastics. Its mechanical properties are com-

parable to those of polystyrene and it is used in increasing quantities in packaging appli-

cations, as a consequence [120]. On the other hand, several drawbacks limit its wide-

spread use like processing difficulties, low heat resistance and high cost, while its rapid 

physical ageing results in a brittle material with limited impact resistance [121]. PLA is 

an aliphatic polyester and it is based on lactic acid, a cheap intermediate with an asym-

metric carbon atom. Because of the stereoselectivity of the intermediate lactides, high 

molecular weight PLLA, PDLA, and racemic PLA are produced. Low production costs 

and good environmental compatibility allow the further use of PLA in several applica-

tions such as fibers, rigid packaging and medical care (sutures, implants) [122]. The most 

important producers of PLA are NatureWorks, Corbion Purac, Zhejiang Hisun Bio-

materials, and Mitsui [123,124]. Considerable research and development are done on the 

application of PLA, either for medical, fiber, or plastic converting applications. The focus 

of the research is on the processability of the polymer, new properties, and sustainability.  

 The application of PLA is usually not limited by its processability, but by its 

mechanical properties. Plasticization is one approach to overcome the stiffness and poor 

impact resistance of the polymer [125]. Several compounds have been identified as pos-

sible plasticizers for PLA, e.g. different esters [126,127], glycerol [120], poly(ethylene 

glycol) (PEG) [120,127,128] and oligomeric lactic acid [121]. Furthermore, like other 

biopolymers, poly(lactic acid) is also often used for the production of particulate filled or 

fiber-reinforced composites [129-133]. Besides the modification of PLA with other pol-

ymers or reinforcements, future R&D directions should focus on the minimization of pro-

duction costs and creating application-oriented background for future market growth 

[134]. 
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1.7 Scope 

 As the introductory part of this thesis and the background information presented 

previously shows, the interest in wood reinforced polymers is large and does not seem to 

decrease with time. In spite of the fact that the use of polymer/wood composites is a ma-

ture technology now, numerous open questions wait for answers, and the interest of the 

industry in finding better and cheaper ways to produce these composites is constant. WPC 

materials are usually prepared from commodity polymers; PE, PP and PVC are the most 

often used matrices. The factors determining the properties of such materials are studied 

widely and two PhD theses were prepared also in our laboratory on this topic. The first 

dealt with interfacial interactions in PP/wood composites [0] while the second studied 

micromechanical deformation processes in heterogeneous polymer systems generally, 

and in wood reinforced PP in particular [0]. The information obtained in these studies 

resulted in deep knowledge on these materials and paved the way for this thesis.  

 The environmental conscientiousness of the society and the financial interest of 

companies drive both producers and users towards more environmentally benign materi-

als than the commodity polymers used as matrices for WPC composites. This tendency 

is reflected very well by the large number of papers on PLA, linear polyester and starch 

composites reinforced with wood or natural fibers. The Forbioplast project aiming at the 

use of forest derived materials to produce green composites for the automotive industry 

and agriculture, is another example of this general tendency. One of the main goals of the 

project was to use PLA, a naturally based raw material, for the production of wood fiber 

reinforced composites. The task of our laboratory was to study interactions, their modifi-

cation, micromechanical deformation processes and generally factors which determine 

the structure and properties of such composites. As mentioned earlier, this thesis is one 

of the main results of this FP7 project and we report its most important conclusions here. 

 During the study of PP/wood composites we investigated in detail the effect of 

particle characteristics on the deformation and failure processes occurring in these com-

posites and on the final properties of the composites. We found that particle characteris-

tics have a significant effect on reinforcement and that strong interfacial adhesion is es-

sential for the preparation of practically relevant composites. In PP, good adhesion is 

achieved by the application of a functionalized polymer, usually maleated polypropylene. 

The same technique cannot be used in PLA, since maleated PLA is not available com-

mercially. Moreover, we do not even know if coupling is necessary at all, since very little 

reliable information has been published on interfacial interactions in PLA/wood compo-

sites. Most of the papers available on this issue claim that interaction is weak between 

PLA and wood, but sometimes the authors contradict even themselves within the same 

paper. Considering such contradictions we decided to prepare PLA composites with six 

different reinforcements of widely varying chemical composition and particle character-

istics. The results of the study are presented in Chapter 3. Besides the effect of particle 

characteristics on composite properties, considerable attention was paid to the estimation 

of the strength of adhesion between lignocellulosic fibers and PLA. Since the direct de-

termination of interaction is impossible in such composites, three different methods were 

used for the calculation and/or estimation of interfacial adhesion. Additionally an attempt 

was made also to determine the failure mechanism of the composites, a question rarely 

discussed in literature. 
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 The results presented in Chapter 3 indicated strong interaction of the compo-

nents, but the study of micromechanical deformation processes revealed that besides the 

fracture of the fibers several other deformation mechanisms, including debonding, are 

also active in PLA/wood composites. If this conclusion is true, the increase of interfacial 

adhesion, i.e. coupling would improve composite properties. As a consequence, a series 

of experiments were designed in which two reactive coupling agents, N,N-(1,3-phenylene 

dimaleimide) (BMI) and 1,1-(methylenedi-4,1-phenylene) bismaleimide (DBMI) were 

used to improve interfacial adhesion in PLA/wood composites. Composites were homog-

enized in an internal mixer and compression molded into plates. Tensile properties were 

determined and micromechanical deformations were studied by acoustic emission meas-

urements, the results of which are described in Chapter 4. Initiating the project we as-

sumed that an increase in adhesion or the lack of it may prove or disprove also our previ-

ous conclusion that interfacial interactions are strong in PLA/wood composites. In the 

absence of any effect either the coupling of the composites does not take place or adhesion 

is strong already indeed and the dominating deformation process is the fracture of the 

fibers. 

 Structural questions are rarely discussed in the literature dealing with poly-

mer/wood composites. The main reason is that wood particles are large and their surface 

energy is small thus aggregation is not expected in such composites. The small aspect 

ratio of the fibers excludes also the effect of orientation, or at least decreases it to an 

almost insignificant level. On the other hand, our studies in PP/wood composites showed 

that at the large wood contents used in industrial practice, wood particles may touch each 

other purely from geometrical reasons and the effect as well as its extent depends on 

particle characteristics. Particles may also fracture during processing, and the effect must 

depend on the inherent strength of the particles. This latter characteristic was shown to 

play a strong role in the determination of composite strength in PP composites. The goal 

of the next two chapters was to investigate structural issues. The result of the study re-

ported in Chapter 3 indicated that the fiber having the largest aspect ratio behaves anom-

alously above certain fiber content. Chapter 5 investigates the behavior of this fiber more 

in detail. Additional series of measurements were carried out and structure was studied 

by different techniques including polarization optical microscopy, acoustic emission and 

scanning electron microscopy. A different issue is discussed in Chapter 6. Ground corn 

cob is used as a lignocellulosic fiber in industrial practice. After the grinding of the cob, 

the product is separated into fractions and the heavy fraction is used as filler. However, 

the properties of the various fractions differ strongly from each other and separation is 

not perfect. The study focused on the possible effect of inherent filler properties and im-

perfect separation on the deformation and failure of PLA composites containing this filler. 

 Large amount of information was compiled during this and previous studies on 

polymer/wood composites. Rather surprisingly, practically the same final strength was 

reached in PP, PLA and PVC composites, a phenomenon which was difficult to under-

stand, since the properties of these polymers differ considerably from each other. As a 

consequence, we decided to compare results obtained on composites prepared with dif-

ferent matrices. The results are reported in Chapter 7. Micromechanical deformation and 

failure processes were analyzed using the results of acoustic emission measurements and 

the behavior of various composites were compared to each other. The results corroborated 

our earlier conclusions that the inherent strength of the particles plays an important role 



Chapter 1 

 

 

32 

in the determination of composite strength, which is often limited by the fracture of the 

fibers. This conclusion led to the design of the next series of experiments aiming at the 

modification of the inherent strength of the fibers by impregnating wood particles with a 

phenol formaldehyde resin. The results of the study are reported in Chapter 8 showing 

that chemical modification of lignocellulosic particles used as reinforcement in polymer 

composites may indeed improve composite properties.  

 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 polymer/lignocellulosic fiber 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 the previous theses. 
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Chapter 2 

 

Experimental 
 

 In this chapter all those materials and experimental methods are summerized 

which were generally used throughout the entire study. The same materials and methods 

were used for the preparation as well as for the characterization of the samples, unless 

otherwise stated. 

 

2.1. Materials and sample preparation 

 The PLA used in the experiments was obtained from NatureWorks (USA). The 

selected grade (Ingeo 4032D, Mn = 88500 g/mol and Mw/Mn = 1.8) is recommended for 

extrusion. The polymer (<2% D isomer) has a density of 1.24 g/cm3, while its MFI is 3.9 

g/10 min at 230 °C and 2.16 kg load. In Chapter 7, besides PLA, three polypropylene 

polymers were used as matrices in the composites. All three PPs were supplied by MOL, 

Hungary. One was a homopolymer (hPP, Tipplen H 543, Mn = 68700 g/mol, Mw/Mn = 

4.16, MFR = 4.0 g/10 min), another a heterophasic copolymer (bPP, Tipplen K 948, Mn 

= 38450 g/mol, Mw/Mn = 3.80, MFR = 45.0 g/10 min) and the third a random copolymer 

(rPP, Tipplen R 605, Mn = 56600 g/mol, Mw/Mn = 3.46, MFR = 12.0 g/10 min). The melt 

flow rate of all three polypropylenes was determined at 190 °C and 2.16 kg. In some of 

the PP composites a maleated PP polymer (Orevac CA 100, Arkema, France, MA content 

1.0 wt%, Mn = 25000 g/mol) was used as coupling agent. It was always added in 10 wt% 

calculated for the amount of wood. 

 Six different lignocellulosic fibers were used as reinforcement, four wood flours 

(W) a microcrystalline cellulose (MCC) and ground corn cob (CC). Three of the wood 

flours, Arbocel CW 630 (volume average particle size, D[4,3] = 39.6 m, aspect ratio, 

AR = 3.5), Filtracel EFC 1000 (D[4,3] = 213.1 m, AR = 6.8) and Arbocel FT400 (D[4,3] 

= 171 m, AR = 12.6), were acquired from Rettenmaier and Söhne GmbH, Germany, 

while the fourth, Lasole 200/150 (D[4,3] = 280.8 m, AR = 5.4), from La.So.Le. EST 

Srl., Italy. All four were soft woods; further information was not supplied by the producer. 

The heavy fraction of corn cob (D[4,3] = 143.4 m, AR = 2.3) was obtained from Bóly 

Zrt., Hungary. The microcrystalline cellulose, Vivapur MCC (D[4,3] = 138 m, AR = 

2.9), was obtained from Rettenmaier und Söhne GmbH, Germany. Particle size was de-

termined by laser light scattering, while aspect ratio by individually measuring particles 

in SEM micrographs. The abbreviation used indicates the origin of the fibers (wood, W, 

microcrystalline cellulose, MCC or corn cob, CC) and ten times their aspect ratio, e.g. 

corn cob with an aspect ratio of 2.3 is referred to as CC23. Two reactive coupling agents, 

N,N-(1,3-phenylene dimaleimide) (BMI) and 1,1-(methylenedi-4,1-phenylene)bismalei-

mide (DBMI) were used to improve interfacial adhesion in PLA/wood composites. BMI 

and DBMI were purchased from Aldrich and they were used as received. 

 The phenolic resin used in the experiments in Chapter 8 was prepared in a three 

neck flask fitted with a reflux condenser, thermometer and magnetic stirrer. 16 g (0.4 mol) 

NaOH was added gradually to the mixture of 94.11 g (1 mol) phenol and 145.86 g (1.7 
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mol) formaldehyde placed previously into the flask, which was immersed into an oil bath 

of 120 °C. First the reaction mixture started to boil then its temperature decreased gradu-

ally. 30 min after boiling, temperature was set to 80 °C and the mixture was heated for 2 

more hours. Subsequently the reaction mixture with a solid content of 56 wt% was let to 

cool to room temperature. Water content was decreased by evaporation to obtain a solid 

content of about 80 wt% and then it was diluted with ethanol to prepare a resin solution 

with a solid content of 46 wt% for impregnation. Before the impregnation of a larger 

amount of wood for composite preparation, we determined the rate of resin penetration 

by immersing wood blocks of 25 x 25 x 4 mm dimensions into resin solutions of different 

concentrations and following the propagation of the diffusion front by light microscopy 

as a function of time by cutting slices from the blocks. Larger amounts of wood flour 

were impregnated for composite preparation. The necessary amount of wood (e.g. 25 g) 

was placed into an aluminum tray and the resin solution (e.g. 250 ml) was poured onto it. 

The slurry was homogenized thoroughly, and then the resulting material was slowly dried 

at 40 °C for 100-150 hours. Subsequently the dry, impregnated wood flour was ground in 

a mortar and then passed through a sieve with a hole size of 500 m. Larger particles 

were ground and sieved repeatedly until all passed through the sieve. Adhesion forces 

were relatively weak thus large particles could be crushed easily. The resulting powder 

was used in the extraction/dissolution and water absorption experiments. Impregnated 

wood powder was dried in an air circulation oven for 4 hours at 105 °C before composite 

preparation. The efficiency of the impregnation process and the location of the resin on 

or in wood particles were determined by extraction/dissolution experiments. 25 g impreg-

nated wood flour was put into 500 ml distilled water and stirred at room temperature for 

different times. After the elapse of extraction time wood was filtered out of the slurry, 

dried at 50 °C and weighed. The difference between the initial and final weight was re-

garded as the extracted amount of resin. The Filtracel EFC 1000 (Rettenmaier and Söhne 

GmbH) wood fiber was used as reinforcement.  

 Both poly(lactic acid) and the fibers were dried before composite preparation 

(110°C for 4 hours in vacuum and 105 °C for 4 hours in an air circulation oven, respec-

tively). The components were homogenized using a Brabender W 50 EHT internal mixer 

at 180 °C, 50 rpm for 10 min. Filler content changed in a relative wide range; composites 

contained 5, 10, 15, 20, 30, 40, 50 and 60 vol% lignocellulosic fibers. The polymer was 

melted in the internal mixer and then the wood flour was introduced into the mixer and 

homogenized for 10 min. The homogenized material was compression molded into 1 mm 

thick plates at 190 °C using a Fontijne SRA 100 machine. All specimens were kept in a 

room with controlled temperature and humidity (23 °C and 50 %, respectively) for at least 

one week prior further testing. 

 In Chapter 4 the homogenization step was changed due to the addition of a third 

component, the coupling agent. Two series of experiments were carried out to check the 

possible effect of BMI and DBMI. In the first, the amount of coupling agent changed 

from 0 to 10 wt% at 30 vol% wood fiber (Filtracel EFC 1000) loading. Coupling agent 

content was kept constant at 5 wt% calculated for the amount of wood in the second series 

and fiber loading changed from 0 to 60 vol%. 
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2.2. Characterization 

 Mechanical properties were characterized by the tensile testing of specimens cut 

from the 1 mm thick plates using an Instron 5566 apparatus. The measurements were 

done at 5 mm/min cross-head speed and 115 mm gauge length. Micromechanical defor-

mation processes were followed by acoustic emission (AE) measurements. A Sensophone 

AED 40/4 apparatus was used to record and analyze acoustic signals during tensile tests. 

The particle characteristics of wood and the structure as well as the deformation mecha-

nism of the composites were studied by scanning electron microscopy, SEM (JEOL JSM-

6380 LA). Micrographs were recorded on tensile fracture surfaces. Failure mechanism 

was studied also on model composites by polarization optical microscopy (POM). Thin 

(~150 μm) composite films were compression molded and consequently fractured by ten-

sile testing; the broken halves were studied under an optical microscope to determine 

failure mode. The water absorption of impregnated wood flour was determined by keep-

ing samples in a desiccator at 100 % relative humidity and 23 °C. 
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Chapter 3 

 

PLA/Lignocellulosic fiber composites: particle characteris-

tics, interfacial adhesion and failure mechanism1 
 

3.1 Introduction 

 Poly(lactic acid), PLA, is one of the most successful polymers based on renew-

able resources, satisfying the requirements of large scale processing and application at 

the same time. It has several advantages, among others it can be produced from renewable 

resources [1] thus its application does not generate supplementary CO2 emission [2], it is 

recyclable and compostable, it has good stiffness and strength, and its properties can be 

modified and adjusted to a large number of applications in various ways [3,4]. On the 

other hand, this polymer has some drawbacks as well, including moisture sensitivity dur-

ing processing, rapid physical ageing, poor impact resistance and relatively high price 

[3,4]. As a consequence, many attempts have been made to modify it by plasticization [5-

7], copolymerization [8-10], blending [11-12] or by the production of particulate filled or 

fiber reinforced composites [13-17]. Several factors determine the properties of these het-

erogeneous materials, as discussed in Chapter 1, and one of the most important is inter-

facial adhesion. Interfacial interactions in PLA based composites have been mentioned 

or expressively discussed in several papers, but the conclusions drawn are rather contra-

dictory. Both weak and strong adhesion was found in these composites depending on the 

type of the filler, surface modification, method of determination, etc., but the number of 

composites with good interfacial adhesion was more than twice as many [17-25] as those 

with weak interaction [13,14,26-28]. These results indicate at least that PLA is capable 

of forming strong interaction with solid surfaces. The picture becomes even more com-

plicated when lignocellulosic fibers are used for reinforcement. The observations are oc-

casionally contradictory even within the same paper [29,30]. However, the analysis of 

papers available for us showed that based on their results most authors arrived to the 

conclusion that the interaction between PLA and lignocellulosic fibers is weak [15,29-

34]. However, this conclusion was drawn mainly from results derived from tensile tests 

[29,31,32,34-36] and SEM micrographs [15,29-33,35-38], the interpretation of which is 

rather difficult, considering the complexity of the underlying processes. 

 Considering all apparent or real contradictions as well as the importance of in-

terfacial interactions in the determination of composite properties the main goal of the 

study presented in Chapter 3 was the estimation of the strength of adhesion between 

lignocellulosic fibers and PLA. To achieve this goal composites were prepared with six 

different reinforcements of widely varying chemical composition and particle character-

istics. An attempt was made to determine the failure mechanism of the composites, a 

question rarely discussed in literature. Finally, the practical consequence of adhesion and 

deformation mechanism is discussed in the final section of the chapter. 

 

                                                 
1 Faludi G, Dora G, Imre B, Renner K, Móczó J, Pukánszky B. J Appl Polym Sci 2014;131(4):1-41. 
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Fig. 3.1 Particle characteristics of the studied lignocellulosic fibers (SEM micro-

graphs); a) corn cob (CC23), b) Vivapur MCC (MC29), c) Arbocel CW 630 

(W35), d) Lasole 200/150 (W54), e) Filtracel EFC 1000 (W68), f) Arbocel FT 

400 (W126). 

 

3.2 Results and discussion 

Six commercially available lignocellulosic fibers were used as reinforcements without 

any further treatment in the study: four wood fibers, microcrystalline cellulose and the 

heavy fraction of grinded corn cob. Because of their importance particle characteristics 

of the fibers were studied quite thoroughly. The SEM micrographs presented in Fig. 3.1 

show the morphology of the fillers used. Particle size and aspect ratio change in a wide 

range. Particle characteristics were determined quantitatively by laser light scattering, but 

a) b) 

c) d) 

e) f) 
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also by image analysis from the SEM micrographs. The results are compiled in Table 

3.1. Since in an earlier study it was found that aspect ratio is one of the most important 

characteristics determining composite properties, this information was included into the 

abbreviation of the fibers in order to facilitate discussion. The letters indicate the origin 

of the fibers, while the numbers correspond to ten times the aspect ratio (see Table 3.1). 

 

Table 3.1 Particle characteristics of the studied lignocellulosic fibers 

Fiber 
Abbre-

viation 

D[4,3]a 

(m) 

Lengthb 

(m) 

Diameterb 

(m) 

Aspect 

ratiob 

Corn cob CC23 143.4 108.1 55.7 2.3 

Vivapur MCC MC29 138.0 85.0 30.5 2.9 

Arbocel CW 630 W35 39.6 93.5 33.3 3.5 

Lasole 200/150 W54 280.8 167.9 41.4 5.4 

Filtracel EFC 1000 W68 213.1 363.4 63.9 6.8 

Arbocel FT 400 W126 171.2 235.2 21.8 12.6 

avolume average particle size 
baverage values determined from scanning electron micrographs 

 

 The morphology of PLA/lignocellulosic composites can be relatively compli-

cated. The polymer can crystallize, but the rate of crystallization is rather slow thus under 

the conditions of normal processing operations it remains mostly amorphous; its crystal-

line content is very small. Besides crystalline structure, the distribution of the fibers in 

the matrix, i.e. the possible formation of aggregates, especially at large fiber loadings, is 

also an important issue. The fiber might influence also interphase formation and the mo-

bility of the polymer molecules. These questions were investigated in a previous study in 

detail [39]. It was found that crystallinity is negligible in PLA, while in PP/wood compo-

sites limited aggregation resulted from the mere physical contact of the particles due to 

geometrical reasons [40]. As a consequence we refrain from the detailed discussion of 

structure and focus mostly on properties, micromechanical deformations, interfacial ad-

hesion, and deformation and failure mechanism. 

 

3.2.1 Properties, reinforcement 

 The properties of the composites change with fiber content according to the ex-

pectations and in agreement with literature references. Stiffness increases from 3.4 GPa 

of the matrix to about 7 GPa of the composite with the largest fiber content (Fig. 3.2). 

The effect of particle characteristics is slight, only the composite containing the fiber with 

the largest aspect ratio (W126) has distinctly larger stiffness than the rest of the compo-

sites. Structural effects are not reflected by the composition dependence of stiffness, a 

small extent of aggregation might be detected at the largest wood content at most. 
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Fig. 3.2 Effect of the type and amount of reinforcement on the modulus of PLA/ligno-

cellulosic fiber composites. Symbols:  CC23,  MC29,  W35,  W54,  

W68,  W126. 

 

 

Fig. 3.3 Effect of the type and amount of reinforcement on the tensile strength of 

PLA/lignocellulosic fiber composites. Symbols are the same as in Fig. 3.2. 
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 The characteristics of the reinforcement influence tensile strength much more 

significantly, as shown in Fig. 3.3. Tensile strength decreases with increasing fiber con-

tent for all reinforcements, but the decrease is relatively moderate for the thin long fibers 

(W126) and for the wood having the smallest particle size (W35, 40 μm). Composites 

prepared from corn cob have the smallest strength and the rest of the composites are lo-

cated between these two boundary cases. The results indicate that both aspect ratio and 

particle size influence composite strength, and large reinforcement can be achieved with 

large aspect ratio and small size. 

 From the decrease of strength with increasing fiber content several groups de-

duced that interfacial adhesion is weak in PLA/wood composites [30-32,34,35]. This con-

clusion can be further supported by the comparison of PLA composites with PP/wood 

composites. Adhesion is poor between PP and wood and without a coupling agent, com-

posite strength decreases with increasing fiber content. On the other hand, if a coupling 

agent like maleated polypropylene (MAPP) is added to the composite, strength increases 

considerably with fiber content, i.e. from about 17 MPa to 41 MPa in a PP random copol-

ymer [41]. It must be considered here, however, that reinforcement depends also on the 

properties of the matrix; it decreases with increasing matrix stiffness and strength. The 

PP mentioned above had a strength of 17 MPa, while the strength of our PLA is close to 

60 MPa. As a consequence, the strength of interfacial adhesion cannot be deduced directly 

from such a comparison of different materials or from the composition dependence of 

mechanical properties. 

 

 

Fig. 3.4 Reduced tensile strength of selected composites plotted against fiber content 

according to Eq. 1.2. Symbols are the same as in Fig. 3.2. 
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 On the other hand, the extent of reinforcement can be estimated quantitatively 

with the help of simple models, as presented in Section 1.4.1 (see Eqs. 1.1 and 1.2). 

Plotting the natural logarithm of reduced tensile strength against fiber content should re-

sult in a linear correlation, the slope of which is proportional to the load-bearing capacity 

of the reinforcement and under certain conditions to the strength of interaction. In Fig. 

3.4 the strength of three series of composites is plotted against filler content in the form 

indicated by Eq. 1.2. Linear correlations with different slopes were obtained indeed indi-

cating dissimilar reinforcing effect of the fibers. The fibers were selected to show the 

extremes of reinforcement and an additional fiber for comparison. Rather surprisingly the 

reinforcement achieved by the six fibers differs from each other only very little. If PP is 

used as comparison again, changing adhesion resulted in an increase from 1.1 to 5.3 there 

[42], while B values change from 1.7 to 2.6 in the PLA matrix. The extent of reinforce-

ment is shown quantitatively for all composites in Table 3.2. If the values are compared 

to the particle characteristics listed in Table 3.1 it can be seen that small aspect ratio 

results in small reinforcement (CC23, AR = 2.3), while small size (W35, 40 μm) and large 

aspect ratio (W126, AR = 12.6) leads to stronger reinforcement. The small differences 

and the limited effect of particle characteristics on reinforcement are quite surprising. 

This observation is further supported by Fig. 3.5 in which parameter B expressing rein-

forcement is plotted against the aspect ratio of the fibers. This characteristic had the most 

pronounced effect on reinforcement in PP/wood composites [42], but the effect depended 

also on adhesion; it was much weaker at good than at poor adhesion. One might deduce 

from this comparison that interfacial adhesion might be stronger in PLA/wood compo-

sites than indicated in a large number of publications [15,30-32,34,35]. 

 

Table 3.2 Reinforcing effect of the studied lignocellulosic fibers in PLA 

Fiber 
Matrix strengtha 

(MPa) 
Parameter B R2b 

CC23 58.2 1.73 0.9978 

MC29 54.2 2.17 0.9854 

W35 60.1 2.44 0.9987 

W54 58.3 2.05 0.9922 

W68 55.9 2.23 0.9944 

W126 58.4 2.56 0.9958 

acalculated from the intersection of the lnred vs.  lines (measured value 57.9 MPa) 
bdetermination coefficient showing the goodness of the linear fit 
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Fig. 3.5 Correlation between the aspect ratio of the lignocellulosic fibers used and their 

reinforcing effect (parameter B). Symbols are the same as in Fig. 3.2. 

 

3.2.2 Micromechanical deformations 

 The acoustic emission (AE) technique described in Chapter 1 was used for the 

study of micromechanical deformation processes. The result of an acoustic measurement 

carried out on a PLA/wood composite is presented in Fig. 3.6. Each small circle is an 

acoustic event, while the corresponding stress vs. strain trace is also shown as reference. 

It can be seen that significant acoustic activity starts above a certain deformation and that 

amplitudes cover a wide range. Further conclusions are difficult to deduce from individ-

ual signals, additional analysis is needed in order to extract more information from the 

results. The cumulative number of signals is also plotted as a function of deformation in 

Fig. 3.6 together with the stress vs. strain trace. It can be seen that acoustic activity in-

creases continuously until the failure of the composite. Characteristic deformation and 

stress values related to the initiation of the dominating micromechanical deformation 

mechanism can be determined as described in Fig. 1.3. 
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Fig. 3.6 Acoustic emission testing of a PLA composite containing 10 vol% wood (W68). 

Small circles indicate individual acoustic events. Stress vs. strain and cumula-

tive No. of signal vs. strain traces. 
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Fig. 3.7 Comparison of the cumulative number of signal traces for all PLA/lignocellu-

losic fiber composites at 10 vol% fiber content. 
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 Cumulative number of signal traces are plotted for all composites containing the 

various fibers in 10 vol% in Fig. 3.7. The traces are very similar to each other; they differ 

only in the total number of signals detected until failure, and in initiation deformation. 

The trace recorded on the composite containing corn cob shows an additional difference, 

it has a shoulder (shown by an arrow) at small elongations indicating the occurrence of 

an additional deformation process. The shape of the cumulative number of signal vs. elon-

gation traces could be related to the mechanism of deformation earlier [41,42,43]. Traces 

similar to those shown in Fig. 3.7 were obtained on composites with strong interfacial 

adhesion in which fiber fracture was the dominating mechanism. In the case of particulate 

filled composites, in which debonding is the only deformation process, step-like traces 

approaching a plateau value were recorded in all matrices including PLA [44,45]. The 

shape of the traces indicates stronger PLA/fiber adhesion than claimed by literature ref-

erences. 

 Characteristic stresses derived from the cumulative number of signal vs. defor-

mation and the corresponding stress vs. deformation traces are plotted in Fig. 3.8 for all 

composites. According to the two steps, two characteristic values were determined for 

corn cob indicated by empty (first step) and full (second step) symbols in the figure. The 

composites can be divided into three groups. Probably not very surprisingly, the wood 

with small particle size (W35) and the one having large aspect ratio (W126) forms one 

group with the largest characteristic stress, while corn cob forms a group of its own. The 

rest of the fibers behave very similarly. 

 

 

Fig.3.8 Dependence of the initiation stress of the dominating micromechanical defor-

mation process on wood content. Symbols are the same as in Fig. 3.2. 
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Fig. 3.9 Correlation between the characteristic stress determined by acoustic emission 

measurement and the reinforcing effect of the fibers in PLA/wood composites. 

Symbols are the same as in Fig. 3.2. 

 

 These results clearly prove that the dominating micromechanical deformation 

process occurring during the deformation of PLA/wood composites depend on the parti-

cle characteristics of the reinforcement. In Fig. 3.9 the characteristic stress derived from 

acoustic emission measurements at 20 vol% fiber content is plotted against the extent of 

reinforcement determined from tensile strength. Apart from the values obtained for corn 

cob, the correlation is extremely close indicating that macroscopic composite properties 

depend very much on the micromechanical process taking place in the composite during 

deformation. 

 

3.2.3 Interfacial adhesion 

 In particulate filled and especially in short fiber reinforced composites the direct 

determination of interfacial adhesion is difficult. It was mentioned earlier that conclusions 

drawn from the analysis of SEM micrographs are very uncertain since a number of pro-

cesses can take place simultaneously (debonding, fiber pull-out, fiber fracture), the stud-

ied area is limited, and because SEM cannot supply quantitative values for adhesion an-

yway. The other frequently used approach, the composition dependence of tensile 

strength can be also misleading because of the simultaneous effect of several factors (ma-

trix properties, adhesion, orientation, aspect ratio). 
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 Different approaches can be used for the estimation of interfacial adhesion in 

particulate filled polymers. The first is based on surface energy and the calculation of the 

reversible work of adhesion (WAB) 

 

(3.1) 

 

where γ1
d and γ2

d are the dispersion, while γ1
p and γ2

p the polar component of surface 

tension for components 1 and 2, respectively. The more accurate approach of using acid-

base interactions for the determination of the reversible work of adhesion cannot be used 

in our composites because the number of interacting acid-base sites located on the surface 

is not known but it is necessary for the calculation [46]. The reversible work of adhesion 

was shown to correlate closely with reinforcement [47]. Another approach for the esti-

mation of the strength of interfacial adhesion is based on the determination of debonding 

stress by acoustic emission measurements [48]. Debonding stress is defined as [49] 

 

(3.2) 

 

where σD and σT are debonding and thermal stresses, respectively, E the Young's modulus 

of the matrix, R the radius of the particles, while C1 and C2 are geometric constants related 

to the debonding process. If the parameters of the equation are known, which were cal-

culated from measurements done on polymer/filler pairs with known characteristics (E, 

R, WAB), the strength of adhesion can be calculated from the stiffness of the matrix and 

the size of the particles, which are usually also known. WAB is replaced by Fa here in order 

to differentiate the approach used for determination (mechanical tests vs. thermodynam-

ics). Finally, the strength of interfacial adhesion can be also estimated from the composi-

tion dependence of composite strength with the model presented earlier (see Eq. 1.1), if 

the dominating deformation mechanism is debonding. 

 Unfortunately all three approaches can be used only with serious limitations in 

our PLA/wood composites. Eq. 3.1 does not estimate specific interactions very accu-

rately, although the formation of such was expected between the carbonyl groups of PLA 

and the hydroxyl groups of the cellulose. The approach expressed in Eq. 3.2 assumes 

spherical particles and debonding as the dominating process and neither is fulfilled in our 

case. Finally, failure mechanism and particle shape are important factors also in the third 

approach; parameter B offers information about reinforcement, but the estimation of in-

terfacial adhesion is questionable. Nevertheless, in lack of better solution all three ap-

proaches were applied to our composites and the results are compiled in Table 3.3. Sim-

ilar calculations were carried out also for PP/wood and PVC/wood composites to facilitate 

interpretation. It can be seen that all three approaches indicate stronger adhesion in 

PLA/wood than in PP/wood composites. Surprisingly, the strongest adhesion develops in 

PVC composites. The same filler, corn cob, was used as reinforcement in all three matri-

ces. In spite of their serious limitations and uncertainty, none of the approaches indicate 

weak, but at least intermediate interaction in PLA/wood composites. The reader must be 

reminded here that debonding and pull-out are the dominating micromechanical defor-

mation processes in PP/wood composites when adhesion is poor and fiber fracture occurs 

at good adhesion [42]. As a consequence, any one of them or both can be expected in our 

PLA/wood composites. 
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Table 3.3 Estimation of the strength of interfacial adhesion in PLA/wood composites 

by various approaches; the same reinforcement (corn cob) was used in all 

three matrices. 

Matrix 

Approach 

Work of adhesion 

(mJ/m2) 

Debonding 

(mJ/m2) 
Parameter B 

PP 82.2 67 1.16 

PLA 97.7 93 1.73 

PVC 95.6 162 2.59 

 

 

Fig. 3.10 Comparison of interfacial adhesion in various polymer/wood composites. Cor-

rected parameter B (By0) plotted against the yield stress of the matrix (y0). 

Symbols:  CaCO3 composites,  PP random copolymer, poor adhesion,  

PP random copolymer, good adhesion,  PP homopolymer, good adhesion, 

 PVC,  PLA. 

 

 An additional attempt was made to estimate the level of adhesion and to compare 

different polymer/wood composites. As mentioned before, the value of parameter B, i.e. 

reinforcement depends also on the properties of the matrix (see Eq. 1.2). In order to com-
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this corrected value, Bc, was plotted against matrix yield stress in Fig. 3.10. Values ob-

tained for CaCO3 composites prepared with different matrices are also presented for com-

parison. The values are very similar for the latter, almost independent of the matrix poly-

mer. Two groups can be distinguished in the case of wood composites. The values ob-

tained in PP at poor adhesion are significantly smaller than in any of the other cases. 

Similar values were obtained for the PP homopolymer and random copolymer at good 

adhesion, but also for PVC and PLA. Variation within a group of the same matrix is 

caused by the effect of other factors influencing reinforcement, i.e. aspect ratio, orienta-

tion, particle size, etc. The conclusion must be drawn that adhesion is very similar in these 

composites and we know that it is strong in PP composites containing a MAPP coupling 

agent. Practically all evidence indicates that contrary to claims published in the literature 

interfacial adhesion is not weak in PLA/wood composites, but considerable specific in-

teractions develop between the components. 

 

3.2.4 Failure mechanism, consequence 

 Based on the considerations presented above we came to the final conclusion 

that adhesion is relatively strong between lignocellulosic fibers and the PLA matrix. 

Moreover, the shape of the cumulative number of signal vs. deformation traces differed 

from that observed in cases when debonding was the dominating micromechanical defor-

mation process [41,42,44,50]. SEM micrographs were prepared to reveal or at least sup-

ply some additional information about the mechanism of failure in our PLA/wood com-

posites. Fig. 3.11 shows such a micrograph which is typical for most of the composites 

studied. 

 

Fig. 3.11 SEM micrograph taken from the fracture surface of a PLA/wood (W68) com-

posite at 20 vol% wood content. Fracture surface was created at failure in the 

tensile test. 

fracture 

debonding pull out 
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The dominating process is definitely fiber fracture with a limited number of debonding 

and fiber pull-out events. However, the number of these latter is much smaller than that 

of fiber fracture. This observation agrees quite well with the fact that very similar cumu-

lative number of signal vs. deformation traces were obtained in PP/wood composites with 

good adhesion [41,43] as those shown in Fig. 3.7. The fact of fiber fracture was strongly 

supported and verified also by the POM study. Selected micrographs are shown in Fig. 

3.12. In composites containing large particles oriented perpendicularly to the direction of 

the load, always the fiber fractures leading to the failure of the composite itself. Failure 

might be different for small and/or thin fibers, like W35 and W126. The only lignocellu-

losic filler which behaved differently was corn cob. Extensive particle fracture could be 

observed in this material as well (see Fig. 3.13a), but the presence of other mechanisms 

was also detected. As Fig. 3.13b shows certain particles debond from the matrix forming 

voids around them. Either this mechanism or the fracture of weaker particles may result 

in the shoulder appearing on the cumulative number of signal vs. deformation trace of 

composites containing corn cob in Fig. 3.7. 

 

  

Fig. 3.12 Fiber fracture in PLA model composites, POM micrographs. a) W68, b) W54. 

The composites contained 10 vol% fiber. 

 

  

Fig. 3.13 Competitive micromechanical deformation processes in PLA/corn cob (20 

vol%) composites. a) fiber fracture, b) fracture and debonding. 

a) b) 

a) b) 

fracture 

fracture 

debonding 
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 Finally the influence of the dominating micromechanical deformation process 

on the macroscopic properties and performance of the composites must be discussed. 

Composite strength is plotted against the characteristic stress determined by acoustic 

emission in Fig. 3.14. Extremely close correlation exists between the two quantities indi-

cating that processes occurring around the particles determine the performance of the 

composite. The similar values also show that the fracture of wood particles leads to the 

catastrophic failure of the composite thus further improvement in composite properties is 

possible only by the increase of the inherent strength of wood or in a limited extent by 

the proper selection of the particle characteristics of the reinforcement (see W35 and 

W126). 

 

 

Fig. 3.14 Correlation between the initiation stress of the dominating micromechanical 

deformation process and the ultimate tensile strength of the composites. Sym-

bols are the same as in Fig. 3.2. 

 

3.3 Conclusions 

 The study of deformation and failure mechanisms as well as interfacial interac-

tions in PLA/lignocellulosic fiber composites indicated that contrary to most claims pub-

lished in the literature, interfacial adhesion is rather strong between PLA and natural fi-

bers. This conclusion was confirmed by three independent approaches used for the quan-

titative estimation of the strength of interfacial interactions, by acoustic emission meas-

urements and an SEM study. Strong interfacial adhesion results in weak dependence of 

the extent of reinforcement on the particle characteristics of the reinforcing fibers. Both 

acoustic emission measurements and microscopy indicated that the dominating microme-

chanical deformation mechanism is the fracture of the fibers and close correlation was 
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found between the initiation stress of fiber fracture, reinforcement and ultimate composite 

strength. Corn cob behaved differently from the rest of the reinforcements used, at least 

two consecutive deformations were detected during the loading of its composites. Further 

study is needed to identify these unambiguously. 
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Chapter 4 

 

Improving interfacial adhesion in PLA/wood 

biocomposites2 
 

4.1 Introduction 

 The wood used for the reinforcement of thermoplastics usually has a relatively 

large particle size, which exceeds the size of traditional fillers of a few microns. An av-

erage size of several 100 m is not uncommon for these materials. Debonding stress de-

pends on interfacial adhesion, which is determined by the surface energy of the compo-

nents. As a consequence, the large particles of wood with small surface energy [1] easily 

debond from the matrix polymer under the effect of external load [2,3]. Debonding results 

in the formation of voids and often in the premature failure of the material. Debonding 

was shown to be the dominating micromechanical deformation process in PP/wood com-

posites not containing a coupling agent [2,3]. Although interfacial adhesion is claimed to 

be weak also in PLA/wood composites [4-6], detailed investigations and the estimation 

of adhesion by three independent methods, as presented in Chapter 3, indicated relatively 

strong adhesion between PLA and wood. The dominating deformation mechanism is the 

fracture of the fibers, but other mechanisms, like debonding or fiber pull-out could not be 

excluded either. Although coupling cannot improve composite properties if adhesion is 

strong and the fracture of the fibers is the dominating process indeed, preventing the oc-

currence of the other two processes could lead to improved composite strength. 

 Interfacial interactions are modified in numerous ways in polymer/wood com-

posites, as we discussed in Section 1.4.3. N,N-(1,3-phenylene dimaleimide) (BMI) is a 

very reactive compound which proved to be success-

ful coupling agent (Scheme 4.1) in several poly-

mer/filler micro and nanocomposites [7,8]. Neverthe-

less, no attempt has been made to apply it in poly-

mer/wood composites. Since it might improve inter-

facial interactions also in these materials, the goal of 

our study was to use it as a coupling agent in 

PLA/wood composites. For the first time, we also 

tried a similar compound, 1,1-(methylenedi-4,1-phe-

nylene)bismaleimide (DBMI), which was mentioned, 

but has not applied as coupling agent up to now, in the 

PLA/wood composites studied. We wanted to see if 

the conditions of coupling, i.e. improved adhesion on 

both sides of the interface, could be achieved through 

the use of these compounds. Successful coupling 

could also decide on the issue debated in the literature for some time, the strength of 

interfacial adhesion in PP/wood composites. If the general belief is true and adhesion is 

weak, successful coupling would improve composite properties considerably. 

                                                 
2 Faludi G, Dora G, Renner K, Móczó J, Pukánszky B. Compos Sci Technol 2013;89:77-82. 
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On the other hand, if our earlier conclusion is correct and adhesion is inherently strong, 

only marginal improvement in strength is expected as an effect. The novelty of our work 

is in the use of new compounds as coupling agents, the verification of their coupling effect 

and answering the debated question of adhesion in PLA/wood composites. 

 

4.2 Results and discussion 

 The results are discussed in several sections. First the effect of the amount of 

coupling agent is discussed at a single wood fiber content and then the effect of wood 

fiber content on properties at a single coupling agent content is described more in detail. 

Deformation and failure, chemistry and consequences for practice are discussed in the 

last few sections. 

 

4.2.1 Amount of coupling agent 

 The amount of coupling agent was changed from 0 to 10 wt% in 5 steps related 

to the weight of the reinforcing fiber at constant 30 wt% wood fiber (EFC 1000, W68) 

content. Our goal was to check any changes in the strength and other characteristics of 

the composites determined by tensile testing. We expected the strength to increase in the 

case of successful coupling, and deformability to decrease at the same time. The modulus 

of composites depends only slightly on interfacial adhesion [9,10], thus we assumed that 

it would not change much; and our expectations proved true (Fig. 4.1). 

 

Fig. 4.1 Effect of the amount of coupling agent on a) the modulus and b) the tensile 

strength of PLA/wood fiber composites at 30 vol% fiber content. Symbols:  

BMI,  DBMI. 
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Fig. 4.2 Effect of the amount of coupling agent on a) the modulus and b) the tensile 

strength of PLA/wood fiber composites at 30 vol% fiber content. Symbols are 

the same as in Fig. 4.1. 

 The effect of coupling agent content on tensile strength is presented in Fig. 4.2 

for composites containing the two potential coupling agents in different amounts. Alt-

hough a slight, but clear increase can be observed in strength in the figure and apparently 

DBMI is a more efficient coupling agent than BMI. Strength increases continuously in 

the second case, while a maximum seems to appear in strength when DBMI is used. Con-

sidering the standard deviation of the measurement, the existence of the maximum is 

questionable, but the effect cannot be denied, the two compounds act as coupling agents 

in PLA/wood fiber composites. We can also conclude that it is superfluous to increase 

the amount of the coupling agents above 5 wt%; strength does not increase at larger cou-

pling agent content. 

 Elongation-at-break, i.e. deformability, changed as well (not shown), but con-

trary to our expectations it increased slightly. The direction of this change also indicates 

successful coupling, since it shows that the micromechanical deformation process, which 

initiates failure, occurs at larger deformation, consequently at larger load. Although the 

effect of the coupling agent was small, we decided to go into the second phase of the 

project and carry out experiments at different wood fiber contents. 

 

4.2.2 Wood fiber content 

 The dependence of the stiffness of the composites on wood fiber content is 

shown in Fig. 4.3 in the presence of the two coupling agents. It should be noted that the 

neat PLA and PLA/wood reference composites were prepared again during this study. 
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The mechanical properties of the newly prepared composites slightly differed from the 

older ones.  Such a variance can occur even during the most careful work. Modulus in-

creases with fiber content as expected, but rather surprisingly that of the composites con-

taining the coupling agents is significantly larger than the stiffness of the composites 

without coupling. We could not see this effect at the single wood fiber content of the first 

series. It is quite difficult to explain the increase of modulus on coupling, since most of 

our experience shows that stiffness does not depend very much on the strength of inter-

facial interactions [10,11]. Modulus is measured at very small deformations thus small 

changes in the deformability of the matrix or that of the interphase do not influence it 

much, the volume fraction of the fiber dominates. However, since large particles debond 

very easily under the effect of very small loads [2], it is possible that debonding leads to 

the formation of voids and the resulting material has a smaller stiffness than at strong 

adhesion created by the coupling agent. 

 

Fig. 4.3 Young's modulus of PLA/wood fiber (EFC 1000, W68) composites plotted 

against wood fiber content; effect of coupling. Symbols:  5wt% BMI,  5 

wt% DBMI,  no coupling. 

 Coupling is confirmed further by Fig. 4.4 presenting the composition depend-

ence of tensile strength. The effect is surprisingly large, but also the shape of the correla-

tion changes slightly. The composition dependence shown by the PLA/wood fiber com-

posites without coupling is typical for particulate filled polymers, in which debonding is 

the dominating micromechanical deformation process. Coupling, on the other hand, in-

creases strength significantly resulting in considerable reinforcement. If we accept our 

tentative explanation presented above about the role of large particles, the considerable 

effect indicates that even large particles are coupled to the polymer, debonding is limited 

even more than before, and the dominating deformation process is the fracture of the 
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particles. Unfortunately, large particles do not only debond more easily than smaller ones, 

but the probability of their fracture is also larger. 

 

Fig. 4.4 Effect of wood fiber content and coupling on the tensile strength of PLA/wood 

fiber (EFC 1000, W68) composites. Symbols are the same as in Fig. 4.3. 

Reinforcement was estimated quantitatively by using the model described ear-

lier, see Eq. 1.1 and its linearized form Eq. 1.2. Reduced tensile strength is plotted against 

fiber content in Fig. 4.5 in this form, and we obtain a linear correlation, as expected. The 

slope of the two series of composites containing the two coupling agents is larger than 

that prepared with neat wood fiber, in complete accordance with previous results pre-

sented on stiffness and strength. The calculated B values corresponding to the reinforcing 

effect of the fiber are compiled in Table 4.1, providing quantitative information on the 

effect of the coupling agents. Although the effect is not very large it is significant and 

consequent, and the values of the table also show that DBMI is slightly more efficient 

than BMI. We must assume that changing interfacial interactions modify also the micro-

mechanical deformation processes occurring during deformation in the material. 
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Fig. 4.5 Composition dependence of the reduced tensile strength of PLA/wood fiber 

(EFC 1000, W68) composites (according to Eq. 1.2); effect of coupling on re-

inforcement. Symbols are the same as in Fig. 4.3. 

 

Table 4.1 Effect of coupling on the reinforcing effect of wood fiber in PLA. 

Coupling 
Matrix strengtha 

(MPa) 
Parameter B R2b 

none 54.5 2.23 0.9968 

BMI 61.0 2.54 0.9984 

DBMI 61.2 2.62 0.9994 

acalculated from the intersection of the lnrel vs.  lines (measured value 56.1 MPa) 
bdetermination coefficient showing the goodness of the linear fit 

 

4.2.3 Deformation and failure 

 Micromechanical deformations can be followed by acoustic emission measure-

ments, as described in Section 1.4.2. Although it is difficult to draw far reaching conclu-

sions from individual signals, the shape of the cumulative number of signal trace offers 

information about the mechanism of local deformations. Stepwise curves approaching a 

plateau indicate debonding [11,12], while the fracture of the fibers was assigned to steeply 

increasing traces [13]. It is also obvious that acoustic events start to appear above a certain 

deformation threshold, i.e. the mechanism is initiated by a critical load. We can determine 
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this critical deformation (AE) and the corresponding stress (AE) value, which are charac-

teristic for the dominating deformation process, as shown in Fig. 1.3. Changes in this 

value might offer further information about the effect of the coupling agents on the be-

havior of the composite, and about the mechanism of deformation and failure. 

 Cumulative number of signal traces are compared for three composites in Fig. 

4.6, for the one prepared with the neat wood fiber and for those containing the two cou-

pling agents. The figure clearly shows that acoustic activity starts at larger deformation 

for the two composites prepared with the coupling agents and also the corresponding 

stress vs. strain traces prove the coupling effect. Larger deformation means that the dom-

inating deformation starts later and it is initiated at larger load, a conclusion which agrees 

well with our earlier one about the suppression of the debonding of large particles. 

0,0 0,3 0,6 0,9 1,2 1,5
0

10

20

30

40

50

60

0

500

1000

1500

2000
 

S
tr

es
s 

(M
P

a)

Elongation (%)

C
u
m

m
u

lativ
e N

o
 o

f sig
n

als

 

Fig. 4.6 Comparison of the effect of coupling on the cumulative number of signal traces 

of PLA/wood fiber composites containing 30 vol% fiber; ——— BMI, --------- 

DBMI, ∙∙∙∙∙∙∙∙∙ no coupling. 
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Fig. 4.7 SEM micrograph taken from the fracture surface of a PLA/wood fiber compo-

site with DBMI coupling at 30 vol% fiber content. Fracture of wood fibers. 

 Acoustic measurements were supported by an SEM study. Micrographs were 

recorded on fracture surfaces created during the tensile test. A representative micrograph 

is presented in Fig. 4.7, which clearly demonstrates that debonding or fiber pull-out 

hardly occurs and the dominating deformation mechanism is the fracture of the fibers. 

Naturally, SEM micrographs cannot supply unassailable proof for the mechanism of de-

formation and failure, but their evidence is completely in line with other results. 

 

4.2.4 Discussion, consequences 

 All the results presented in previous sections indicate quite unambiguously that 

the two coupling agents used in this study have positive effect on the strength of 

PLA/wood fiber composites. Stiffness, strength and even deformability increase in their 

presence and the simultaneous increase of these properties clearly proves that coupling 

occurs indeed, even if the effect is rather small. The mechanism of coupling is unclear at 

the moment, we can only speculate about the possible reactions taking place in the melt. 

Both compounds are very reactive and it was recognized earlier that nucleophilic agents 

such as amines and thiols could readily react with the double bonds of maleimides 

[14,15]. In our case, hydroxyl groups in cellulose and on the end of PLA chains must be 

considered as less reactive species, nevertheless oxa-Michael reaction can take place un-

der the severe conditions of processing [16]. The proposed reaction mechanism is shown 

in Scheme 4.2. 
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Scheme 4.2 Oxa-Michael reaction between the OH group of PLA or cellulose and BMI 

 

 If the reaction occurs, it would definitely result in coupling and prevent debond-

ing wit the effect shown in previous sections. Further, ring opening reactions may also 

occur, but no evidence could be found in the literature for them. Understandingly, organic 

chemists rarely carry out reactions under the conditions used by us (melt, high tempera-

ture, shear). The apparently larger efficiency of DBMI can be explained with the larger 

flexibility of the molecule, since otherwise the reactivity of the two compounds should 

be very similar. 

 

Fig. 4.8 Correlation between the initiation stress of the dominating micromechanical 

deformation process (mostly fiber fracture) and the tensile strength of 

PLA/wood fiber composites. Symbols are the same as in Fig. 4.3. 

Coupling and improved interfacial adhesion results in delayed initiation of the 

dominating micromechanical process which leads to the failure of the composite. Assum-

ing such a close relationship between micromechanical processes and macroscopic prop-

erties might seem doubtful, but Fig. 4.8 clearly proves the connection. Tensile strength is 

plotted against the characteristic stress determined in the way indicated in Fig. 1.3. The 
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close correlation proves that once the local process started, the composite fails. The 

smaller initiation stresses and strengths of the composites not containing the coupling 

agent () unambiguously prove the positive effect of the two compounds and the slight 

superiority of DBMI (). 

 

 Finally, we must refer to the small effect of coupling on composite properties. 

Considerably larger increase was observed in PP composites upon the use of a function-

alized polymer (MAPP); composite strength increased from 17 MPa to about 41 MPa in 

a composite containing 47 vol% fiber [11]. However, if we accept the fact that in PLA 

interfacial interaction is strong already in the uncoupled composite and only very large 

particles debond, the small effect can be understood and accepted. The prevention of the 

few debonding events occurring during deformation results in simultaneous improvement 

of stiffness, strength and deformability. However, further improvement in composite 

strength is possible only if we can increase the inherent strength of wood fibers by the 

proper selection of their size or by their chemical modification. 

 

4.3 Conclusions 

 The two compounds applied as coupling agents in PLA/wood fiber composites 

proved to be effective; they improved the tensile properties of the composites. Stiffness, 

strength and deformability increased simultaneously supplying further proof for coupling. 

Because of the flexibility of the molecule, DBMI is a more efficient coupling agent in the 

studied composites. However, the effect of coupling is small, because only a few very 

large particles debond under the effect of external load. Smaller particles seem to adhere 

strongly to the matrix proving our earlier conclusion that interfacial adhesion is inherently 

strong in PLA/wood fiber composites. Accordingly, the effect must depend on the size of 

the particles, increasing with increasing particle size. 
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Chapter 5 

 

Fiber association and network formation in 

PLA/lignocellulosic fiber composites3 
 

5.1 Introduction 

 Aggregation is always an issue for composites containing a large amount of fill-

ers or fibers [1-5]. Aggregation depends on the ratio of adhesion and separation forces, 

the first being related to the surface energy of the components and particle size, while the 

second to shear forces acting during homogenization [6]. Lignocellulosic fibers, most of 

all wood, are usually quite large and their surface energy is small [7,8], thus the homoge-

neous distribution of the fibers is relatively easy in the matrix. Additionally, their aspect 

ratio is not very large, usually between 1 and 10, thus structural effects like aggregation 

and orientation are often limited in their composites. In fact, structural effects are dis-

cussed relatively seldom in the literature. For example, Drzal et al. [9-11] mentioned in 

some of their papers that the aggregation of wood fibers resulted in inferior properties. 

Occasionally non-reactive surface modification is used to facilitate processing and avoid 

aggregation [12-14]. However, structural effects depend very much on component prop-

erties and processing conditions thus each composite must be considered individually 

from this respect. 

 In a detailed study we compared six lignocellulosic fibers in PLA to determine 

the effect of fiber characteristics on composite properties (see Chapter 3). Aspect ratio 

and particle size proved to influence properties considerably and contrary to many claims 

published in the literature [15-24] we found that interfacial adhesion is rather strong be-

tween PLA and lignocellulosic fibers. As a consequence, usually the fracture of the fibers 

is the dominating micromechanical deformation process, which determines composite 

strength. In the case of one or two fibers, we observed anomalous behavior, which appar-

ently resulted from structural phenomena [25]. Further experiments were carried out 

proving that under certain conditions fibers may interact with each other and this interac-

tion results in the drastic decrease of composite strength. The goal of the study presented 

in this chapter is to report some of these results and call attention to a structural phenom-

enon rarely discussed in the literature. 

 

5.2 Results and discussion 

 The results are discussed in several sections. First we present composite proper-

ties and call attention to anomalies in their composition dependence. Micromechanical 

deformations are analyzed next and structural reasons resulting in the anomalies are dis-

cussed in the final section. 

 

 

                                                 
3 Faludi G, Hári J, Renner K, Móczó J, Pukánszky B. Compos Sci Technol 2013;77:67-73. 



Chapter 5 

 

 

72 

5.2.1 Properties 

 The composition dependence of stiffness is shown in Fig. 5.1 for composites 

prepared with a reference wood flour (EFC1000, W68) and for three series prepared with 

a fiber having relatively large aspect ratio (FT400, W126). The modulus of the reference 

composite is smaller at most compositions than that of the other three series and increases 

continuously with increasing fiber content, as expected. Standard deviation is slightly 

larger at large fiber loadings and the last points might deviate a little from the general 

tendency, but structural effects are not evident on the correlation. The larger stiffness of 

the other three composite series can be explained with the larger aspect ratio (12.6 vs. 

6.8) of the fiber, and that is also expected. However, above 0.4 volume fraction fiber 

content stiffness deviates from the general tendency and the deviation increases with in-

creasing fiber content. Since fiber orientation must be approximately the same in all com-

posites and modulus is not very sensitive to aggregation, the structural effect causing the 

deviations must be severe. 
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Fig. 5.1 Composition dependence of the stiffness of PLA/lignocellulosic fiber compo-

sites. Symbol:  reference fiber (W68), , ,  large aspect ratio fiber 

(W126), parallel series 

 

 The effect is emphasized even more by Fig. 5.2 presenting the composition de-

pendence of tensile strength for the four series. Strength decreases continuously with a 

relatively small slope in the case of the reference material. The stronger reinforcement of 

the fiber with the larger aspect ratio is quite evident from the figure; at small fiber contents 
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the strength of the composites exceeds significantly that of the reference material. How-

ever, between 0.3 and 0.5 volume fraction fiber content strength drops drastically for all 

three series for some reason, which at this point is not quite evident. We may assume with 

quite strong certainty, though, that a new process initiated by a structural effect results in 

the premature failure of the composites. We must call the attention here to the fact that 

differences among the three series are quite large both in the absolute value of strength 

and in the composition at which the drastic decrease of strength occurs. The differences 

among the series are much smaller in the composition dependence of modulus. The larger 

deviation indicates that the effect causing them depends very much on processing condi-

tions and must have changed from one series to the other in spite of all efforts to use 

completely identical conditions for sample preparation. 
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Fig. 5.2 Effect of composition on the tensile strength of PLA/wood composites. Symbols 

are the same as in Fig. 5.1. 

 

 The quantitative estimation of the reinforcing effect of the fibers was done ac-

cording to the model described in Section 1.4.1 (Eqs. 1.1 and 1.2) [26]. The strength of 

the four series of composites is plotted in the form of Eq. 1.2 in Fig. 5.3. The slope of the 

correlations gives parameter B, i.e. the load carried by the fiber. However, besides calcu-

lating B, the lines offer additional information, since any deviation from the linear corre-

lation indicates structural effects very sensitively. The correlation is perfectly linear for 

the reference filler indeed, and also for the other three series at small fiber contents, but 

large deviations occur for larger filler loadings in the case of the latter three. The devia-

tions are always negative indicating that the effect in question leads to poor strength and 

premature failure. 
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Fig. 5.3 Reduced tensile strength of PLA/wood composites plotted against fiber content 

in the representation of Eq. 1.2; reinforcement and structural effects. Symbols 

are the same as in Fig. 5.1. 

 

Fig. 5.4 Acoustic emission testing of a PLA composite containing 5 vol% of the W126 

fiber. Small circles indicate individual acoustic events. Stress vs. strain and 

cumulative No. of signal vs. strain traces. 
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5.2.2 Micromechanical deformations 

 Micromechanical deformation processes were again investigated using acoustic 

emission tests. We hoped that eventual changes in local processes offer us further infor-

mation about the structure and failure mechanism of our composites. The characteristic 

elongation (AE) and stress (AE) values determined according to the method presented in 

Fig. 1.3 correspond to the initiation of the dominating local deformation process. Earlier 

investigations [27] showed that in the case of the W126 fiber used in this study, this pro-

cess is the fracture of the fibers perpendicular to their axis. 

 All the results presented in Figs. 5.1-5.3 indicated that dispersion is good in this 

composite and structural effects are absent at small fiber contents. On the other hand, 

deviation in modulus and a drastic drop in strength were observed in the range of 30-50 

vol% fiber content. The results of an acoustic emission experiment carried out on a com-

posite containing 5 vol% fiber is presented in Fig. 5.4, while Fig. 5.5 shows the signals 

recorded on a sample with 50 vol% filler content. We can clearly see that the number of 

signals is very small on this latter; most of them develop at failure and not during the 

preceding elongation of the specimen. The lack of signals indicates a drastic change in 

failure mechanism or at least in its initiation. The dominating local deformation process 

occurs very easily at very small stress. We can also see that although the shape of the 

cumulative number of signal trace is very similar to the cases presented (see Fig. 5.4 and 

the inset), initiation deformation and the number of signals change considerably. 
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Fig. 5.5 The results of the acoustic testing of a PLA/W126 composite at 50 vol% fiber 

content. 
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Cumulative number of signal traces measured at different fiber contents are com-

pared in Fig. 5.6. Initiation deformation decreases continuously with increasing fiber con-

tent up to 20 vol% in this series, and then a sudden drop occurs above this fiber loading 

without any detectable correlation between AE and fiber content. The figure confirms 

again that the mechanism of deformation and failure obviously changes at around 30 vol% 

fiber content in this composite series. 
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Fig. 5.6 Cumulative number of signal vs. elongation traces for a series of PLA/W126 

composites; the effect of fiber content. 

 

 Fig. 5.7 presenting the composition dependence of the characteristic stress de-

termined in the way shown in Fig. 5.4 supplies a further proof for the change in local 

deformation processes. Similarly to tensile strength, characteristic stress decreases 

slightly with increasing fiber content for the reference composite containing the EFC 

1000 fiber. Earlier experiments proved that this fiber fractures parallel to its axis during 

deformation which leads to the failure of the composite. At small fiber content, charac-

teristics stress measured in the other three composites is larger, exceeds 50 MPa, since 

the main local process generating acoustic signals is the fracture of the fibers perpendic-

ularly to their axis. However, at large fiber content AE decreases drastically showing a 

change in mechanism, which obviously cannot be the fracture of the fibers. We may as-

sume at this point that the fibers form aggregates or a network and the breakdown of this 

network results in the failure of the composite, but we need additional proof to support 

this speculation. 
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Fig. 5.7 Composition dependence of the initiation stress of the dominating defor-

mation process in PLA/wood composites. Symbols are the same as in Fig. 

5.1. 

 

5.2.3 Structure 

 SEM and POM was used for the characterization of the structure of the compo-

sites. SEM could not offer much information about the distribution of the fibers inde-

pendently of the preparation method of the fracture surface. Micrographs were recorded 

on surfaces created by fracture at liquid nitrogen temperature or by tensile fracture. On 

the other hand, optical micrographs showing a much larger area gave a clear picture on 

fiber distribution and structure formation. Fig. 5.8a shows a micrograph taken from a 

slice parallel to the plane of the compression molded plate from the composite containing 

5 vol% of the large aspect ratio fiber. The fibers are distributed completely independently 

of each other and they do not show any tendency for aggregation. The lack of structure 

formation through attractive interactions is further confirmed by the micrograph taken 

from the composite prepared with 20 vol% fiber (Fig. 5.8b). Some fibers touch each 

other, but the distribution of the fibers is quite uniform and no aggregation whatsoever 

can be observed in the micrograph. On the other hand, at 40 vol% fiber content the fibers 

overlap each other practically in the entire area photographed (Fig. 5.8c) and form some 

kind of a network. We cannot really call these contacts aggregation, since the distribution 

of the fibers and thus the network is completely homogeneous. 
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 a) 

 b) 

 c) 

Fig. 5.8 POM micrograph recorded on W126 (FT400) composites; a) 5, b) 20, c) 40 

vol% wood. Development of a fiber network at large wood content. 

 

 Network formation must result in the modification of properties and it really 

does as we saw in Figs. 5.1-5.3 and in the micromechanical response of the composites. 

Rheological properties usually indicate even more sensitively the interaction of fibers, or 
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in fact any particles [28,29]. The torque recorded during the homogenization of the com-

posites in the internal mixer is plotted against fiber content in Fig. 5.9 for the reference 

composite and for one of the series prepared with the fiber having the large aspect ratio. 

Torque increases with a moderate slope for composites containing the reference fiber and 

then it levels off. This leveling off may result from the increasing temperature caused by 

the larger friction in the composites containing more fibers. Torque is smaller for the 

W126 (FT400) fiber at small fiber contents, because of the orientation of the long fibers 

and due to frictional warming. However, above 0.3 volume fraction torque increases very 

steeply most probably because of the formation of the fiber network shown in Fig. 5.8c.  
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Fig. 5.9 Effect of fiber content on the equilibrium torque recorded during the homoge-

nization of PLA/wood composites. Symbols:  W68,  W126. 

 

5.2.4 Discussion 

 In previous sections we showed that properties change drastically above a certain 

fiber content in composites containing a fibrous reinforcement with large aspect ratio. 

Micromechanical testing also confirmed the change of deformation and failure mecha-

nism at the same fiber loading. Finally, microscopy proved the formation of a physical 

network of the fibers. The correlation between network formation and the deterioration 

of properties is completely clear, but a few questions remain open like the reason for the 

formation of the network and the strong variation in properties from one series of meas-

urements to the other. 

 Aggregation and network formation are well known in particulate filled [1-4] 

and especially in nanocomposites [30,31]. This is usually brought about by the interaction 

of the particles. For example, edge-to-plate interaction created by the OH groups located 

W126 

W68 
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on the edge of the platelets and the silicate surface in layered silicate nanocomposites was 

shown to lead to the formation of a house-of-card structure and the steep increase of vis-

cosity [29,32,33]. Very small spherical particles also interact to form aggregates and 

above a percolation threshold they form a network with the same result [28,34,35]. How-

ever, in spite of the active OH groups on their surface, lignocellulosic fibers usually do 

not aggregate, because of their large size and small surface energy. On the other hand, 

maximum packing fraction is relatively small, 0.51, at random orientation of the fibers 

[36], thus network formation can start locally at relatively small fiber content. So in our 

case the fibers touch each other from purely geometrical reasons and the resulting net-

work deteriorates properties. The small strength, the small critical deformation and the 

low acoustic activity all prove that the forces holding the network together are weak, thus 

it fails even under the effect of limited load. 

 The weak interaction among the fibers and within the network justifies the strong 

variation both in properties and in critical fiber content from one series to the other. Alt-

hough we did everything to prepare the composites exactly the same way in each series, 

small differences in feeding the material into the internal mixer and further processing by 

compression molding led to changes in structure and consequently in properties. Such a 

variation is unavoidable under the conditions used. Better distribution of fibers resulted 

in larger characteristic stress (Fig. 5.5), larger composite strength (Fig. 5.2) and a larger 

threshold concentration for network formation. Obviously structure development depends 

very much on processing technology for fibers with large aspect ratio, which must be 

always kept in mind in the development of an industrial process and in practical applica-

tions. 

 

5.3 Conclusions 

 PLA composites reinforced with a fiber having large aspect ratio showed anom-

alous behavior above a certain fiber content. The modulus and especially the strength of 

the composites decreased drastically and modeling also proved the loss of reinforcement 

at large fiber contents. Micromechanical testing showed that the mechanism of defor-

mation and failure changes at this critical fiber content. Microscopic analysis indicated 

the formation of a network purely from geometrical reasons. The inherent strength of the 

network is very small because of the weak forces acting among the fibers. This weak 

inherent strength makes the structure of the composites very sensitive to processing con-

ditions, and decreases strength, reproducibility as well as reliability. Processing condi-

tions and composition must be selected very carefully when natural fibers with large as-

pect ratio are used for the preparation of composites. 
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Chapter 6 

 

Deformation mechanism, reinforcement and failure in 

PLA/lignocellulosic composites: the effect of fiber structure 

and properties 4 
 

6.1 Introduction 

 In Chapter 3 we reported results obtained on PLA composites prepared with six 

lignocellulosic fibers with widely varying particle characteristics [1]. The six fibers in-

cluded four wood flours from different sources and with dissimilar pre-treatment, micro-

crystalline cellulose and corn cob. We found that interfacial adhesion between PLA and 

natural fibers is rather strong and the dominating micromechanical deformation process 

is the fracture of the fibers; close correlation was found between the initiation stress of 

fiber fracture, reinforcement and the ultimate strength of the composites. Corn cob be-

haved differently from the rest of the reinforcements used, at least two consecutive defor-

mation processes were detected during the loading of composites containing this filler. 

We could not find a plausible explanation for this behavior, but assumed that the dissim-

ilar inherent structure of corn cob compared to the other wood and cellulose samples gave 

rise to an additional deformation process besides fiber fracture. This latter can be debond-

ing, fiber pull-out, but it can result also from the different strength and fracture of the 

various parts of the filler. 

 The study of a considerable number of published papers indicated that the struc-

ture of the reinforcement is rarely considered in polymer/lignocellulosic fiber composites, 

although it might influence deformation mechanism and overall properties. As a conse-

quence, the goal of our work was to investigate this question more in detail. Three differ-

ent corn cobs with dissimilar structure and properties were acquired and PLA composites 

were prepared in a wide composition range. A commercially available wood fiber (W68) 

was used as reference. Special attention was paid to micromechanical deformations, re-

inforcement and the effect of fiber characteristics on the failure mechanism and properties 

of the composites. 

 

6.2 Results and discussion 

 As we noted before, the morphology of PLA composites can be relatively com-

plicated. We investigated this issue in previous studies in detail [1-3] (see also Chapter 

5). We found that crystallinity is negligible in PLA, while in PP/wood composites limited 

aggregation resulted from the mere physical contact of the particles due to geometrical 

reasons [4]. As a consequence we refrain from the detailed discussion of matrix and com-

posite structure in this chapter, and focus mostly on fiber structure, micromechanical de-

formations, and failure mechanism. Consequences for practice are discussed in the final 

section of the chapter. 

                                                 
4 Faludi G, Dora G, Renner K, Móczó J, Pukánszky B. Carbohydr Polym 2013;92(2):1767-1775. 
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Fig. 6.1 Structural components of corn cob: 1) beeswing, 2) chaff, 3) woody ring, 4) 

pith. 

 

6.2.1 Fiber structure and properties 

 The structure of corn cob is rather complex. As shown in Fig. 6.1 it consists of 

four components. The external parts are the beeswing (1) and the chaff (2) followed by a 

woody ring (3). The core of the cob is the pith (4), which has completely different prop-

erties from the rest. Corn cob is utilized for several purposes like cleaning of metal parts, 

surface polishing, as additive for cleaning material, pet litter, carrier for fodder, but also 

as reinforcing fiber, e.g. in extruded PVC insulating sheets. Before use corn cob is ground 

and separated to two fractions, a heavy and a light part. The heavy fraction contains hard 

while light fraction consist mostly of soft particles. The properties of the two fractions 

differ from each other. In order to study the effect of the various parts of corn cob on 

composite properties we obtained both the heavy and the light fraction from the producer. 

Moreover, since the particle size of the light fraction was much larger than that of the 

hard particles, at least it contained quite a few very large particles, we ground the light 

fraction to smaller particle size in a ball-mill for 24 hours. Accordingly, four fillers were 

compared in this study: the reference wood fiber, the heavy and light fractions of corn 

cob and the ground light fraction (abbreviated as gsoft in tables and text). 

 

3 

4 
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Fig. 6.2 Particle size distribution of the studied lignocellulosic fibers. 

 

 Since in earlier studies [1,5,6] we found that the particle characteristics of ligno-

cellulosic fibers influence composite properties significantly, they were analyzed quite 

thoroughly. Particle characteristics were determined quantitatively by laser light scatter-

ing. The particle size distribution of the four fillers studied is presented in Fig. 6.2. The 

particle size of the light (soft) fraction is the largest as expected, while the ground light 

fraction (gsoft) contains the smallest particles. Particle size distributions differ consider-

ably; the bimodal distribution of the ground light fraction indicates particles with dissim-

ilar properties. We may assume that the separation of the heavy and light fractions was 

not perfect during the production of the fibers. 

 

Table 6.1 Particle characteristics of the studied lignocellulosic fibers. 

Fiber 
Size, D[4,3] 

(μm) 

Length 

(μm) 

Diameter 

(μm) 
Aspect ratio 

Surface area 

(m2/g) 

Wood 213.1 363.4 63.9 6.8 2.00 

Hard 143.4 108.1 55.7 2.3 0.86 

Soft 517.3 135.5 45.9 3.6 0.89 

Gsoft 71.9 52.0 24.1 2.5 1.56 
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 Since lignocellulosic fibers are usually anisotropic, further characterization was 

done by the image analysis of SEM micrographs in order to obtain information also about 

length, diameter and aspect ratio. The results are compiled in Table 6.1. Although in 

earlier studies [5,6] we found that aspect ratio is one of the most important characteristics 

determining composite properties, it is very similar for the three corn cob samples and 

only slightly larger for the wood flour used. 

 We may assume that the strength of the various components differ considerably 

from each other. We made an attempt to measure the inherent strength of the fibers. It 

was relatively easy to machine specimens from a pine plank, but the separation of the 

components of corn cob turned out to be impossible. We could cut specimens including 

all components from dry cobs and we carried out tensile measurements on them in two 

directions, along the length of the cob and perpendicularly to it. In order to assess the 

contribution of the components to overall strength we calculated tensile strength in three 

different ways. Assuming that the strength of components differs considerably from each 

other indeed, we divided tensile force with three different cross-sections: with that of the 

hard part (woody ring, 1 in Fig. 6.1) that is very thin, with a ring including the external 

sections (from 1 to 3), but omitting the pith (4), and with the entire cross-section of the 

specimen including all four sections. The results are collected in Table 6.2. We can see 

that the longitudinal strength of pine wood is more than one order of magnitude larger 

than the strength of corn cob that is not surprising. We can also conclude that the strength 

of this latter is practically independent of direction. Finally, the hard part is stronger than 

the pith, the strength of which, however, is in the same range as that of wood perpendic-

ularly to the direction of the fibers. Accordingly, we may assume that soft and hard par-

ticles fracture differently at different external loads. We must also mention here that we 

tried testing corn cob specimens also by bending, but it turned out to be rather difficult 

since often radial cracks were initiated in the specimen. These cracks indicate that the 

failure of the particles must depend both on size and on the direction of the load, i.e. on 

particle orientation in our case. 

 

Table 6.2 Comparison of the strength of wood and various parts of corn cob in two 

directions. 

Component 
Strength (MPa) in direction 

Longitudinal Transverse 

Wood (pine) 81.6  17.7 3.8  0.8 

Corn cob, total cross-section 4.0  0.3 2.7  0.5 

Corn cob, ring 5.0  0.3 5.4  0.9 

Corn cob, hard 21.2  1.4 13.5  2.2 
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6.2.2 Micromechanical deformations 

 Local stress maxima initiate local deformation processes in heterogeneous pol-

ymer systems, some of which are accompanied by acoustic events. These can be regis-

tered and analyzed with acoustic emission measurements, as discussed in Section 

1.4.2.The result of such a measurement carried out on a PLA/corn cob composite is pre-

sented in Fig. 6.3. The composite contained 15 vol% of the heavy fraction. As before, 

each small circle represents an acoustic event, while the corresponding stress vs. strain 

trace is also shown as reference. Very similarly to the results presented in Fig 3.5, signif-

icant acoustic activity starts above a certain deformation and amplitudes cover a wide 

range. 
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Fig. 6.3  Evolution of acoustic signals during the tensile testing of a PLA/corn cob com-

posite (15 vol% heavy fraction); (o) individual acoustic signals,  stress 

vs. strain trace. 

 

 A closer scrutiny, however, also reveals that two groups of signals can be distin-

guished along the deformation axis indicating two consecutive deformation processes. 

The second process seems to start at around 0.9-1.0 % elongation. Further conclusion is 

difficult to deduce from individual signals, additional analysis is needed in order to extract 

more information from the results. The cumulative number of signals is plotted as a func-

tion of deformation in Fig. 6.4 together with the stress vs. strain trace. The two processes 

can be clearly distinguished in the trace. The first process appears as a step, while the 

second starts at around 1.0 % elongation as deduced from the evaluation of individual 

signals above. Based on the two figures one can conclude that the second process starts 
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at larger deformation thus at larger stresses. Also the amplitude of the signals seems to be 

somewhat larger in the second process indicating larger fracture energy. We may only 

speculate about the two processes at this point, they may belong to the fracture of the 

different fractions assuming that separation was not perfect, but a completely different 

process, like debonding may also take place during deformation. 
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Fig. 6.4 Cumulative number of signals vs. elongation trace of the composite of Fig. 6.3. 

The corresponding stress vs. strain trace is plotted as reference. Determination 

of characteristic stresses. 

 

 The cumulative number of signal vs. elongation correlations are compared in 

Fig. 6.5 for the four fibers studied. The traces are quite different from each other. Acoustic 

activity starts at relatively large elongation in the PLA/wood composite and at a much 

smaller one in the other three composites. We may assume that the light fraction does not 

contain considerable amount of hard particles thus its acoustic activity is related mainly 

to soft particles. The final section of the cumulative number of signal vs. elongation trace 

of the composite containing the hard particles and the trace obtained for the PLA/wood 

composite are quite similar. We showed earlier that traces of this shape indicate fiber 

fracture as the dominating deformation process. The first step detected in these compo-

sites is more similar to the traces recorded for the composite containing the light fraction. 

Accordingly we may assume at this stage that the two processes occurring in composites 

prepared with the heavy fraction are related to the hard and soft particles, respectively, 

i.e. separation was not complete during production. The trace recorded on composites 

prepared with the gsoft fiber resembles traces obtained with the soft fraction, but it starts 
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at larger elongation and the number of signals is smaller. We must consider here the fact 

that both debonding and particle fracture depends also on the size of the particles and the 

size of gsoft particles is significantly smaller than that of the rest. Accordingly we may 

assume that the same process takes place in composites containing the soft and gsoft par-

ticles, but particle size also plays a role. 
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Fig. 6.5 Comparison of the cumulative number of signal traces for all the PLA/ligno-

cellulosic fiber composites studied; 15 vol% fiber content. 

 

 Characteristic stresses (AE1 and AE2) calculated according to the method pre-

sented earlier (see Section 1.4.2 and Fig. 1.3 as well as Fig. 6.4) are plotted against fiber 

content in Fig. 6.6. It is quite obvious that two micromechanical processes take place 

during the deformation of the samples indeed and that they are initiated at significantly 

different stresses. One process dominates in PLA/wood composites and earlier studies 

indicated that this is related to the fracture of the fibers [1]. One process occurs also in 

composites containing the light fraction, but this starts at much smaller stresses, on the 

one hand, and it has not been identified yet, on the other. Both processes can be observed 

in the two other sets of composites. The second process can be detected only at small 

fiber contents (5 and 10 vol%) in the gsoft composites, while it occurs also at much larger 

fiber contents in the PLA/heavy fraction materials. Only one process could be identified 

in these latter at large fiber content (40-60 vol%) and based on earlier experience and on 

the shape of the cumulative number of signal vs. elongation traces we identified it as the 

second process, i.e. the one related to hard particles. However, the position of these points 

clearly indicates that identification was wrong and acoustic activity is dominated by soft 

particles in these composites. We can safely conclude that hard and soft particles behave 
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differently during deformation and that acoustic emission is a useful tool to detect the 

main processes occurring. Further information is needed, though, to identify the processes 

themselves, although we think that acoustic signals are emitted by the fracture of the par-

ticles, which occurs at different loads for hard and soft fibers. 
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Fig. 6.6 Composition dependence of the characteristic stresses derived from acoustic 

emission measurements; effect of fiber type. Symbols:  wood,  hard,  

soft,  gsoft; empty symbol AE1, full symbol AE2. 

 

6.2.3 Properties and reinforcement 

 If the characteristics of the fractions differ significantly and they initiate different 

micromechanical deformation processes, indeed, we expect that composite properties will 

be also quite dissimilar. The composition dependence of modulus is presented in Fig. 6.7. 

The difference in the stiffness of the four series is negligible, but this is not very surpris-

ing. Stiffness is determined at very small, practically zero deformation, and it depends 

mainly on the volume fraction of the reinforcement. Particle characteristics and interfacial 

adhesion influence it only very slightly, especially since all fibers have relatively small 

aspect ratio and the samples were prepared the same way, thus orientation, if any, is also 

the same. 
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Fig. 6.7 Mechanical properties, reinforcement: a) Stiffness of PLA/lignocellulosic fiber 

composites plotted against fiber content. Symbols:  wood,  hard,  soft, 

 gsoft. 
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Fig. 6.8 Effect of the type and amount of reinforcement on the tensile strength of 

PLA/lignocellulosic fiber composites. Symbols:  wood,  hard,  soft,  

gsoft, ------ theoretical minimum of strength (B = 0 in Eq. 1.2). 
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 Much larger differences are expected in composite strength that is plotted against 

fiber content in Fig. 6.8. Although the effect of the fibers differs somewhat indeed, the 

differences are smaller than expected and not very easy to explain. Tensile strength de-

creases with increasing fiber content in accordance with previous experience and pub-

lished papers. Weak interaction was deduced from this decrease in the literature, but in 

fact comparison to the theoretical minimum (see broken line [7]) indicates considerable 

reinforcement. Reinforcement is the results of relatively strong interaction. Three of the 

fibers (wood, heavy and gsoft fraction) have very similar effect on composite strength 

that is quite surprising since soft particle behavior dominated acoustic activity in the lat-

ter. This behavior contradicts previous experience showing close correlation between 

acoustic activity and tensile strength in various composites [2,5,8]. The composition de-

pendence of the tensile strength of the composites containing the light fraction is even 

more difficult to explain. At small fiber contents composite strength is below the theoret-

ical minimum calculated from the effective load-bearing cross-section of the matrix as-

suming zero interaction of the components. Such changes in composite properties can 

occur only if matrix properties are modified and/or the deformation mechanism changes. 

We have not found any effect of the fibers on matrix properties (crystallization, plastici-

zation) thus we must assume that in PLA/soft fraction composites failure mechanism is 

different at small filler loadings from that occurring in the rest of the materials including 

those prepared with the other three fibers. Even more surprising is the fact that at larger 

fiber contents composite strength runs parallel with the rest of the composites and does 

not decrease with the same rate as at small fiber loadings. 
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Fig. 6.9 Reduced tensile strength of PLA/lignocellulosic fiber composites plotted 

against fiber content according to Eq. 1.2. Symbols:  wood,  hard,  soft, 

 gsoft. 
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 The extent of reinforcement was estimated according to the method described in 

Section 1.4.2 (see Eqs. 1.1 and 1.2). The theoretical minimum of strength in Fig. 6.8 was 

calculated by assuming B = 0. The strength of the composites is plotted against filler 

content in the form indicated by Eq. 1.2 in Fig. 6.9. We obtain straight lines indeed three 

of which run very close together, as expected (compare to Fig. 6.8). Also the slope of the 

lines related to the extent of reinforcement is very similar in each case, which is more 

surprising. Even more unexpected is the fact that the line obtained for the PLA/light frac-

tion composites runs basically parallel to the other three indicating the same extent of 

reinforcement. The dissimilar intersection shows the modification of matrix properties 

and/or changing failure mechanism. Reinforcement, i.e. B parameters, is listed in Table 

6.3 for the four series of composites. The table confirms our qualitative evaluation show-

ing very similar reinforcements. Obviously, in spite of the different micromechanical de-

formation processes taking place consecutively and/or simultaneously in PLA/corn cob 

composites, reinforcement and composite properties are determined by the same factors 

in all composites irrespectively of the type of the fiber used. Further considerations are 

needed to reveal the reason for the observed behavior. 

 

Table 6.3 Reinforcing effect of the studied lignocellulosic fibers in PLA. 

Fiber 
Matrix strengtha 

(MPa) 
Parameter B R2b 

Wood 53.10 2.29 0.9968 

Hard 56.79 1.92 0.9933 

Soft 38.64 1.93 0.9823 

Gsoft 49.13 2.34 0.9972 

acalculated from the intersection of the lnred vs.  lines (measured value 57.9 MPa) 
bdetermination coefficient showing the goodness of the linear fit 

 

6.2.4 Discussion and practical consequences 

 Several of the results presented above apparently contradict each other and pre-

vious experience. Acoustic activity and characteristic stresses were shown to be related 

strongly earlier [1,5,6]. In this case, however, composite strength and especially rein-

forcement seem to be independent of acoustic activity or the characteristics of the fibers. 

Strengths, which are smaller than the theoretical value, also need explanation, especially 

since reinforcement is the same in PLA/light fraction composites as in the others. We 

hoped that microscopy might offer additional evidence for the dominating deformation 

and failure mechanism and resolve these contradictions. 

 A SEM micrograph taken from the fracture surface of a PLA/hard fraction com-

posite created during tensile testing is shown in Fig. 6.10a. We can see the fracture of a 

corn cob particle, but also some debonding. Particle fracture dominates in the micro-

graphs taken from most composites including those prepared with the ground soft filler 
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(Fig. 6.10b). Fiber fracture is sometimes accompanied by debonding, fiber pull-out or the 

local yielding of the matrix. The domination of fiber fracture both in PLA/wood and 

PLA/corn cob composites is confirmed also by polarization optical microscopy (Fig. 

6.10c and d). The micrographs taken from thin, fractured films clearly show that cracks 

pass through both wood (Fig. 6.10c) and corn cob (Fig. 6.10d) particles. In view of these 

results it is rather surprising that reinforcement is completely independent of the type of 

fiber used, since both direct measurements (see Table 6.2) and acoustic activity (Fig. 6.5) 

shows that soft particles break at much smaller stresses than hard ones. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 6.10 Microscopy: a-b) SEM micrographs taken from the fracture surface of 

PLA/lignocellulosic fiber composites at 20 vol% fiber content. Fracture sur-

face was created by failure in the tensile test. a) hard, b) ground soft particles. 

c-d) Fiber fracture in PLA model composites, POM micrographs. c) wood, d) 

light fraction. The composites contained 5 vol% fiber. 

 

 The contradiction can be resolved if we consider the results presented in Fig. 

6.11. The tensile strength of the composites is plotted against characteristic stresses de-

rived from acoustic emission measurements in the figure. A very close correlation exists 

between the characteristic stress of the second process, i.e. the fracture of hard particles, 

but practically none between strength and AE1. This clearly proves that the fracture of 

soft particles yields acoustic signals, but does not result in the fracture of the composite, 

F F F F 
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while the fracture of hard particles leads to the failure of the composite. Obviously large, 

soft particles can break without initiating catastrophic failure in the PLA composite. 
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Fig. 6.11 Correlation between the characteristic stresses of the two micromechanical 

deformation processes detected by acoustic emission and the ultimate tensile 

strength of the composites. Symbols:  wood,  hard,  soft,  gsoft; empty 

symbol AE1, full symbol AE2. 

 

Fig. 6.12 Debonding of a very large soft particle and the catastrophic failure of the com-

posite. The SEM micrograph was taken from fracture surface created in tensile 

testing. Fiber content: 20 vol%. 
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 The final question needing explanation is the small strength of PLA/light frac-

tion composites and their relatively large reinforcing effect. Strengths, which are smaller 

than the theoretical value, can be explained with the large size of some of the soft parti-

cles. This is demonstrated amply by the SEM micrograph presented in Fig. 6.12. A very 

large particle occupying approximately half of the cross-section of the sample and ori-

ented perpendicularly to the direction of the load initiated fracture at very small load. 

Apparently the particle debonded from the matrix on its entire surface leading to imme-

diate failure. The presence of such particles explains the small strength, but not the ab-

sence of this phenomenon at larger fiber contents and the strong reinforcement. We must 

consider here the small strength of soft particles. The viscosity of the melt increases with 

increasing fiber content quite considerably. This results in relatively large shear stresses 

developing in the melt during homogenization and larger load on the particles. We tried 

to model this by calculating the work used for the homogenization of the composites 

during mixing; the obtained values are plotted against fiber content in Fig. 6.13. Above a 

certain load the fibers fracture and fiber attrition results in changing actual particle size 

distribution (see also Fig. 6.10b), larger strength and reinforcement. Accordingly, fiber 

characteristics, interfacial adhesion, aspect ratio and orientation must be very similar in 

all composites thus explaining the similarity in the extent of reinforcement. 
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Fig. 6.13 Composition dependence of relative (related to neat PLA) work of compound-

ing put into the homogenization of the composites. Three parallel series pre-

pared with light particles. 
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6.3 Conclusions 

 Corn cob is used as reinforcement in industrial practice. Its structure is complex 

and its constituents have dissimilar properties. The different strength of the components 

was proved by direct measurements and also by the acoustic activity of the PLA compo-

sites prepared from the different fractions. Two consecutive micromechanical defor-

mation processes were detected in composites containing the heavy fraction of corn cob 

which were assigned to the fracture of soft and hard particles. The occurrence of the two 

processes indicates that the separation of the components is not perfect in the industrial 

technology used. The fracture of soft particles does not result in the failure of the compo-

sites that is initiated either by the fracture of hard particles or by matrix cracking. Very 

large particles debond easily from the matrix resulting in catastrophic failure at very low 

stresses. At sufficiently large shear stresses large soft particles break easily during com-

pounding thus, as a consequence of fiber attrition, reinforcement depending on interfacial 

adhesion was practically the same in all composites irrespectively of initial fiber charac-

teristics.  
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Chapter 7 

 

Factors determining the performance of thermoplastic  

polymer/wood composites; the limiting role  

of fiber fracture5 
 

7.1 Introduction 

 Wood/plastic composites (WPCs) are often used in structural applications. The 

ultimate goal of reinforcement is to improve or at least preserve strength at the largest 

value possible. The dominating deformation mechanism determines the composition de-

pendence of most properties and the final performance of the composite. Accordingly, 

the identification and control of these processes would allow finding ways to improve 

properties and/or to adjust them to the intended application. In some earlier works micro-

mechanical processes and performance of WPCs prepared with a particular matrix, either 

various PP polymers [1,2] or PLA [3,4], were studied in our group and the results showed 

that changes in tensile strength as a function of composition depended very much on the 

specific system studied, e.g. strengths from 7 to 38 MPa were measured in PP composites 

and close to 50 in PLA at 40-50 vol% fiber content. The decrease or increase of strength 

could be related to the dominating micromechanical deformation process, but the mech-

anism itself did not determine the direction of property change. In several cases, usually 

when the adhesion between the phases was strong, the dominating mechanism proved to 

be the fracture of wood particles [1,2,4,5]. This assumption was supported mainly by 

SEM micrographs recorded on fracture surfaces created in tensile testing, but such evi-

dence is not sufficiently conclusive. The goal of the study presented in Chapter 7 is to 

analyze the micromechanical deformation processes in WPCs prepared with diverse ma-

trices, check the assumption that the wood fractures during deformation and that its in-

herent strength influences the strength and performance of the composites. An attempt 

was also made to identify other factors, if there are any, which might influence composite 

strength. 

 

7.2 Results and discussion 

 Although the actual deformation mechanism depends very much on component 

properties, composites with various matrices are not discussed individually, but they are 

compared to each other instead to look for general conclusions. However, first two issues 

have to be addressed, which are very important for the evaluation of our results: wood 

properties and composite structure. Subsequently, the main micromechanical deformation 

processes and ways of their identification are presented and then the importance of the 

inherent strength of wood particles in the determination of composite performance is em-

phasized. Consequences for practice are briefly pointed out in the final section of the 

chapter. 

                                                 
5 Faludi G, Link Z, Renner K, Móczó J, Pukánszky B. Mater Des 2014;61:203-210. 
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7.2.1 Structure 

 Two structural phenomena must certainly be considered in composites contain-

ing short fibers or anisotropic particles: aggregation and orientation. The occurrence and 

extent of aggregation depends on the relative magnitude of adhesion and shear forces 

acting in the melt during homogenization, i.e. on the forces attracting and separating the 

particles, respectively. Very limited aggregation is expected in thermoplastics containing 

lignocellulosic fibers, and especially wood flour. The adhesion forces among the particles 

are weak because of the small surface energy of wood being in the range of 40-50 mJ/m2. 

The adhesion of particles depends also on their size, which is quite large, at least 100 m 

for fillers used in industrial practice as shown in Chapter 3. Considerable aggregation is 

observed at a size of around 2-3 m for spherical inorganic particles with much larger 

surface energy. At large wood content, the association of particles, and especially for 

those with larger anisotropy, was shown to occur in wood reinforced composites purely 

from geometric reasons [3] (also see Chapter 5). However, the forces within the aggre-

gates are quite weak and break very easily. 

 Anisotropic particles always orientate during the processing of composites and 

the extent of orientation strongly influences composite properties. Very strong orientation 

and a wide orientation distribution with a core-shell structure develop in injection molded 

specimens. However, our composites were homogenized in an internal mixer and then 

compression molded to 1 mm thick plates. In this case a core-shell structure does not 

form, but the fibers tend to align parallel with the plane of the plate. On the other hand, 

random orientation is expected to develop within this plane as shown also by our optical 

microscopic study (see later). As a consequence, orientation and orientation distribution 

are the same in all samples, since they were prepared under identical conditions. As men-

tioned in the introduction of this section, the results are used for comparative analysis and 

are not generalized for other processing methods or conditions. 

 

7.2.2 Wood properties 

 The general idea of fiber reinforced polymers is that the strong fibers carry the 

load and the matrix transfers it from one fiber to the other. The idea works quite well if 

the fibers are oriented in the direction of the load, they are sufficiently long and the adhe-

sion between the components is strong. In wood reinforced polymers the principle has 

some limitations. The adhesion between the matrix and the polymer is often not too strong 

and the fibers are quite short. A further problem is that the strength of wood is consider-

ably different along the direction of the elementary fibers and perpendicularly to that. 

This statement is amply demonstrated by the data collected in Table 7.1. Tensile speci-

mens were machined from plaques of different wood species and tested in two perpen-

dicular directions. According to the table strength depends very much on the type of 

wood, but even more on orientation. Tensile strength is in the range of 100 MPa in the 

length direction and around 10 MPa or less perpendicularly. Additionally, the strength of 

the same species changes with weather conditions, time of cutting, geographical location, 

etc. thus the determination of the inherent strength of wood is difficult even when speci-

mens can be prepared from it. However, the results presented in Table 7.1 clearly show 
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that wood particles will break mostly parallel to their axis in composites, if they break at 

all. 

 

Table 7.1 Tensile strength of wood specimens in directions relative to the orientation 

of the cellulose fibers. 

Wood 
Tensile strength (MPa) 

parallel perpendicular 

spruce 81.6  17.7 3.8  0.8 

oak 105.9  13.4 13.4  0.6 

ash 159.9  27.7 12.7  1.1 

 

 The situation is even more difficult in the case of wood flour used as reinforce-

ment in thermoplastic composites. The source or the species is rarely known, the producer 

usually makes only a distinction between hard and soft wood; mostly the latter is used in 

plastics. A further problem is created by the small size of the particles, the direct deter-

mination of their inherent strength is practically impossible with simple methods. The 

process of failure must be also considered here. Fracture is initiated at weak sites or flaws 

and the number of these changes with size. The number of weak sites and the probability 

of failure is larger in large than in small particles. Accordingly, the inherent strength of 

wood particles used as fillers depends also on their particle size distribution. The aspect 

ratio and the orientation of the fibers also influence the strength of the wood as discussed 

above, and various deformation and failure processes occur in wood reinforced compo-

sites, which complicate the determination of any correlation between fiber and composite 

strength. As a consequence, a strength value, which is representative for the wood flour 

used as reinforcement cannot be obtained by direct measurement, indirect methods must 

be used for this purpose. One of the goals of this project was to develop a method and 

determine representative strength values for wood fibers used as reinforcements in indus-

trial practice under the given processing conditions. 

 

7.2.3 Deformation mechanisms 

 The composition dependence of tensile strength is plotted against wood content 

in Fig. 7.1 for PP composites prepared with and without a maleic anhydride grafted pol-

ypropylene (MAPP) coupling agent. At poor adhesion, i.e. in the absence of the coupling 

agent (Fa ~70 mJ/m2 [6]), strength mainly decreases with increasing wood content, while 

improved adhesion (Fa ~ 580 mJ/m2 [6], see also Chapter 6) results in a considerable 

increase in strength. Four fibers were used in this series of experiments (W35, W68, 

W126, CC23 – see Chapter 3 for particle characteristics) and the figure clearly shows 

that particle characteristics influence strength, and differently at good and poor adhesion. 

However, the effect of adhesion is much more significant than that of particle character-

istics in this particular set of experiments. Based on the differences in the composition 
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dependence of strength observed in Fig. 1, one may speculate that dissimilar microme-

chanical deformation processes may take place during deformation at poor and good ad-

hesion, but the results do not offer much indication about the processes themselves. On 

the other hand, acoustic emission testing and characteristic quantities derived from the 

results were shown to offer valuable information about these processes [1,2,7-10], as dis-

cussed in earlier chapters, and particularly in Section 1.4.2. 
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Fig. 7.1 Effect of wood content, fiber characteristics and adhesion on the tensile 

strength of hPP/wood composites. Symbols: ,  CC23, ,  W35, ,  

W68, ,  W126; full symbols: without coupling (poor adhesion), empty sym-

bols: with MAPP (good adhesion). 

 

 The result of such a test is presented in Fig. 7.2. The material was a PLA/CaSO4 

model composite, in which only a single micromechanical deformation, debonding occurs 

[11]. Individual acoustic events are indicated by small circles in the figure. The scrutiny 

of the figure shows that signals start to appear above a critical deformation (AE) and stress 

(AE) value, which may offer further information on the dominating deformation process 

[1,2,12]. They are also grouped closely together in the center of the available deformation 

range. Unfortunately, it is difficult to derive further information from the distribution of 

individual signals, thus the cumulative number of signals are also plotted in the figure, 

and the corresponding stress vs. strain trace is also included for reference, as usual. The 

cumulative number of signal trace is an S shaped correlation in this case approaching a 

saturation value in the final range of deformation. Such traces were assigned to debonding 

previously and this agrees well with the fact that the only particle related deformation 

process is debonding in the model composite presented [13]. 
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Fig. 7.2 Results of the acoustic emission testing of a PLA/CaSO4 model composite con-

taining 15 vol% filler. Small circles indicate individual signals; the S shape 

curve is the cumulative No. of signal trace. The stress vs. strain correlation is 

added for reference. 

 

 Cumulative number of signal traces may also take other shapes than the one 

shown in Fig. 7.2. Three typical correlations are presented in Fig. 7.3 for a PLA and for 

two PP composites. The correlation obtained for the hPP/CC23 composite is very similar 

to that presented above (see Fig. 7.2). The adhesion between PP and wood is rather weak 

because of the small surface energy of the two components [14]. The large particle size 

of corn cob facilitates debonding even more thus it is assumed to be the dominating mi-

cromechanical deformation process in this composite. The other two traces are more or 

less similar to each other. The increase in adhesion by the use of a coupling agent resulted 

in considerable initiation deformation (AE) and a continuously increasing trace for the 

hPP/CC23/MAPP composite. The mechanism of deformation seems to change as a result 

of improved adhesion in this case too. The cumulative number of signal trace increases 

very steeply for the PLA composite and the number of signals is very large. Steeply in-

creasing traces were assigned to the fracture of wood particles, both in PP [1,2,12] and 

PLA [3,4] composites. The strength of wood is quite small perpendicularly to the fiber 

axis (see Table 7.1) and the particles may break quite easily, if their orientation allows it. 
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Fig. 7.3 Comparison of the cumulative No. of signal traces of three typical polymer/lig-

nocelluslosic fiber composites. Fiber: 20 vol% CC; ——— hPP, ----- 

hPP+MAPP, ∙∙∙∙∙∙∙ PLA. 

 

 

Fig. 7.4 Fracture of the fiber in a PLA/wood (5 vol% W54) model composite film. Po-

larization optical micrograph. 
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 The assumption on fiber fracture is strongly corroborated by Fig. 7.4 showing 

the polarization optical micrograph taken from a PLA/wood composite film. PLA films 

containing 5 vol% wood were broken in a tensile testing machine and then studied by 

POM. The micrograph demonstrates quite well that wood particles fractured along their 

axis and this fracture led to the failure of the film. Similar micrographs were recorded on 

composites prepared with other reinforcements like W68 and CC23. Depending on the 

studied system several local mechanisms were identified also by SEM. In accordance 

with earlier conclusions mainly debonding takes place in hPP/wood composites (Fig. 

7.5a), while fiber fracture dominates in PLA based materials (Fig. 7.5b). Obviously, sev-

eral micromechanical deformations may take place in thermoplastic/wood composites, 

which can be identified with a large probability by acoustic emission measurements sup-

ported by microscopy and the analysis of characteristic stresses supplies even more infor-

mation about these processes. 

 

 
a) 

 
b) 

Fig. 7.5 Micromechanical deformation processes in polymer/wood composites; a) ex-

tensive debonding and plastic deformation of the matrix in hPP/wood (20 vol% 

W126), b) fiber fracture in PLA/wood (20 vol% W68) composites, respectively. 

 

7.2.4 Composite strength 

 The stress characterizing the initiation of the main deformation process (AE) is 

plotted against wood content for several composites containing the corn cob filler (CC23) 

in Fig. 7.6. Values obtained for PP composites prepared both with or without a coupling 

agent are presented in the figure. Without coupling (full symbols) the dominating process 

is initiated at very small stresses and initiation stress depends only slightly on the type of 

the matrix used. Significantly different correlations are obtained at good adhesion (empty 

symbols). Characteristic stress increases for PP and decreases somewhat for PLA with 

increasing fiber content and what is most surprising, the correlations converge on the 

same final value at wood volume fraction of 1 (w = 1), i.e. for neat wood, independently 

of the matrix. This value is 29.2 MPa with 1.4 MPa standard deviation for the CC23 

filler. Exponential correlations were fitted to the experimental points to obtain the lines 

plotted in Fig. 7.6 and the value mentioned above. This value must be the inherent 
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strength of this particular wood fiber under the present conditions and it represents the 

upper limit of strength which can be achieved with these composites. 
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Fig. 7.6 Composition dependence of the characteristic stress determined by acoustic 

emission for composites prepared with the CC23 fiber. Extrapolation to w = 

1. Full symbols indicate PP composites with poor adhesion (no MAPP). 

 

 Inherent strength values and confidence intervals at the 5 % level were calculated 

for the different fillers and matrices to check the reliability of our predictions. Addition-

ally, the different sets of data were compared by the Mann-Whitney U test to verify the 

null hypothesis that the various populations of the results are different or identical. The 

p-value of the statistical test proved to be larger than 0.05 in all cases, which is insufficient 

to reject the null hypothesis that the inherent strength of the wood is the same in the 

different matrices at the significance level of 5 %. Accordingly, statistical analysis proved 

that composite strength is determined by the inherent strength of the fibers indeed and the 

reliability of the fitting procedure is further corroborated by the small standard deviation 

of the obtained values, which is quite surprising since extrapolation was done to a distant 

value. 

 The procedure was repeated also for the other fibers. The corresponding corre-

lation is presented in Fig. 7.7 for composites containing one of the wood fibers (W68). 

The figure is very similar to the previous one (Fig. 7.6) with the exception that the value 

extrapolated to wood volume fraction of 1, is somewhat larger, 33.51.1 MPa indicating 

a larger inherent strength for this lignocellulosic filler. Considering the structure of corn 
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cob and also the fact that the separation of heavy and light fractions is never perfect, this 

difference and the value is reasonable. 
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Fig. 7.7 Effect of wood content on AE for composites containing W68. Extrapolation 

to 100 % wood content. 

 

 A slightly different picture is obtained when the same plot is created for the 

composites prepared with the W35 fiber (Fig. 7.8). The particle size of this fiber is con-

siderably smaller than those of the other two discussed previously (CC23 and W68) and 

its aspect ratio is also quite small. The correlations presented in Fig. 7.8 indicate two 

different mechanisms depending on the matrix polymer used. The fracture of the particles 

may occur in hPP/MAPP and PLA composites, the correlations of which converge on 

each other reaching the strength value of 38.91.8 MPa at w = 1. The smaller particle 

size of this wood fully justifies this large value (see also discussion in Section 7.2.2). The 

extrapolated strength of the rPP composites, however, assumes a different, smaller value 

than the one obtained for the other two series. Obviously, some other factor and not the 

inherent strength of the particles determines composite strength here; because of the small 

size, larger strength and small aspect ratio of the fiber, neither debonding nor particle 

fracture can take place in these composites, but shear yielding dominates because of the 

small modulus and yield stress of the matrix. 
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Fig. 7.8 Dependence of initiation stress on wood content and the type of matrix for 

composites prepared with the W35 fiber. Extrapolation to w = 1. Change of 

deformation mechanism in  rPP composites. 

 

 Similarly complicated are the correlations presented in Fig. 7.9 for composites 

containing the relatively long thin fibers of W126. Characteristic stress increases and the 

same approach of extrapolation can be used at small fiber content, but points measured at 

larger fiber loadings deviate strongly from the predicted tendency. All deviations are neg-

ative, i.e. micromechanical deformations are initiated at smaller stress than expected. A 

detailed study of the phenomenon proved that these fibers associate and form a network 

above a critical fiber content [3]. The network is relatively weak and fails at small stresses 

thus initiating cracks in the matrix, which results in the small AE values. Characteristic 

stress obtained by extrapolation, however, is larger here than for the other three fillers 

(56.10.5 MPa). Since the diameter of the fiber is approximately the same as that of the 

small filler (W35), it cannot fail with the same mechanism, i.e. fracture in the axis direc-

tion. Both the larger AE value and SEM micrographs indicate that fibers break perpen-

dicularly to their axis in these composites, a conclusion supported also by Fig. 7.10. Alt-

hough the debonding of a fiber can also be seen in the middle of the micrograph, at least 

three or four fibers broken perpendicularly are located at the top of the micrograph (indi-

cated by circles). 
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Fig. 7.9 Effect of wood content and matrix type on the characteristic stress of the dom-

inating micromechanical deformation process for composites containing 

W126. Extrapolation and additional mechanism related to the failure of the 

fiber network. 

 

Fig. 7.10 SEM micrograph recorded on the fracture surface of a PLA/wood (20 vol% 

W126) composite. Fracture of the fibers perpendicularly to their axis. 
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7.2.5 Discussion, consequences 

 Acoustic emission testing and the analysis of the results obtained on a variety of 

polymer/wood composites indicate that if adhesion between the matrix and the wood fi-

bers is good, the dominating micromechanical deformation process, which initiates the 

failure of the composites, is fiber fracture. However, fibers may fracture parallel or per-

pendicular to their axis and the stress necessary for fracture depends also on their diame-

ter. This latter statement is confirmed by Fig. 7.11, in which predicted fiber strength is 

plotted against the diameter of the fibers. A reasonably close linear correlation is obtained 

for all fibers tested except one, the thin long fiber with the aspect ratio of 12.6. This latter 

fails at considerably larger stress than the others, because it breaks perpendicularly to its 

axis, while the others split in axis direction. One may also speculate that the particles of 

this wood consist of only one or two elementary fibers, since their diameter is 21.8 m in 

the average, while the thickness of elementary fibers is around 15 m. The particles of 

the other wood fibers are considerably thicker. Fracturing lignin between the fibers should 

require less stress than fracturing cellulose fibrils. The figure confirms also our original 

assumption that fiber strength depends on particle size; larger particles fail at smaller 

stress. Fiber failure occurs between 31 and 40 MPa for parallel, while at around 56 MPa 

for perpendicular fracture. 
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Fig. 7.11 Effect of fiber diameter on the inherent strength of wood in polymer/wood com-

posites. 
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 One may question the importance of inherent fiber strength in composite perfor-

mance. The tensile strength of the composites is plotted against the initiation stress (AE) 

of the dominating micromechanical deformation process in Fig. 7.12. The very close cor-

relation and the similar values for strength and AE indicate that local deformations initi-

ated in or around wood particles result in the almost immediate failure of the composite. 

This proves that the inherent strength of the fiber determines maximum composite 

strength which can be achieved with the given combination of a fiber and a matrix. The 

statement is strongly supported by the points located around the upper end of the correla-

tion, which belong to the long thin fibers. Composite strength can be increased only by 

increasing inherent fiber strength, which may be achieved by the proper selection of fiber 

characteristics (diameter, aspect ratio), chemical treatment or processing conditions, i.e. 

the alignment of the fibers. 
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Fig. 7.12 Close correlation between the initiation stress of the dominating deformation 

process and the strength of the composite. Symbols: PLA: , rPP: 

, hPP: , CC23: , W35: , W54 , W68 

, W125: . 

 

7.3 Conclusions 

 Acoustic emission measurements and the analysis of the results obtained on a 

considerable number of thermoplastic polymer/wood composites prepared with various 

matrices and fibers proved that micromechanical deformation processes initiated by the 

fibers determine the performance of the composites. Debonding usually leads to the de-

crease of composite strength, but decreasing strength is not always associated with poor 

adhesion and debonding. The direction of property change with increasing wood content 
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depends on component properties and interfacial adhesion. Good interfacial adhesion of 

the components often results in the fracture of the fibers in polymer/lignocellulosic fiber 

composites. Depending on their size and aspect ratio fibers may fracture parallel or per-

pendicular to their axis. At good adhesion, the maximum strength achieved for a particu-

lar polymer/wood pair depends on the inherent strength of the fibers, which is larger for 

perpendicular than parallel fracture. Inherent fiber strength effective in a composite de-

pends also on particle size, larger particles fail at smaller stress, because of the larger 

number of possible flaws in them. A very close correlation exists between the initiation 

stress of the dominating local deformation process and composite strength proving that 

these processes lead to the failure of the composite and determine its performance. 
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Chapter 8 

 

PLA/wood biocomposites: improving composite strength 

by chemical treatment of the fibers6 
 

8.1 Introduction 

 As we discussed in Chapter 3, the adhesion between wood and poly(lactic acid) 

is rather strong, and PLA/wood composites usually fail by the fracture of large wood 

particles that leads to crack initiation and catastrophic failure [1]. The attempt to improve 

interfacial interaction by coupling (Chapter 4) proved to be successful. However, the 

improvement achieved was small, since it prevented only the debonding of a few very 

large wood particles, but not the fracture of the others. Since the failure of the composites 

is caused mainly by the fracture of the fibers and their inherent strength seems to be the 

limiting factor in increasing composite strength (see Chapter 7), a new strategy was nec-

essary to improve composite properties. The elementary fibers in wood are attached to 

each other by lignin acting as an adhesive. Attempts were made to improve the properties 

of PP/wood composites by the addition of lignin [2-5]. Although the results were not very 

convincing, the general idea may hold and the inherent strength of wood might be im-

proved by chemical treatment. As a consequence, the general idea and goal of this project 

was to impregnate wood with a phenolic resin to increase the strength of the wood parti-

cles (EFC 1000, W68) and thus composite strength. An additional benefit could be de-

creased water absorption, since extensive water uptake may limit application in certain 

areas. 

 

8.2 Results and discussion 

 The results are reported in three sections. First we discuss the diffusion experi-

ments which formed the basis for the preparation of impregnated wood. Composite prop-

erties are described next, followed by the interpretation of the results. Consequences for 

practice will be mentioned briefly in this section. 

 

8.2.1 Impregnation 

 Before the preparation of impregnated wood we had to check if the resin pene-

trates the particles as assumed. We designed model experiments and impregnated wood 

blocks prepared for the purpose. Slices were cut at increasing intervals from the blocks 

and studied by microscopy. The penetration of the resin into the wood specimen is demon-

strated by a series of micrographs in Fig. 8.1. The propagation of the front could be fol-

lowed with acceptable accuracy. Fig. 8.2 presents some of the results of the impregnation 

model experiments. The rate of penetration increased with the concentration of the solu-

tion and diffusion path approached saturation indicating Fickian diffusion. 

 

                                                 
6 Csizmadia R, Faludi G, Renner K, Móczó J, Pukánszky B. Composites Part A 2013;53:46-53. 
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a) 

 
b) 

 
c) 

 
d) 

Fig. 8.1 Penetration of a phenolic resin solution of 50 wt% solid content into a model 

wood block at 25 °C; a) 40 min, b) 60 min, c) 2 h, d) 4 h. 
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Fig. 8.2 Time and concentration dependence of the diffusion path of phenolic resin so-

lutions into a wood block at 25 °C. Symbols:  10,  20,  30 and  50 

wt% solid content. 
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 Diffusion coefficient could be determined from the absorption isotherms by fit-

ting Eq. 8.1 to the experimental points 

(8.1) 

where L is the depth of penetration, D is diffusion coefficient and t the time of diffusion. 

The validity of the approach was checked by plotting the depth of penetration against the 

time of diffusion. Two correlations obtained at 50 wt% resin concentration are presented 

in Fig. 8.3 for two temperatures, 25 and 40 °C. In spite of some deviations, the correla-

tions are straight lines indeed, as predicted by Eq. 8.1 and the rate of diffusion increased 

with temperature as expected. Diffusion rates derived from the results were used to cal-

culate the time of impregnation for the wood fibers used in the composites. 

 As mentioned in the experimental part, wood flour was impregnated with resin 

solutions of different concentrations for further experiments. Wood particles treated with 

10 wt% resin solution stuck together and formed large lumps, which were quite difficult 

to separate, thus this wood could not be used for composite preparation (Fig. 8.4). As a 

consequence, in further experiments we used wood flour treated with 1, 3 and 5 wt% resin 

solutions. 
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Fig. 8.3 Time dependence of the depth of penetration for a phenolic resin solution of 

50 wt% solid content plotted according to Eq. 1. Symbols:  25,  40 °C. 
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Fig. 8.4 Wood particles (EFC 1000, W68) impregnated with phenolic resin solutions 

of different solid content; concentration is 0.5, 1, 3, 5, and 10 wt%, respec-

tively, and increases from left to right. 
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Fig. 8.5 Time dependence of the extraction of phenolic resin from impregnated wood 

particles (EFC 1000, W68). Removal of resin from the surface and the bulk. 

Symbols:  1,  5 wt% resin solution used for impregnation. 

 

 Finally, before composite preparation we also checked the location of the resin. 

Since we prepared the impregnated wood by evaporating ethanol and water from the 

slurry, the resin could have been inside the wood particles but also only on their surface. 
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The location of the resin was checked by dissolution experiments. The results are pre-

sented in Fig. 8.5, in which the extracted amount of resin is plotted against the time of 

dissolution for samples impregnated with different amounts of resin. Extracted amounts 

are related to the total amount of resin used for treatment. Dissolution is very fast initially, 

and then slows down. We assume that resin covering the surface of the particles dissolves 

first, followed by slow diffusion at longer times. A considerable amount of resin is located 

on the surface of the particles and this amount is very large for the sample treated with a 

solution of 5 wt% resin. 

 

8.2.2 Composites 

 Stiffness increases quite steeply and approaches 8 GPa at the largest wood con-

tent (Fig. 8.6). The effect of resin treatment is small, practically negligible at small wood 

content, but the results clearly show that it is beneficial. The modulus of composites pre-

pared with the impregnated particles is always larger than that of materials containing the 

neat wood. This is slightly surprising, since modulus is determined at very small defor-

mations and interfacial adhesion or small changes in the inherent properties of the wood 

are not expected to influence it significantly. However, the use of stiffer particles, due to 

resin penetration, for reinforcement should result in composites with larger modulus. 
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Fig. 8.6 Effect of wood content and resin treatment on the stiffness of PLA/wood (EFC 

1000, W68) composites. Symbols:  neat,  1,  3,  5 wt% resin solution. 

 

 The effect of impregnation on composite strength is much more drastic than on 

modulus (Fig. 8.7). The strength of the composite prepared with the neat fiber decreases 
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continuously, but not very steeply. This composition dependence indicates the absence of 

structural effects and is in accordance with earlier conclusions about reasonably strong 

interfacial adhesion between the components [1]. Treatment with 1 wt% resin solution 

increases the strength of the composites and changes the slope of the strength vs. wood 

content correlation. Larger composite strength may result from improved adhesion and/or 

increased inherent strength of the wood, as was our original assumption. At larger resin 

contents, however, strength decreases significantly and the effect is especially pro-

nounced for the treatment with 5 wt% resin solution. Based on the composition depend-

ence of composite strength, we can only speculate about the reason for the drastic de-

crease of strength and definitely further evaluation and results are needed to explain it 

reasonably. Possible reasons could be changing structure or deformation mechanism or 

both. 
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Fig. 8.7 Dependence of the tensile strength of PLA/wood (EFC 1000, W68) composites 

on wood content and on the concentration of the resin solution used for im-

pregnation. Symbols are the same as in Fig. 8.6. 

 

 If we plot reduced strength as a function of fiber content according to Eq. 1.2 

(see Section 1.4.1), we must obtain a straight line, the slope of which is parameter B. The 

strength of the four series of composites is plotted in this manner in Fig. 8.8. We obtain 

straight lines for the neat fiber and the one treated with 1 wt% resin solution, but the other 

two series offer a completely different picture. Although the strength of the composites 

containing the fibers impregnated with 3 wt% solution also fall on a straight line at small 

fiber content, it deviates from this line at large wood loadings; in fact the points are scat-

tered all over the plot. No correlation whatsoever can be established for the last series, for 
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composites which contain the wood treated with 5 wt% resin solution. Any deviation 

from the linear correlation indicates structural effects, usually aggregation, or changing 

deformation mechanism. Although we do not have any reason to suspect that the disper-

sion of wood will be different for the neat and the treated fibers, particles may touch each 

other for purely geometrical reasons [6,7]. As a consequence, decreased strength may 

result from this effect, or treatment modifies deformation and failure mechanism. 
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Fig. 8.8 Reduced tensile strength of PLA/wood (EFC 1000, W68) composites plotted 

against filler content in the representation of Eq. 1.2. Deviation from linearity 

indicates structural effects or change of deformation mechanism. Symbols are 

the same as in Fig. 8.6. 

 

 The result of an acoustic emission experiment carried out on the composite con-

taining 15 vol% of the fiber treated with 1 wt% resin solution is presented in Fig. 8.9 to 

obtain information about local deformation processes. The small circles indicate individ-

ual events, and the stress vs. strain trace is also plotted as reference. It is obvious that 

considerable acoustic activity starts only above a certain deformation and lasts until the 

end of the measurement, up to failure. Further conclusions are difficult to draw from the 

individual signals, but the cumulative number of signal trace offers additional infor-

mation. The shape of the trace was shown to be related to the mechanism of deformation. 

As discussed before, an S shaped saturation curve was assigned to debonding [7,8], while 

exponentially increasing traces like the one shown in Fig. 8.9 usually indicate fiber frac-

ture as the dominating process [6,7].  
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Fig. 8.9 Acoustic emission testing of a PLA/wood (EFC 1000, W68) composite contain-

ing 15 vol% wood treated with 1 wt% solution of the phenolic resin used. The 

circles indicate individual signals. The stress vs. strain and the cumulative No. 

of signal traces are also included. 
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Fig. 8.10 Effect of resin content on the acoustic activity of a PLA/wood (EFC 1000, W68) 

composite containing 15 vol% wood treated with a resin solution of 5 wt%. 

Compare results to Fig. 8.9.  
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Acoustic emission testing of the composite containing the same amount of fiber, 

but impregnated with 5 wt% resin solution yield a completely different result (Fig. 8.10). 

Ultimate deformation is very small as well as the number of individual signals. These 

latter are scattered all over the plot, but most of them evolve during the fracture of the 

specimen. Obviously, the failure of the composite occurs by a different process than in 

the previous case, at treatment with a solution of 1 wt% resin. This mechanism is initiated 

at a much smaller load than the other and is not accompanied by acoustic emission signals.  
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Fig. 8.11 Effect of wood content on the initiation stress of the dominating micromechan-

ical deformation process in PLA/wood (EFC 1000, W68) composites. Effect of 

the concentration of the resin solution used for treatment. Symbols are the 

same as in Fig. 8.6. 

 

 The cumulative number of signal traces allow the determination of a character-

istic deformation (AE) and stress (AE) value as shown in Fig. 8.9 (see also Fig. 1.3 in 

Section 1.4.2). The initiation stress of the dominating micromechanical deformation pro-

cess is plotted against fiber content in Fig. 8.11. Changing mechanism and small initiation 

stress are clearly demonstrated by the figure. However, we still cannot identify the new 

mechanism resulting from the impregnation of wood with excess resin. 

 

8.2.3 Discussion, consequences 

 Previous studies proved that the strength of the composite is determined by mi-

cromechanical deformations both in PP and PLA composites. Fiber fracture was identi-

fied as the dominating mechanism in the latter. Increasing fiber strength was assumed to 
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lead to stronger composites and the assumption proved to be true for composites contain-

ing the fibers treated with 1 wt% resin soltution. Based on the preliminary impregnation 

study we can state with fairly good certainty that the resin penetrates the wood particles 

and changes their properties. Increased composite strength must result from this change, 

but the modification of interfacial interactions cannot be excluded either. However, the 

large decrease in initiation and composite strength at large resin and wood content cannot 

be explained in this way. 

 

 
a) 

 
b) 

Fig. 8.12 SEM micrographs taken from wood (EFC 1000, W68) impregnated with phe-

nolic resin. a) 1 wt%, b) 5 wt% resin solution. 

 

 SEM micrographs recorded on impregnated wood particles are presented in Fig. 

8.12. The wood treated with 1 wt% resin solution (Fig. 8.12a) does not look very different 

from the non-treated, neat fiber. On the other hand, when wood is treated with a solution 

of 5 wt% resin, a thick resin layer covers the wood particles clearly visible in Fig. 8.12b. 

Even small individual droplets of the resin can be distinguished in the micrograph. We 

may assume that the thick resin layer breaks very easily, because phenolic resins are usu-

ally quite brittle. 

 SEM micrographs taken from the fracture surface of composites created during 

tensile testing are shown in Fig. 8.13 to support the assumption presented above. Fig. 

8.13a was recorded on a PLA composite containing neat wood. The micrograph confirms 

our earlier conclusion about the fracture of the fibers. A wood particle fractured along its 

axis occupies the center of the micrograph. On the other hand, according to Fig. 8.13b 

the failure of the resin layer covering the particle is the dominating process in the com-

posite containing the wood flour impregnated with a solution of 5 wt% resin. We could 

not detect the aggregation of wood particles in any of the micrographs recorded. How-

ever, the fracture of the resin layer is evident in many SEM micrographs. Obviously, the 

new mechanism, which is initiated at a very small stress, is the failure of the resin layer. 
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a) 

 
b) 

Fig. 8.13 Failure of PLA/wood (EFC 1000, W68) composites in tensile testing; effect of 

resin treatment. Wood content: 20 vol%; a) neat wood, b) 5 wt% resin. 
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Fig. 8.14 Correlation between the strength of PLA/wood (EFC 1000, W68) composites 

and the initiation stress of the dominating micromechanical deformation pro-

cess occurring during deformation. Symbols are the same as in Fig. 8.6. 

 

 The consequence of this mechanism is very evident in Fig. 8.14, in which we 

plotted composite strength against the initiation stress of the dominating micromechanical 

deformation process. The correlation is extremely close indicating that local deformation 

processes determine composite strength and the specimens fail catastrophically almost 

immediately after the initiation of the actual process. It is also evident from the figure that 

the correlation is independent of the mechanism of the deformation. On the other hand, 
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the points are divided into two groups. Some of the composites are quite strong and fail 

with the fracture of the fibers (see Fig. 8.13a). Mostly the composites prepared with the 

neat fiber and that treated with 1 wt% resin belong to this group (see upper right section 

of the figure), but a few points from the other two series are also included. At large resin 

and wood content the mechanism of deformation changes resulting in quite weak compo-

sites, the strength of which does not exceed 30 MPa, about half that of the best material. 

As mentioned above, the new mechanism is the failure of the resin coating; the thick layer 

around a single particle can fail very easily. 
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Fig. 8.15 Effect of phenolic resin treatment on the water absorption of wood flour (EFC 

1000, W68). Symbols are the same as in Fig. 8.6. 

 

 Obviously, excessive amount of resin cannot be used for the impregnation or 

coating of wood particles, but a small quantity is definitely beneficial. At the beginning 

of the project we also hoped for an improvement in the water sensitivity of the compo-

sites. Decreased sensitivity, i.e. water uptake, would lead to better dimensional stability 

and an extended range of applications for the PLA/wood composites studied. The water 

absorption of impregnated wood is plotted against time in Fig. 8.15. We can see that water 

absorption decreases already at the smallest amount of resin used for treatment compared 

to neat wood. In fact water absorption is more than 17 % for this latter, not even reaching 

saturation in the time interval of the test, but it decreases to around 6 % already at 1 wt% 

resin treatment. As a consequence, improved strength is combined with decreased water 

absorption as a result of the treatment. 
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8.3 Conclusions 

 The impregnation of wood with a resol type phenolic resin proved to be a suc-

cessful approach to improve the properties of PLA/wood composites. Treatment with a 

solution of 1 wt% resin resulted in a considerable increase of composite strength and 

decrease of water absorption. Composite strength improved as a result of increased inher-

ent strength of wood, but interfacial adhesion might be modified as well. When wood was 

treated with resin solutions of larger concentrations, the strength of the composites de-

creased, first slightly, then drastically to a very small value, below 10 MPa. Larger 

amount of resin results in a thick coating on the wood particles. The study of microme-

chanical deformation processes by acoustic emission measurements proved that the 

mechanism of deformation changes at large resin contents. The thick coating breaks very 

easily leading to the catastrophic failure of the composites at very small loads. Although 

the approach proved to be successful and the treatment beneficial, further experiments 

are needed to optimize the properties of the resin, its amount and the technology of the 

treatment to arrive to maximum effect. 
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Chapter 9 

 

Summary 
 

In recent years the interest of both the public and the scientific community turned towards 

natural based and biodegradable materials. This tendency was clearly reflected by the 

projects related to these materials in our laboratory. We participated in several interna-

tional and domestic projects on wood and natural fiber reinforced composites. Their goal 

was either to obtain basic knowledge about the factors determining the properties of such 

materials or to develop new, better or cheaper materials and/or processes. Our last project 

in this area was financed by the EU and the consortium involved 16 partners. This third 

Thesis on plastic/wood composites used the knowledge obtained in the project, but also 

in earlier studies, it built on it, and extended it further. Instead of commodity polymers 

we used a biobased compostable polymer as matrix with specific problems and difficul-

ties. The Thesis reports the progress that we achieved during this work. Although we 

summarized the most important 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.  

 The study of deformation and failure mechanisms as well as interfacial interac-

tions in PLA/lignocellulosic fiber composites indicated that contrary to most claims pub-

lished in the literature, interfacial adhesion is quite strong between PLA and natural fi-

bers. This conclusion was confirmed by three independent approaches used for the quan-

titative estimation of the strength of interfacial interactions, i.e. by acoustic emission 

measurements and a SEM study. Strong interfacial adhesion results in weak dependence 

of the extent of reinforcement on the particle characteristics of the reinforcing fibers. Both 

acoustic emission measurements and microscopy indicated that the dominating microme-

chanical deformation mechanism is the fracture of the fibers and close correlation was 

found between the initiation stress of fiber fracture, reinforcement and ultimate composite 

strength.  

 In an attempt to improve interfacial interactions even further we applied two 

reactive compounds, BMI and DBMI, as coupling agents in PLA/wood composites. They 

proved to be effective and improved the properties of the composites. Stiffness, strength 

and deformability increased simultaneously supplying further proof for coupling. Be-

cause of its flexibility, DBMI is a more efficient coupling agent in the studied composites 

than BMI. However, the effect of coupling is small, because only a few very large parti-

cles debond under the effect of external load. Smaller particles seem to adhere strongly 

to the matrix, thus the coupling effect must depend on the size of the particles, increasing 

with increasing particle size.  

 PLA composites reinforced with a fiber having large aspect ratio showed anom-

alous behavior above a certain fiber content. The modulus and especially the strength of 

the composites decreased drastically and modeling also proved the loss of reinforcement 

at large fiber contents. Micromechanical testing showed that the mechanism of defor-

mation and failure changes at this critical fiber content. Microscopic analysis indicated 

the formation of a network purely from geometric reasons. The inherent strength of the 
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network is very small because of the weak forces acting among the fibers. This weak 

inherent strength makes the structure of the composites very sensitive to processing con-

ditions, and decreases strength, reproducibility as well as reliability.  

 Corn cob used as reinforcement in industrial practice has complex structure and 

its constituents have dissimilar properties. The different strength of the components was 

proved by direct measurements and also by the acoustic activity of the PLA composites 

prepared from the different fractions. Two consecutive micromechanical deformation 

processes were detected in composites containing the hard fraction of corn cob which 

were assigned to the fracture of soft and hard particles, respectively. The occurrence of 

the two processes indicates that the separation of the components of corn cob is not per-

fect in the industrial technology used. The fracture of soft particles does not result in the 

failure of the composites that is initiated either by the fracture of hard particles or by 

matrix cracking. Very large particles debond easily from the matrix resulting in cata-

strophic failure at very low stresses. At sufficiently large shear stresses large soft particles 

break easily during compounding, thus as a consequence of fiber attrition reinforcement 

depending on interfacial adhesion was practically the same in all composites irrespec-

tively of initial fiber characteristics. 

 Acoustic emission measurements and the analysis of results obtained on a con-

siderable number of thermoplastic polymer/wood composites prepared with various ma-

trices and fibers proved that micromechanical deformation processes initiated by the fi-

bers determine the performance of the composites. Debonding usually leads to the de-

crease of composite strength, but decreasing strength is not always associated with poor 

adhesion and debonding. The direction of property change with increasing wood content 

depends on component properties and interfacial adhesion. Good adhesion often results 

in the fracture of the fibers in polymer/lignocellulosic fiber composites. Depending on 

their size and aspect ratio fibers may fracture parallel or perpendicularly to their axis. At 

good adhesion the maximum strength achieved for a particular polymer/wood pair de-

pends on the inherent strength of the fibers, which is larger for perpendicular than parallel 

fracture. Inherent fiber strength effective in a composite depends also on particle size, 

larger particles fail at smaller stress, because of the larger number of possible flaws in 

them. A very close correlation exists between the initiation stress of the dominating local 

deformation process and composite strength proving that these processes often lead to the 

failure of the composite and determine its performance. 

 The impregnation of wood with a resol type phenolic resin proved to be a suc-

cessful approach to improve the properties of PLA/wood composites. Treatment with a 

small amount of resin resulted in a considerable increase of composite strength and de-

crease of water absorption. Composite strength improved as a result of increased inherent 

strength of wood, but interfacial adhesion might be modified as well. When wood was 

treated with resin solutions of larger concentrations, the strength of the composites de-

creased, first slightly, then drastically to a very small value, below 10 MPa. Larger 

amount of resin results in a thick coating on the wood particles. The study of microme-

chanical deformation processes by acoustic emission measurements proved that the 

mechanism of deformation changes at large resin contents. The thick coating breaks very 

easily leading to the catastrophic failure of the composites at very small loads.  
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 The most important conclusions of this Thesis can be summarized briefly in the 

following main points: 

1. By detailed study and modeling we found that contrary to statements in the 

literature interfacial adhesion is not weak, but rather strong in PLA/wood com-

posites. As an effect of strong adhesion the dominating micromechanical de-

formation process is the fracture of the fibers in these materials, although lim-

ited number of debonding also occurs. Because of strong adhesion, the effect 

of particle characteristics on reinforcement is weaker than in the PP/wood com-

posites studied earlier (Chapter 3). 

2. We successfully coupled wood particles to PLA by applying two coupling 

agents, BMI and DBMI. However, the effect was small, because only a few 

very large particles debond under the effect of external load proving our earlier 

conclusion that in PLA/wood composites interfacial adhesion is inherently 

strong (Chapter 4). 

3. We proved that at large filler content long fibers with large aspect ratio may 

form a loose network, which is held together by weak forces. The strength of 

the network is small, thus network formation leads to the deterioration of stiff-

ness and strength, and makes the structure and properties of the composites 

very sensitive to processing conditions (Chapter 5). 

4. In a detailed study of PLA/corn cob composites we showed that large and/or 

weak particles fracture during processing that changes particle size and its dis-

tribution resulting in completely different composite properties as deduced 

from the original size of the particles (Chapter 6). 

5. By the detailed study of the deformation and failure processes of a large num-

ber of PLA/lignocellulosic composites we proved that several micromechani-

cal deformation processes may occur simultaneously and/or consecutively in 

these materials. Not all of them lead to the catastrophic failure of the compo-

sites, but the dominating one usually determines composite properties (Chap-

ter 6). 

6. Because of good interfacial adhesion the inherent strength of the fibers limits 

the maximum strength achieved in PLA/wood composites. As a result of a de-

tailed study we pointed out that the upper limit of strength is independent of 

the matrix used, and depends only on particle characteristics and the direction 

of fracture. Small particles and fracture perpendicular to fiber axis result in 

larger composite strength (Chapter 7). 

7. We proved that the inherent strength of the fibers can be improved by impreg-

nation with an appropriate phenolic resin. Excessive amounts of resin leads to 

the deterioration of properties thus the extent of impregnation must be opti-

mized to achieve maximum effect (Chapter 8). 
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List of symbols and abbreviations 

 
AE  acoustic emission 

AR  aspect ratio 

BMI  N,N-(1,3-phenylene dimaleiimide) 

bPP  block copolymer polypropylene 

CaCO3  calcium carbonate 
CaSO4  calcium sulfate 

CC  corn cob 

CO2  carbon dioxide 

DBMI  1,1-(methylenedi-4,1-phenylene) bismaleimide 

EU  European Union 

Gsoft  ground light fraction 

HDI  hexamethylene diisocyanate 

hPP  homopolymer polypropylene 

MA  maleic anhydride 

MAPE  maleic anhydride modified polyethylene 

MAPP  maleic anhydride modified polypropylene 

MCC  microcrystalline cellulose 

MDF  medium density fibre board 

MFI  melt flow index (g/10 min) 

MFR  melt flow rate (g/10 min) 

PCL  polycaprolactone 

PE  polyethylene 

PET  poly(ethylene terephthalate) 

PLA  poly(lactic acid) 

PMPPI  polymethylene-polyphenyl-isocyanate 

POM  polarization optical microscope 

PP  polypropylene 

PS  polystyrene 

PU  polyurethane 

PVC  poly(vinyl chloride) 

rPP  random copolymer polypropylene 

SEM  scanning electron microscopy 

StAc  stearic acid 

TDI  2,4-toluene diisocyanate 

USA  United States of America 

VOLS  volume strain 

W  wood 

WPC  wood/plastic composites 

 

Af    specific surface area of fillers (m2/g) 

B  load bearing capacity of the dispersed phase 

C1, C2  constant for the determination of debonding stress 

D  diffusion coefficient 
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E  Young's modulus (GPa) 

  elongation-at-break (%) 

Fa  measured work of adhesion (mJ/m2) 

  volume fraction of the filler in the composite 

s
d  dispersion component of the surface tension of fillers (mJ/m2) 

s
p  polar component of the surface tension of fillers (mJ/m2) 

h  hour 

L  depth of penetration 
  relative elongation 

min  minutes 

Mn  number average molecular weight 

Mw  weight average molecular weight 

n  parameter characterizing the strain hardening of the matrix 

R  radius of particle (m) 

f  density of the filler (g/cm3) 

  tensile strength (MPa) 

AE characteristic stress derived from AE measurements (MPa) 

D  debonding stress (MPa) 

T  true tensile strength of the composite (MPa) 

T0  true tensile strength of the matrix (MPa) 

Tred  reduced tensile strength 

σy  yield stress of the composite 

σy0  yield stress of the matrix 

σyi  yield stress of the interphase 

Tg  glass transition temperature 

t  time 

ti  initiation time 

vol %  volume percent 

WAB  work of adhesion (mJ/m2) 

wt%  weight percent 
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Nyilatkozat 

 Alulírott Faludi Gábor kijelentem, hogy ezt a doktori értekezést magam készí-

tettem és abban csak a megadott forrásokat használtam fel. Minden olyan részt, amelyet 

szó szerint, vagy azonos tartalomban, de átfogalmazva más forrásból átvettem, egyértel-

műen, a forrás megadásával megjelöltem. 
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