
 
Budapest University of Technology and Economics 

 

 

 

 

Sugarcane Bagasse Fiber as a 

Potential Reinforcement for Polymer 

Composites 
 

 
Ph. D. Thesis 

 

by 
 

 

András Bartos 
 

 

Supervisor: Béla Pukánszky 
 

 

 

Laboratory of Plastics and Rubber Technology 

Department of Physical Chemistry and Materials Science 

Budapest University of Technology and Economics 

 
Polymer Physics Research Group  

Institute of Materials and Environmental Chemistry  

Research Centre for Natural Sciences 

Eötvös Loránd Research Network 

 

 

 

 

2021 

 

 
 



 

 

 

 



Contents 

 

 

3 

Contents 
 

List of symbols ................................................................................................................ 5 

Chapter 1 ........................................................................................................................ 7 

Introduction 

1.1. Polymer composites .................................................................................................. 8 

1.2. Factors determining the properties of heterogeneous polymers ................................ 9 

1.3. Interfacial interactions and their modifications ....................................................... 12 

1.4. Micromechanical deformation processes ................................................................ 14 

1.5. Natural fiber reinforced composites ........................................................................ 18 

1.6. Sugarcane bagasse ................................................................................................... 22 

1.7. Scope ....................................................................................................................... 23 

1.9. References ............................................................................................................... 25 

 

Chapter 2 ...................................................................................................................... 33 

Materials, methods, characterization 

2.1. Materials ................................................................................................................. 33 

2.2. Alkali treatment of bagasse fibers ........................................................................... 34 

2.3. Composite preparation ............................................................................................ 34 

2.4. Characterization ...................................................................................................... 35 

2.5. References ............................................................................................................... 36 

 

Chapter 3 ...................................................................................................................... 37 
Deformation and failure of sugarcane bagasse reinforced PP 

3.1. Introduction ............................................................................................................. 37 

3.2. Experimental ........................................................................................................... 37 

3.3. Results and discussion ............................................................................................ 38 

3.3.1. Tensile properties .............................................................................................. 38 

3.3.2. Reinforcement ................................................................................................... 39 

3.3.3. Fracture resistance ............................................................................................. 43 

3.3.4. Local processes, deformation mechanism ......................................................... 45 

3.3.5. Discussion ......................................................................................................... 50 

3.4. Conclusions ............................................................................................................. 51 

3.5. References ............................................................................................................... 52 
 

Chapter 4 ...................................................................................................................... 55 
Fiber attrition, particle characteristics and interfacial adhesion 

4.1. Introduction ............................................................................................................. 55 

4.2. Experimental ........................................................................................................... 56 

4.3. Results and discussion ............................................................................................ 56 

4.3.1. Fiber characteristics, effect of processing ......................................................... 56 

4.3.2. Properties ........................................................................................................... 58 

4.3.3. Local processes ................................................................................................. 60 

4.3.4. Interfacial adhesion ........................................................................................... 64 

4.3.5. Discussion ......................................................................................................... 65 

4.4. Conclusions ............................................................................................................. 67 

4.5. References ............................................................................................................... 67 



Contents 

 

 

4 

Chapter 5....................................................................................................................... 69 
Alkali treatment of sugarcane bagasse fibers 

5.1. Introduction ............................................................................................................. 69 

5.2. Experimental ........................................................................................................... 70 

5.3. Results and discussion ............................................................................................. 70 

5.3.1. Composition ...................................................................................................... 70 

5.3.2. Structure ............................................................................................................ 73 

5.3.3. Mechanical properties........................................................................................ 75 

5.3.4. Correlations ....................................................................................................... 77 

5.4. Conclusions ............................................................................................................. 80 

5.5. References ............................................................................................................... 81 

 

Chapter 6....................................................................................................................... 83 

Reinforcement of PP with alkali-treated sugarcane bagasse fibers 

6.1. Introduction ............................................................................................................. 83 

6.2. Experimental ........................................................................................................... 83 

6.3. Results and discussion ............................................................................................. 84 

6.3.1. Effect of alkali concentration ............................................................................ 84 

6.3.2. Composition dependence of properties.............................................................. 86 

6.3.3. Deformation and failure mechanism ................................................................. 89 

6.3.4. Correlation, consequences ................................................................................. 93 

6.4. Conclusions ............................................................................................................. 95 

6.5. References ............................................................................................................... 95 

 

Chapter 7....................................................................................................................... 97 

Bio-based PLA/sugarcane bagasse fiber composites 

7.1. Introduction ............................................................................................................. 97 

7.2. Experimental ........................................................................................................... 98 

7.3. Results and discussion ............................................................................................. 98 

7.3.1. Fiber characteristics, the effect of processing .................................................... 98 

7.3.2. Mechanical properties........................................................................................ 99 

7.3.3. Deformation and failure processes .................................................................. 102 

7.3.4. Discussion ....................................................................................................... 106 

7.4. Conclusions ........................................................................................................... 108 

7.5. References ............................................................................................................. 108 

 

Chapter 8..................................................................................................................... 111 

Summary 

 

Acknowledgements ..................................................................................................... 115 

Publications ................................................................................................................. 117 

 



List of symbols 

 

 

5 

List of symbols 
 

a, b fitting constant 

n strain hardening tendency of the polymer 

[C] cellulose content 

[HC] hemicellulose content 

[L] lignin content 

B  parameter, load bearing capacity of the filler 

C1, C2  geometric constants in Eq. 1.1 

E  Young's modulus (GPa) 

Fa interfacial adhesion (mJ/m2) 

Mn, Mw,  number average, weight average molecular weight 

R  radius of the particle 

WAB  reversible work of adhesion (mJ/m2)  

AE  characteristic deformation 

εy  yield strain (%) 

εt  elongation at break (%) 

Θ angle of reflection 

 relative elongation 

ρ or ρf  density (kg/m3) 

0 matrix strength (MPa)  

AE  characteristic stress (MPa) 

D  debonding stress (MPa) 

T  thermal stress (MPa) 

T0 true tensile strength of the matrix (MPa) 

T true tensile strength of the composite (MPa) 

y0  tensile yield strength of matrix (MPa) 

y  tensile yield strength of composite (MPa) 

 or f volume fraction of fiber 

Ø  diameter 

 

Abbreviations 

 
AE  acoustic emission 

BMC  bulk molding compound 

CaCO3  calcium carbonate 

FTIR  Fourier-transform infrared spectroscopy 

HIPS  high-impact polystyrene 

HMDI  hexamethylene diisocyanate 

KBr  potassium bromide 

MAPE  maleic anhydride modified polyethylene 

MAPLA  maleic anhydride grafted polylactic acid 

MAPP  maleic anhydride grafted polypropylene 

MDF  medium density fiberboard 

MFA  microfibril angle 

MFR  melt flow rate (g/10 min) 

https://en.wikipedia.org/wiki/Diffuse_reflectance_infrared_fourier_transform


List of symbols 

 

 

6 

Na2O  sodium oxide 

NaOH  sodium hydroxide 

NMR  nuclear magnetic resonance 

PA   polyamide 

PBT  polybutylene terephthalate 

PE  polyethylene 

PLA  polylactic acid 

PMPPI  polymethylene-polyphenyl-isocyanate 

PP  polypropylene 

PS  polystyrene 

PVC  polyvinyl chloride 

RH  relative humidity 

SEM  scanning electron microscopy 

SMC  sheet molding compound 

SPF  sugar palm fiber 

TDI  2,4-toluene diisocyanate 

VOLS  volume strain measurement 

WPC  wood plastic composite 

XRD  X-ray diffraction 



Introduction 

 

 

7 

Chapter 1 

Introduction 

High-volume production of plastics has begun in the mid-1900s. The growth rate 

of the plastics industry is one of the fastest among all sectors, ahead of others. In the 21st 

century, plastics can be found in all areas of life and have become an integral part of our 

surroundings. The ever-increasing demand of the public to improve the performance of 

products as well as to decrease their price result in continuous development and constant 

search for new materials. However, developing a new synthetic polymer with unique 

properties for each application would require a great deal of time and complicated tech-

nologies. Accordingly, a limited number of plastics are used generally, and they are mod-

ified with additional materials, such as fillers, short and long fibers, or even with other 

polymers. The new components can change the most important properties of polymers, 

creating a new material. With the proper selection of components, stiffness and strength 

can be modified over a wide range; moreover, with specific systems, functional properties 

can be imparted to the plastic, such as improved conductivity or decreased permeability. 

At the same time, rigid fillers can also deteriorate the strength and the impact resistance 

of composites, which is undesirable for most structural materials. For that very reason, 

the modification of these materials requires a deep knowledge of the structure-property 

correlations. 

At the same time, the widespread use of plastic products results in large amounts 

of waste, which raises environmental concerns among both the public and the legislature. 

Increasing environmental awareness also encourages the industry to produce less envi-

ronmentally harmful substances and prepare products from natural sources. In addition, 

both academia and industry make considerable efforts in the field of biodegradability and 

compostability. Traditional fillers and reinforcements (i.e., talc, CaCO3, glass fiber, car-

bon fiber) are being increasingly replaced by raw materials from natural resources such 

as wood, flax, hemp, sugarcane bagasse fibers, and many others. These fibers generally 

occur as agricultural by-products or waste, and they are usually burned in the last step of 

technology. Thus, their use as reinforcements in heterogeneous polymer systems could 

be a value-added application. On the other hand, commodity matrix materials are also 

being replaced by biopolymers; however, these materials still require further improve-

ments to compensate for their disadvantageous properties. 

Based on the considerations mentioned above, there is a need to develop prod-

ucts with excellent performance and quality, while also environmental considerations 

must be kept in mind. For reaching these goals, researchers need to know the most im-

portant factors determining the properties of the heterogeneous polymer systems, such as 

component characteristics, composition, structure, and interfacial interactions. The study 

of these factors in various polymer-based systems is the leading research area of the La-

boratory of Plastics and Rubber Technology (LPRT) at the Budapest University of Tech-

nology and Economics for decades. The Laboratory operates in strong association with 

the Polymer Physics Research Group at the Institute of Materials and Environmental 
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Chemistry, Research Center for Natural Sciences of the Eötvös Loránd Research Net-

work. The research on heterogeneous systems has yielded extensive knowledge in the 

group over the years, with a number of high-quality publications on this subject. The 

successful work led to extensive cooperation with partners all over the world, both in 

academia and industry. In 2018, the LPRT began a joint project with Petra Christian Uni-

versity (Surabaya, Indonesia). Among other tropical countries, Indonesia excels in sugar-

cane production, resulting in the formation of significant amounts of bagasse, which is 

the waste of the procedure. This Thesis presents the main steps of our joint research, 

focusing on sugarcane bagasse as a reinforcing fiber for the commodity plastic polypro-

pylene and for a promising alternative of fossil-based polymers, poly(lactic acid). The 

comprehensive study includes the analysis and the alkali treatment of the fiber, as well as 

the investigation of interfacial interactions and the micromechanical deformation pro-

cesses, which determine the macroscopic properties of polymer composites. The most 

important background knowledge is summarized in the following sections. 

1.1 Polymer composites 

As mentioned above, polymers can be modified in several ways, and in fact, they 

are seldom used per se; they are always mixed with different additives. The additives can 

improve the processability of the polymers (stabilizers, lubricants), extend product life-

time (stabilizers), or give the plastics unique properties that the polymer itself did not 

possess (color, flame retardancy, conductivity). Most additives are added to polymers in 

small amounts (hundreds or thousands of ppm). Still, larger amounts may be used in some 

cases: plasticized PVC production may require significant amounts of plasticizer. Modi-

fication of properties is increasingly carried out with other components. The amount of 

these materials is usually comparable to the amount of the base polymer. The components 

can be divided into three main groups: fillers, other polymers, or fibers. The combination 

of different polymers is called blends [1]; however, the classification in the other two 

categories is less unambiguous. This contradiction is well illustrated by the fact that even 

the term “composite” can be defined in different ways. Some sources refer only to long 

fiber-reinforced thermosets as composites [2]. At the same time, numerous well-known 

international journals on composites also include particulate-filled and short-fiber-rein-

forced thermoplastics. The focus of Composites Science and Technology is on polymeric 

matrix composites with reinforcements/fillers ranging from nano- to macro-scale. Com-

posites Part A: Applied Science and Manufacturing publishes papers dealing with all as-

pects of the science and technology of composite materials, including fibrous and partic-

ulate reinforcements in polymeric materials. According to the later definition, both par-

ticulate-filled heterogeneous polymers and short-fiber reinforced thermoplastics will be 

called composites in this Thesis, even if this classification may be arbitrary and may con-

tradict certain literature sources. 

Long-fiber-reinforced thermosets are called high-performance or advanced com-

posites. The reinforcing component in these systems may be in the form of continuous 

fibers [3-6], roving [7], or woven fabric [8-10]. In terms of the material, it is most com-

monly glass [7,10,11], carbon [3,4,8,9], or aramid [12,13]. These composites compete 

with traditional structural materials, have outstanding stiffness and strength, they are light 
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due to their low density, and have exceptional heat resistance. Advanced composites are 

applied in special applications such as aerospace, military, or as high-performance car 

body parts (such as Formula 1 cars). Compared to other plastic-based composites, they 

are expensive, and the production of the parts is circumstantial, not so efficient.  

Short fibers are used to prepare both thermoset (bulk molding compound – 

BMC; sheet molding compound – SMC [14]) and thermoplastic composites [15-19], alt-

hough their use is more common in the latter case. These short fibers are usually only a 

few millimeter or a maximum of 2-3 cm long. They can be mixed into the matrix using 

conventional plastic processing technology, such as a twin-screw extrusion, followed by 

injection molding with high productivity. A wide variety of thermoplastics can be used 

as matrices. Polypropylene (PP) [20-25], polyamide (PA) [26-29], or polybutylene ter-

ephthalate (PBT) [30-32] are the most common, but the use of a biodegradable polymer 

(PLA) [33-38] as matrix is also increasing. The reinforcing fiber can be chopped glass 

[11,17,20,28] or carbon fiber [19,21,23,31,37], but natural fibers [33-36,38-43] are also 

used in large quantities for such purposes. The products are widely manufactured for the 

automotive industry, electronics or for the building industry as structural components. 

Particulate-filled polymers are applied in significant quantities in many fields. 

These materials, especially PVC composites [44], have been on the market for a long 

time, and their use has a long tradition. The primary purpose of using fillers was to reduce 

the price of the product. Of course, as with the other modifications, the addition of fillers 

significantly changes the properties of the matrix; practically a new plastic is obtained. 

The fillers often have reinforcing effect but increase the stiffness almost without excep-

tion. Some of them can act as nucleators (talc) [45], while others can be used to make a 

soundproofing product (barium sulfate) [46]. Calcium carbonate is in general use, for 

example, in the manufacturing of window frames or garden furniture. Like short-fiber 

reinforced thermoplastics, they can be processed with high productivity. 

Accordingly, a wide variety of products can be produced using various stiff ma-

terials as fillers or reinforcements. They all change the properties of the polymer matrix, 

either improve or deteriorate them. Inappropriate raw material selection or technological 

difficulties may result in low impact resistance and rapid failure of the composites [47-

49]. Fillers and short fibers deteriorate impact resistance in some cases [50-52], but spher-

ical particles also reduce the tensile strength [53,54] of the composite. For the structural 

materials, the goal is to achieve high stiffness, impact resistance, and tensile strength at 

the same time. Considerable effort has been made to reach the optimal characteristics for 

different materials also in the last few decades. Still, the research continues to this day 

and definitely will go on also in the future. 

1.2 Factors determining the properties of heterogeneous polymers 

 Regardless of the many types of composites, the macroscopic properties of these 

systems are determined always by four factors: component characteristics, composition, 

structure, and interfacial interactions. In order to succeed in material development, the 
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heterogeneous system must be deeply analyzed first, for which it is essential to study all 

four factors mentioned above. 

Component characteristics 

The matrix properties influence strongly the effect of the filler or fiber on the 

properties of a composite: the reinforcing effect increases as the stiffness of the matrix 

decreases. True reinforcement is easy to achieve in elastomers, both stiffness and strength 

increase as the reinforcement bears a significant part of the load [55]. On the other hand, 

the improvement is significantly smaller in rigid matrices, and the main deformation pro-

cess is often debonding (the separation of the filler or fiber from the matrix) [56]. Numer-

ous filler characteristics influence the properties of composites, such as chemical compo-

sition and purity, particle characteristics, surface free energy, hardness, and many others. 

During our research work, polypropylene and poly(lactic acid) were used as matrix ma-

terials. Polypropylene (PP) is a commodity polymer with versatile properties, which can 

be modified further in various ways [57]. Because of its versatility, the growth rate of its 

production and use is one of the largest even among the commodity polymers; the world 

production of PP was 56 million tons in 2018. It has balanced properties, good stiffness, 

and strength, low density, reasonable price, but its impact resistance is not sufficient for 

certain applications. Poly(lactic acid) (PLA) is produced in smaller quantities than PP, 

but it is one of the most significant representative of bioplastics, its global production was 

395 kt in 2020. The properties of PLA are quite advantageous. Certain types have rela-

tively large stiffness (3 GPa) and strength (55 MPa), which compete with the similar 

properties of engineering thermoplastics. However, PLA is sensitive to water during pro-

cessing [58], its physical ageing is fast leading to brittleness [59,60], and its deformabil-

ity, as well as impact resistance is small [61]. The most important characteristics of natu-

ral fibers, including sugarcane bagasse, will be discussed in a separate section of this 

Chapter. 

Composition 

 The filler or fiber content of a composite material can vary in a wide range. Ob-

viously, properties change as composition changes. The filler content of nanocomposites 

rarely reaches 10 wt%, while wood plastic composites (WPCs) can contain up to 70 wt% 

of wood flour. Improving a targeted property is often accompanied by a deterioration in 

others [62].  Since many characteristics depend on filler content in different ways, it is 

always advisable to examine the properties of composites as a function of composition. 

In order to facilitate processing and manufacturing, it is advisable to use weight percent-

ages, but evaluation should always be based on the volume fraction of the components. 

Structure 

Generally, a homogeneous distribution of the particles is assumed when the 

structure of particulate-filled or fiber-reinforced composites is examined. However, this 

occurs in very few and exceptional cases. In practice, the properties of heterogeneous 
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polymer systems can differ even at the same composition due to their structure. In a two-

component system, small particles with high surface energy can aggregate [50,63,64], 

and the orientation of anisotropic particles such as fibers may occur [65,66]. Besides the 

interactions among filler particles, aggregation is also affected by particle size, matrix 

viscosity, and shear rate. Fibrous materials may also stick together prior to processing; 

however, the bundles disintegrate in the processing machine due to the high shear stresses 

and the fibers are distributed more or less evenly in the matrix. During injection molding, 

the orientation of anisotropic fiber-like materials is usually parallel to the direction of the 

flow. Stiffness and strength increase parallel with the orientation and deteriorate perpen-

dicularly to it. The effect of structure is shown in Fig. 1.1.  

 

Fig 1.1  Effect of the processing technology on the tensile strength of PLA/sugar palm 

fiber composites; specimens were prepared by compression molding on the 

right-hand side 

PLA/sugar palm fiber (SPF) composites were prepared by injection molding and 

compression molding [67]. The tensile strength of injection molded samples is much 

larger at the same composition than that of the compression molded specimens. One of 

the reasons is the random orientation of fibers in the compression molded samples, which 

can be clearly seen in the image on the right-hand side of the figure (Fig. 1.1). The other 

reason of smaller tensile strength is due to the size of the fibers. Fiber dimensions can 

undergo significant changes during different processing technologies; however, many re-

searchers forget this issue, thus very few works focus on its detailed examination [68,69]. 

 



Chapter 1 

 

 

12 

Interfacial interactions 

The principle of fiber-reinforcement is that the stiff and strong fibers carry the 

load while the polymer matrix transmits it among the fibers. The stiffness and strength of 

traditional fibers exceed those of the polymers used as matrices by two orders of magni-

tudes at least. In order to achieve proper reinforcement, some basic requirements must be 

met: the fibers must be sufficiently long, oriented in the direction of the load, and inter-

facial interactions must be strong. In other words, adhesion must be established between 

the fiber and the matrix, otherwise perfect load transfer cannot take place. Matrix-filler 

interaction leads to the development of an interphase with properties different from those 

of both components [70,71]. In addition, also particle-particle interactions are important 

because they induce aggregation, as mentioned before. Interfacial interactions play a cru-

cial role in the determination of the properties of the composites prepared during our 

work; thus, they will be discussed in detail in the next section. 

1.3 Interfacial interactions and their modification 

The previous section indicated that the role of interfacial interactions is promi-

nent among the factors determining the characteristics of polymer composites. A change 

in the adhesion, i.e., interaction, of the components can drastically modify properties due 

to a change in the prevailing micromechanical deformation process [72-74]. Accordingly, 

many attempts have been made to modify interactions to achieve appropriate adhesion 

between the matrix polymer and the filler or fiber. The effect of adhesion depends on the 

size of the contact surface area and the strength of the interaction [75]. The first factor 

can be changed only in a limited range, as large particles debond from the matrix and 

small ones aggregate easily [64]. However, the strength of the interaction can be varied 

over a wide range if the type and amount of surfactant or coupling agent are correctly 

selected [37,38,76-83]. However, for effective surface modification, we must clearly 

know the characteristics to be modified, the application area of the product, the chemical 

structure of the components, and several other factors [84,85]. All in all, interfacial inter-

actions and their modification are important in the use of filler-containing plastics, but 

they are key issues for fiber-reinforced systems, especially in case of natural fibers. 

Polyolefins are widely used in the plastics industry due to their good mechanical 

properties and low cost. However, there may be obstacles in their use if polymer-based 

composites should be prepared. One of the drawbacks of PP and PE is the absence of 

functional groups on the polymer chain, which results in the formation of only weak van 

der Waals forces with most reinforcing materials, especially natural fibers. Obviously, 

these weak interactions are inappropriate to ensure the load transfer between the matrix 

and the fibers [86]. However, the chemical structure of poly(lactic acid) chains is differ-

ent. The carbonyl groups in the PLA chains are suitable to form hydrogen bonds with the 

OH-groups of natural fibers. 

It is important to note that surface modification does not always lead to the im-

provement of all properties [87]. Certain particles may be modified by non-reactive 
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surface treatment. One of the most commonly used methods for this purpose is to coat the 

surface with a low molecular weight organic compound [81-83,88]. Amphoteric surfac-

tants having one or more polar groups and a long aliphatic chain are usually used. A 

typical example of non-reactive method is the treatment of CaCO3 with stearic acid 

[89,90]. Changes in surface tension and the thermodynamic parameters that characterize 

the interaction result in decreased particle-particle and matrix-particle interactions. 

Weaker interactions lead to a drastic reduction in aggregation, better homogeneity, and 

easier processability [88,90]. However, it should not be forgotten that matrix-particle in-

teraction also reduces with this type of treatment. As a result, the yield stress and tensile 

strength of the composite will also decrease. On the other hand, too strong interactions 

resulting from a treatment can also lead to several problems. A stiff interphase formed 

between the components inhibits the plastic deformation of the matrix around the fibers 

and can therefore result in a decrease in impact resistance. 

Due to the large sizes of natural fibers, reactive, chemical methods are often 

necessary for modifying the properties. These kinds of modifications result in the de-

crease of reactivity and polarity. The surface of natural fillers and reinforcements can be 

modified by etherification or esterification [91,92], which belong to this category. The 

modifiers can be long-chain aliphatic fatty acids [92,93], fatty acid chlorides [94], anhy-

drides, acrylic acid anhydride, maleic anhydride [95], or simply acetic acid or its anhy-

dride [96,97]. 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 [98,99]. All these esterification and etherification reactions lead 

to the exchange 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 quickly, a further de-

crease of interaction may easily result in fast, catastrophic failure. 

Coupling represents the most important approach among all chemical treatment 

methods. Modification with coupling agents assumes that the coupling material forms a 

chemical bond with both matrix and reinforcement. Organofunctional silanes are known 

coupling agents for glass fiber reinforced thermoset composites [100,101]. Using this 

analogy, the surface of natural fibers is also modified with them [38,102-104]. Isocya-

nates are known coupling agents for polystyrene and PVC matrices [105,106]. One of 

them, polymethylene-polyphenyl-isocyanate (PMPPI), is often applied as a coupling 

agent [107,108]. The isocyanate group reacts chemically with the fiber, and coupling with 

the polystyrene matrix results from the interaction of the delocalized  electrons of the 

two components [106]. Due to its molecular structure, 2,4-toluene diisocyanate (TDI) 

proved to be an efficient coupling agent compared to the aliphatic hexamethylene diiso-

cyanate (HMDI) and ethylene diisocyanate in PS and PVC composites. The mechanism 

of triazine compounds is similar to that of isocyanates, and they also decrease water ab-

sorption significantly [109]. 

Since polyolefins do not have functional groups, their chemical coupling is not 

possible by the above-mentioned methods. Using of functionalized polymers is one of the 
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most widely used methods to overcome this obstacle [110-115]. Treatment with function-

alized polymers represents a transition between physical and chemical modification. Pol-

yethylene or polypropylene 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 (see Fig. 1.2). The interlayer forming through this interdiffusion usually 

increases the strength of the composite considerably. Maleic anhydride modified poly-

ethylene (MAPE) or polypropylene (MAPP) are the most frequently used coupling agents 

in PE and PP composites. Often a very small amount (1-5 wt% related to the total weight) 

of functionalized polymer is needed to achieve considerable improvement in stress trans-

fer. The chain length or molecular weight of MAPP affects the interdiffusion, thus im-

proving the tensile strength of the composites [116]. 

 

Fig 1.2  Schematic drawing of the reaction between the maleated polypropylene and 

the OH-groups of a natural fiber (redrawn from [115]) 

One often applied and a relatively old method for the modification of cellulose 

fibers is mercerization [117,118] used to treat cotton textiles. The efficiency of this alka-

line treatment depends on the concentration of the sodium hydroxide solution used and 

the temperature and time of the treatment [119-126]. This treatment removes the non-

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

accessibility of the fiber, and increases its active surface. If the conditions are correctly 

selected, the treatment increases the tensile strength of the fibers. Since the alkaline treat-

ment does not improve interfacial adhesion, it is often combined with another surface 

modification approaches. 

1.4 Micromechanical deformation processes 

Adding fillers or reinforcements to a polymer matrix results in a heterogeneous 

system. The heterogeneities induce stress concentrations under external load, the magni-

tude of which depends on the geometry of the inclusions, on the elastic properties of the 

components, and interfacial adhesion. Heterogeneous stress distribution and local stress 

maximums initiate local deformation processes, which determine the macroscopic 
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performance of the polymer composite, their deformation and failure behavior. Different 

deformation mechanisms are competitive and usually occur at the same time, but the 

dominating mechanism depends on several factors, such as the loading conditions, the 

characteristics of the polymer components, or local stress distribution. Certain processes 

require critical stress or deformation to initiate. One of the most frequent micromechani-

cal deformation mechanisms is shear yielding [127]. It takes place both in amorphous 

and crystalline polymers, and it includes the slipping of larger structural units. Crazing 

[128] was observed in a number of polymers, including PS, PP, and others. It occurs in 

elastomer-modified glassy polymers, most notably in high-impact polystyrene (HIPS). 

Micro-scale cracks start from the equatorial line of elastomeric particles due to the stress 

maxima that is located there. Another micromechanical deformation process occurring in 

impact-modified polymers is cavitation [129]. The large negative hydrostatic pressure 

developing during the deformation of polymers containing dispersed elastomeric particles 

tears these latter apart. The process results in the formation of voids and volume increase.  

In the case of fiber-reinforced polymers, debonding [130-132] is one of the par-

ticularly important processes. This process occurs when the adhesion between the poly-

mer and the fiber is weak. The process results in an increase in volume. The stress re-

quired to initiate debonding is determined by thermal stresses (T), particle size (R), the 

reversible work of adhesion (Fa), and the modulus of the matrix (E) (see Eq. 1.1) [133]  

 
𝜎𝐷 =  −𝐶1 𝜎𝑇 +  𝐶2 (

𝐸 𝐹𝑎

𝑅
)

1/2

 (1.1) 

where C1 and C2 are constants that have exact physical meaning; their value depends on 

the geometry of the debonding process and the propagation of the crack along the surface 

of the particles. As particle size increases, debonding stress decreases; however, strong 

adhesion prevents the surfaces from separating. 

Several additional fiber-related processes can be observed in short fiber rein-

forced polymer composites, such as fiber fracture, pullout, or (in the presence of flexible 

fibers) buckling and bending. The structure of the composite also influences the defor-

mation mechanisms mentioned above. Fibers oriented parallel to the direction of the load 

may pullout or break transversely depending on the strength of adhesion. The perpendic-

ular orientation of the fibers and poor adhesion primarily result in debonding. In the case 

of the same fiber orientation, stronger interfacial interactions initiate the longitudinal frac-

ture of the fibers, especially if they have small internal strength. 

Relatively few methods exist for the tracking or identification of the deformation 

processes mentioned above. Moreover, none of them is straightforward to execute and/or 

only limited information is obtained by some methods. These difficulties could be the 

reason for the relatively few papers published in the literature in this area. Scanning elec-

tron micrographs (SEM) on tensile or fracture surfaces can be used to retrieve information 

about the consequences of processes subsequently. Another technique is the measurement 

of volume strain (VOLS) [134] during the deformation of the composites. Debonding, 
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crazing, and cavitation result in an increase in specimen volume. The separation of the 

interface between the fiber and the matrix leads to the formation of voids which will grow 

during further elongation. The continuous measurement of sample volume makes it pos-

sible to follow deformation processes accompanied by volume increase. The drawback 

of the method is that the transducer applied for the precise measurement exerts additional 

stress on the sample, which influences neck formation and the yielding of the material. 

Using an optical extensometer eliminates this trouble. 

Acoustic emission (AE) is used to evaluate micromechanical deformation pro-

cesses in heterogeneous polymers more and more frequently [135-138]. The term acoustic 

emission describes both the technique and the phenomenon upon which the measurement 

is based. This technique can be used to detect debonding and other deformation processes 

regardless of the yielding of the specimen. The principle of AE is simple: if energy is 

released suddenly in the material, some of it is dissipated in the form of elastic waves. 

Each micromechanical deformation process generates a wave, usually in the ultrasonic 

range, which can be detected as a signal, an acoustic event. The energy, frequency, and 

amplitude of the signals and the cumulative number of events are characteristic of the 

investigated composite. Signals with smaller amplitude result from matrix deformation; 

debonding generates signals in the medium range of amplitudes, and the most intense 

signals originate from fiber fracture or pullout. 

 Our research group has been dealing with micromechanical deformation pro-

cesses of thermoplastic composites for decades [72,139-143]. Over the years, there have 

been many publications in this field of research, and extensive experience has been 

gained. Figs. 1.3 and 1.4 (redrawn from [140]) show the results of acoustic emission 

measurement. 
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Fig 1.3  Results from an AE test on a composite with poor adhesion 
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Fig 1.4  Results from an AE test on a composite with strong adhesion 
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The cumulative number of signals trace can be drawn from the individual acous-

tic events, and since the signals are detected simultaneously with the tensile test, it is 

recommended to plot the results together. In the case of poor adhesion (Fig. 1.3), the 

micromechanical deformation processes start very quickly. From several results, we 

know that this section of the curve is characteristic for the debonding of large particles. 

Later, another step can be observed, which indicates a change in mechanism: here, fiber 

pullout or possibly breakage of long fibers become dominant. In the case of strong adhe-

sion (Fig. 1.4), a completely different curve can be seen. Due to proper fiber-matrix ad-

hesion, a relatively long “silent section” can be seen, after which the detection of signals 

starts suddenly. Such a curve shows fiber breakage, which means that in this case, the 

inherent strength of the fibers plays a limiting role in the failure of the composite. Not 

only the shape of the cumulative number of hits curves can be examined, but also other 

useful information can be obtained about the composites from the traces. As shown in the 

figures, specific deformation (eAE) and stress (AE) values can be determined that are 

characteristic of the system: they show the deformation and stress values at which certain 

micromechanical deformation mechanisms start. The determination of the characteristic 

stress is much simpler in the case of a one-step cumulative number of hits curve (i.e. good 

adhesion, Fig. 1.4). A straight line needs to be fitted to the steeply rising linear section of 

the curve. The point where this straight line has an intersection with the x-axis is the 

characteristic strain. The stress value associated with this point will be the characteristic 

stress. In the case of two-step curves, the determination of the characteristic values be-

longing to the first step is the same as described above. To find the initiation values of the 

second mechanism, a straight line needs to be fitted to the sections with different slopes 

(see Fig. 1.3) and their intersection will give the characteristics strain. These values are 

affected mainly by component properties, composition, structure, and interfacial adhe-

sion. 

1.5 Natural fiber reinforced composites 

In the previous sections, we have presented the most important general charac-

teristics of polymer composites; in some cases, the application of natural fillers or fibers 

has already been mentioned. The use of natural fibers in both thermosets and thermoplas-

tics is becoming increasingly important, so we focus on their detailed presentation below. 

Composites containing lignocellulosic components are known since the 1900-ies, espe-

cially in the building and furniture industry [144]. Various wood-fiber laminated and 

MDF boards are prepared from phenol-formaldehyde, urea-formaldehyde, and melamine-

formaldehyde resins. The interest in natural fibers is growing for many reasons in the last 

few decades, including their potential to replace synthetic fibers as reinforcement of plas-

tics [115,118,145-151]. Natural fibers have several advantages and drawbacks, which are 

summarized in Table 1.1. 
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Table 1.1 Properties of natural fibers[115] 

Advantages Disadvantages 

• Low density and weight • Properties depend on the climate, pe-

riod of harvest, and crop area 

• High specific strength and stiffness • They are sensitive to moisture which 

results in swelling 

• They come from renewable resources • Limited inherent strength 

• During growth, they absorb CO2 • Lower processing temperature can be 

set compared to conventional fibers 

• Different kinds of fibers offer a wide 

range of properties 

•  Many defects in their structure result 

in large deviations in the properties 

• Manufacturing processes are less haz-

ardous 

• Poor adhesion to polyolefins 

• Low emission of toxic fumes when 

subjected to heat during processing 

steps 

• They possibly give bad smell to prod-

ucts 

• Less abrasive effect on the processing 

equipment 

• They can burn during processing 

which gives darker color to the product 

• Low costs • Low resistance to enzymatic degrada-

tion 

Fibers are often classified according to their origin: we can separate plant, ani-

mal, or mineral fibers [152]. Mineral fibers are being used less and less; their former 

representative was asbestos, which was banned because of its harmful effects on health. 

Animal fibers (silk, wool) consist mainly of protein. Now, we focus on plant fibers whose 

most important components are cellulose, hemicellulose, and lignin. These fibers can be 

further divided into seed fibers (i.e., cotton, coir, kapok), bast fibers (such as flax, hemp, 

jute, kenaf), and leaf fibers (sisal, pineapple, etc.). In terms of use, we can distinguish 

between primary and secondary fibers [151]. The primary group includes plants grown 

specifically for their fiber (jute, flax, hemp, kenaf, bamboo, cotton). In contrast, the rep-

resentatives of the secondary group are produced as a by-product of cultivation for other 

purposes (pineapple, oil palm, sugar cane bagasse, sugar palm). Wood fiber and wood 

flour are also cellulose-based natural fibers but differ from plant fibers. Wood can be 

divided into two categories, soft and hard wood; they may differ significantly in their 

chemical composition, density, fiber geometry, and mechanical properties. Wood flour is 

produced by the fine milling of some by-products of the wood industry (wood shavings 

or sawdust), but wood can also be used as fibers for the reinforcement of plastics. 
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The fibers used for the reinforcement of polymer composites are usually not el-

ementary fibers but bundles [153]. The structure of such fibers is perfectly represented 

by the example of flax in Figure 1.5. 

 

Fig 1.5  Schematic drawing of flax fibers: from the bundles to the microfibril [153] 

The elementary fibers are connected by a relatively weak interface, which is 

composed mainly of pectin. This structure gives an excellent explanation for the strength 

of natural fibers. While in the longitudinal direction, the elementary fibers can withstand 

the external load very well, they can be easily separated in the transverse direction, be-

cause of the weak interface, which can result in the fission of the fibers along their axis. 

 The elementary fibers are made up of cells. The main component of these cells 

is the cellulose-based crystalline microfibrils, which are bound by amorphous lignin and 

hemicellulose. Hemicellulose is practically a heteropolysaccharide consisting of a variety 

of chemical components such as β-1,4 xylopyranose backbone, β-glucans, xyloglucans, 

glucomannans, galactomannans, uronic acids and glucans. In addition, they show a sig-

nificant degree of chain branching and have much smaller molecular weight than cellu-

lose. The most abundant hemicellulose type is xylan (Fig 1.6.) [118,154,155]. Lignin is 

a complex hydrocarbon polymer which contains both aliphatic and aromatic components 

[118,156]. These components form layers (one primary and three secondary cell walls) 

[118]. The cell walls differ in their composition for different types of plants, and there 

may even be differences within a certain plant. A good example of this is the sugar palm, 

in which the fiber composition varies according to the height of the plant. In addition to 

composition, the helical angle of the cellulose microfibrils (microfibril angle – MFA) also 

affects the properties of natural fibers. As mentioned earlier, alkali treatment is often used 

to modify the properties of the cellulose fibers. Alkaline treatment has significant effects 

on both morphology and molecular structure, affecting crystallinity, pore structure, and 

cell wall structure [157]. Natural cellulose has a monoclinic crystal structure  
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(cellulose-I) that can transform into different polymorphic structures upon chemical or 

thermal treatment. During alkaline treatment, the cellulose swells, resulting in the relax-

ation of the crystalline structure. Both the type and concentration of alkali affect the de-

gree of swelling, thus the rearrangement of the lattice to the cellulose-II structure. Exper-

iments have shown that Na+ ion, due to its size, is able to wedge between planes, resulting 

in relatively high swelling upon the use of NaOH. In the process, a Na-cellulose-I struc-

ture forms, where the cellulose molecules are located at a great distance from each other 

in the lattice, and the space between them is filled with water molecules. At the same 

time, the OH groups of cellulose are converted to NaO groups. Subsequent neutralization 

and washing remove Na+ ions and form a new cellulose-II crystal structure that is more 

stable thermodynamically than the cellulose-I structure. In cellulose-II, an antiparallel 

chain structure forms so that hydrogen bonds form not only among the chains but also 

among the planes. Besides the cellulose structure, the alkali solution has an effect also on 

the other components (hemicellulose, lignin, pectin) of the fiber that are located around 

the cellulose units. The partial removal of these "adhesive" components promotes the re-

arrangement of the cellulosic fibers and a reduction in the microfibril angle, and it in-

creases the orientation of the chain. The change in structure increases the load-bearing 

capacity of the fibers, but the process deteriorates the connection between the microfi-

brils, which reduces the stress transfer between them [118]. 

 

Fig. 1.6 Possible chemical structures for a) cellulose; b) hemicellulose (xylan); and  

c) lignin  

Various plant fibers have different composition and thus different mechanical 

properties. The composition and properties of some types of fibers are shown in  
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Table 1.2. We must draw attention here to the large differences and the wide range of 

values. Composition and the properties strongly depend on the climate, the harvest, and 

the area [158]. As far as the densities are concerned, the authors very rarely indicate 

whether they measure bulk density of the plant or the particle density of the fibers. Me-

chanical properties also depend on the conditions of the measurement: larger humidity 

results in a more flexible material with smaller stiffness. 

Table 1.2 Composition, and properties of various plant fibers [115,151,159] 

Fiber type 
Sugarcane 

bagasse 
Bamboo Kenaf Flax Sisal Hemp 

Cellulose 

(wt%) 
32-55 26-43 72 64-71 65-68 68 

Hemicellulose 

(wt%) 
17-32 15-30 20 19-21 12 15 

Lignin  

(wt%) 
19-25 21-31 9 2 10 10 

Density 

(g/cm3) 
1,25 0,6-1,1 1,4 1,5 1,5 1,48 

Modulus 

(GPa) 
17 11-17 53 28 9-22 70 

Tensile 

strength 

(MPa) 

290 140-230 930 345-1035 511-635 690 

 

1.6 Sugarcane bagasse 

 Sugarcane (Saccharum officinarium) is a perennial plant belonging to the family 

of grasses [160,161]. It is originated from the hot, tropical areas of Asia. The plant has 

since spread to many other regions of the world and may vary in appearance: it can be 

found in different lengths and colors. The country producing the most sugarcane is Brazil, 

followed by India, China, and Thailand. Brazil alone gives the 41% of world production. 

The part of the plant above the ground consists of the stalk as well as green and dry leaves. 

The moisture content of the plant is the largest at the tallest part, so the leaves are green 

there; they are brownish at the bottom because of the smaller water content. Sugar cane, 

like any other plant, is made up of bundles that consist of elementary fibers.  



Introduction 

 

 

23 

 

Figure 1.7 Sugarcane bagasse, directly from the sugar mill (after drying) 

The juice is extracted from the cane in the sugar mill, and then it is converted 

into crystalline sugar. Rotating knives, crushing, and shredding elements are used during 

the extraction, then the syrup is concentrated by heat, and this step is followed by crys-

tallization. The hard, fibrous residue obtained from the shredding and pressing step is 

called bagasse [162]. During the processing of sugarcane, a significant amount of waste 

is generated. According to the data from 2008, in Brazil, 415 Mt by-products originated 

from 649 Mt of sugarcane, of which 195 Mt was bagasse, and 220 Mt was straw [163]. 

In the beginning, the by-products were burned in the process itself, during which recycled 

energy was fed back into production.  

With the intensification and modernization of the process, this energy source 

becomes superfluous. Bagasse generates waste, which must be handled in a different, but 

environmentally friendly and economically advantageous way. As it is a plant-based by-

product, cellulose, hemicellulose, and lignin can be extracted from the fibers, that can be 

transformed by complex chemical technologies and fermentation to other valuable com-

pounds (for example, PLA can also be produced from sugar cane bagasse through several 

conversion steps). Another potential – and much more straightforward – utilization of 

bagasse is mixing the fibers directly into any polymer matrices using an efficient pro-

cessing technique like extrusion or injection molding. 

1.7 Scope 

Several papers have published on polypropylene/sugarcane bagasse composites 

and, more recently, on materials prepared with PLA matrix as well. Most of these papers 

deal with mechanical and thermal properties, possibly mention the microstructure, or dis-

cuss various treatment methods for the fibers. Our group has been dealing with heteroge-

neous polymer systems for many years, and we published many papers investigating com-

posites reinforced with wood flour or other agricultural by-products. We relied on these 

experiences when we were approached from Indonesia for a cooperation project. In this 

work, we aimed to provide a comprehensive study on the use of sugarcane bagasse as a 

reinforcement for polymers. We thoroughly investigated the effect of alkali treatment on 
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the fiber and its consequence for the composite. To the best of our knowledge, we are 

among the first to investigate micromechanical deformation processes using the acoustic 

emission technique in polymer composites containing sugarcane bagasse. 

As a result of our experience, we have well-established techniques and ideas for 

testing fiber-reinforced polymer composites. We believe that it is extremely important to 

study the properties over a wide range of filler or fiber content, and from the micro- to 

the macroscale. Although some publications are available in the literature dealing with 

PP/bagasse composites, at the beginning of this project, our goal was to explore the pos-

sibility of using sugarcane bagasse fibers as reinforcement for polypropylene. The results 

are presented in Chapter 3. The potentials of the fibers for practical applications are also 

considered briefly in the final part of the chapter. 

It is well known that the dimensions of both traditional and natural fibers change 

during the processing of composite materials. However, changes in fiber dimensions dur-

ing processing are frequently neglected. Additionally, as shown earlier in the general in-

troduction, interfacial adhesion is a crucial factor determining composite properties. Con-

sidering these facts, the goal of the study the results of which are reported in Chapter 4 

was to prepare composites from sugarcane bagasse and PP homopolymer and to study the 

effect of fiber dimensions and interfacial adhesion on the properties.  

After analyzing the results of acoustic emission testing from the first phase of 

the research work, we concluded that the main micromechanical deformation process is 

the fracture of the fibers at good adhesion. This suggests that the strength of the fiber 

limits further increase in composite strength. One of the approaches to improve the inher-

ent properties of natural reinforcements and thus those of their composites is the alkali 

treatment of the fibers. Considering the contradictions shown in the literature regarding 

the effects of alkali treatment, the goal of our study was to treat sugarcane bagasse fibers 

with sodium hydroxide and then thoroughly characterize their composition, structure, and 

properties, including strength and stiffness. As a part of the research, we chose flax fibers 

as reference material in order to extend the validity of our conclusions. We attempted to 

correlate the measured variables and find a plausible explanation for the increase of fiber 

strength with alkali treatment. We present the results of this study in Chapter 5.  

As an effect of the alkali treatment of sugarcane bagasse fibers, we found a max-

imum in the stiffness and a more pronounced one in the strength of the fibers. Although 

fiber strength increased considerably, we could not be certain that this increase is also 

transferred to the composites. Consequently, the goal of the study was to prepare compo-

sites with fibers treated with NaOH and determine their properties. The results are pre-

sented in Chapter 6, and we also show a unique method in this chapter to characterize 

the effect of alkali treatment on inherent strength of natural fibers.  

In accordance with the general tendency of going green and using local re-

sources, the goal of our next experiment was to prepare fully biodegradable biobased 

composites from PLA and sugarcane bagasse fibers and explore the property profile of 

the materials produced. Additionally, most of the conclusions about interfacial adhesion 
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in the papers dealing with PLA/sugarcane bagasse fiber composites were drawn from the 

observation of SEM micrographs and they contradict the previous results of our group 

indicating strong adhesion between PLA and natural fibers. In the course of our compre-

hensive study, we wanted to clarify these contradictions and, if possible, support our pre-

vious statements with the new results, that are reported in Chapter 7.  

In the final chapter of the Thesis (Chapter 8), we briefly summarize the main 

results of 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 restricted 

to the listing of the major thesis points. The large number of experimental results obtained 

in the research supplied useful information and led to several conclusions, which can be 

used during further research and development related to the optimization of properties in 

fiber-reinforced composites. Even though natural fiber-reinforced composites have long 

been used, feedback indicates that this topic remains interesting and still raises a number 

of questions. This is illustrated well also by the fact that the papers on which the disser-

tation is based have been published in journals with a reasonably large impact factor. 

During our work, we also encountered further issues that still need to be investigated and 

then answered. The research continues, and we hope that we will be able to expand this 

field of science with further valuable results. 
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Chapter 2 

Materials, methods, characterization 

The raw materials, sample preparation, and characterization techniques used in 

these experiments are collected in this chapter. The composites discussed later were pro-

duced and characterized using almost the same methods. Any deviations from the tech-

niques described here are presented at the beginning of the corresponding chapter.  

2.1 Materials 

The bagasse fibers were obtained directly from the sugar mill (Candi Baru Sugar 

Factory, Sidoarjo, Indonesia). They were washed with ethanol, dried, cut, and sieved. The 

fibers were separated into two, a long and a short fractions. The long fraction was obtained 

by combining fibers collected from the 0.8 mm (20 mesh) and 0.35 mm (45 mesh) sieves, 

and the short fraction consisted of the fibers passing through all sieves. The density of the 

fibers was determined by using a pycnometer; the value obtained was 1.2 g/cm3. 

 The polypropylene used as matrix for the composites was the Tipplen H 649 FH 

grade homopolymer produced by the MOL Group Ltd., Hungary. The polymer has a 

nominal density of 0.9 g/cm3 and a melt flow rate of 2.5 g/10 min at 230 °C and 2.16 kg 

load. A polypropylene functionalized with maleic anhydride was used as a coupling 

agent. The Scona TPPP 2112 FA grade maleated PP (MAPP) was supplied by  

Byk-Chemie GmbH, Germany, and it had a melt flow rate of 2-7 g/10 min at 190 °C and 

2.16 kg, and a maleic anhydride content of 0.9-1.2 wt% according to the datasheet of the 

producer.  

The PLA used as matrix in Chapter 7 was obtained from NatureWorks  

(Minnetonka, MN, 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 melt flow rate (MFR) is 3,9 g/10 min at 190 °C and 2.16 kg load. 

The functionalized PLA coupling agent (MAPLA) was produced in our laboratory. The 

PLA used in the grafting reaction was the Ingeo 3251D grade obtained from NatureWorks 

(Minnetonka, MN, USA). Its MFR was 35 g/10 min at 190 °C and 2.16 kg load. PLA was 

dried for 4 hours at 100 °C and 150 mbar pressure. 4 g maleic anhydride (Merck KGaA, 

Darmstadt, Germany) was dissolved in 20 ml acetone (Molar Chemicals Kft, Halásztelek, 

Hungary) and then 4 g Luperox 101 (Arkema, Colombes, France) peroxide was added to 

the solution. The latter was poured onto 200 g PLA and homogenized in a plastic bag. 

The granules were placed into an air circulating oven (Memmert UF450, Memmert 

GmbH, Schwabach, Germany) for 5 min at 80 °C to evaporate the solvent. Reactive pro-

cessing was carried out using a Brabender LabStation (Brabender GmbH, Duisburg, Ger-

many) single screw extruder with the temperature profile of 175-180-185-190 °C at  

12 rpm. The grafted polymer was characterized by NMR spectroscopy (Varian NMR 
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System, Agilent Technologies, Inc., Santa Clara, CA, USA) but was not purified; it was 

used as obtained in the reaction. 

2.2 Alkali treatment of bagasse fibers 

The fraction collected between the sieves of 45 and 20 mesh was separated for 

alkali treatment; the length of the fibers was 2845 ± 1260 μm and their diameter  

716 ± 385 μm. Longer individual fibers were separated for mechanical characterization, 

tensile testing. A solution containing 40 wt% sodium hydroxide was prepared from NaOH 

flakes (Molar Chemicals, Hungary). The solution was diluted to obtain solutions with  

1, 2, 4, 8, 15, 20, and 40 wt% alkali content. 

1 g of fiber was weighed into a beaker and 40 ml NaOH solution was poured on 

it. The treatment lasted for 1 hour, when the fibers were separated from the solution and 

placed into 50 ml acetic acid (Molar Chemicals, Hungary) for 10 min. Subsequently, the 

fibers were washed on a filter with water until the pH of the washing water became neu-

tral. pH was checked by litmus paper. Finally, the fibers were soaked in distilled water 

and then the pH was checked again. The fibers were dried at 105 °C in an air circulation 

oven for 48 hours. Fibers were prepared in a similar way for tensile testing with the only 

difference that fibers of 8-12 cm length were separated first and then dried under tension 

to avoid curling. All treatments were done at ambient temperature. Fibers had to be milled 

for X-ray diffraction and FTIR measurements. Two grams of the fibers were placed into 

a Retsch MM 400 ball mill (Retsch GmbH., Germany) and the fibers were ground for  

2.5 min at 30 s-1 frequency. Sufficiently small particles were obtained for the preparation 

of KBr pellets for the recording of the FTIR spectra. 

2.3 Composite preparation 

The fiber content of the composites changed from 0 to 30 wt% in 5 wt% steps. 

The ratio of maleated polymer/fiber was 0.1 calculated for the weight of the fiber and 

added on the expense of the matrix polymer in all composites. E.g., for the 30 wt% com-

posites: 67 g of PP or PLA, 30 g of sugarcane bagasse, and 3 g of coupling agent. Weight 

percentages were used for sample preparation, but properties depend on the volume frac-

tion of the reinforcement. This latter was calculated by using the density of the compo-

nents (see above). 

The fibers and the polymer were homogenized in a twin-screw compounder 

(Brabender DSK 42/7, Brabender GmbH, Duisburg, Germany) at the set temperatures of 

170-180-185-190 °C, and at 40 rpm. The fibers were dried before extrusion at 105 °C for 

4 hours in an air circulating oven (Memmert UF450, Memmert GmbH, Schwabach, Ger-

many). Extrusion was repeated once in order to increase homogeneity. The granulated 

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

ness using a Demag IntElect 50/330-100 machine (Demag Ergotech GmbH, Schwaig, 

Germany). Processing parameters were 40-170-180-185-190 °C set temperatures,  

300-700 bar injection pressure, 50 bar back pressure, 50 mm/s injection speed, 25 s 
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holding time, and 30 s cooling time. The temperature of the mold was set to 40 °C. The 

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

testing. 

2.4 Characterization 

The chemical composition of the sugarcane bagasse fibers was determined by 

the van Soest method. The detailed description of the method can be found in the paper 

of van Soest [1]. According to the method, hemicellulose content is determined after 

treatment with an acidic detergent solution, the amount of cellulose by treating the fibers 

with sulfuric acid of 72 wt% concentration and lignin by burning the sample in an oven. 

The composition was analyzed also by Fourier transform infrared spectroscopy (FTIR). 

Spectra were recorded on KBr pellets using a Bruker Tensor 27A (Bruker, Massachusetts, 

US) apparatus. 2 mg fiber was mixed with 248 mg KBr for the preparation of the samples. 

Spectra were recorded from 4000 to 400 cm-1 at 2 cm-1 resolution with 32 scans. Absorb-

ances appearing at 1428 (CH2 stretching vibration [2-5]) and 1372 cm-1 (C-H bending 

[2,6,7]) were assigned to cellulose, those detected at 1730 (C=O stretching vibration [2-

4,8]), 1249 (C-O stretching vibration [2,4,7,8]) and 1040 (C-H and C-O bending vibration 

[4,7]) cm-1 to hemicellulose and the one observed at 1514 cm-1 (C=C aromatic vibration 

[2,4]) to lignin. The crystalline structure of the fibers was characterized by X-ray diffrac-

tion (XRD). The traces were recorded on powder samples using a Philips PW 1830/PW 

1050 (Philips, The Netherlands) apparatus with CuK radiation at 40 kV and 35 mA 

anode excitation in the 2 range between 4 and 40° with 0.04° steps. Crystallinity and 

microfibril angle (MFA) were determined from the reflection of the cellulose detected at 

22.8° according to the method described by Yamamoto [9]. The mechanical properties of 

the fibers were characterized by tensile testing. Fibers were slightly stretched and fixed 

onto paper frames for the measurements. An Instron 5566 tensile testing machine (In-

stron, Massachusetts, US) was used for the tests at the gauge length of 20 mm and cross-

head speed of 0.5 mm/min. Ten parallel measurements were carried out for each sample 

(Figure 2.1). 

 

Fig 2.1  Samples prepared for the tensile testing of the sugarcane bagasse fibers. 

Scanning electron microscopy (SEM) was used for the characterization of the 

morphology of the neat and treated fibers. The equipment used was a Jeol JSM 6380 LA 

(Jeol, Japan) apparatus. Before recording the micrographs, the surfaces were sputtered 

with gold for 35 s using a Jeol Fine Coater (Jeol Ltd., Tokyo Japan) apparatus. 
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The mechanical properties of composites were characterized by tensile and im-

pact testing. Tensile tests were carried out using an Instron 5566 (Instron, Norwood, MA, 

USA) universal testing machine according to the ISO 527 1A standard with a gauge 

length of 115 mm and 5 mm/min crosshead speed using a 10 kN load cell. Five parallel 

measurements were carried out at each composition. Modulus, yield properties (yield 

stress and yield strain), tensile strength and elongation-at-break were derived from rec-

orded stress vs. strain traces. Local deformation processes were followed by acoustic 

emission testing. Acoustic emission (AE) signals were recorded using a Sensophone AED 

404 apparatus (Geréb és Társa Ltd., Budapest, Hungary). A single “a11” resonance de-

tector with a resonance frequency of 150 kHz was attached to the center of the specimen. 

Impact resistance was characterized by the notched Charpy impact strength, which was 

determined according to the ISO 179 standard at 23 °C with 2 mm notch depth using a  

1 J hammer on ten specimens for each material. Instrumented impact testing was carried 

out using a Ceast Resil 5.5 instrument (Ceast spa, Pianezza, Italy) with a 4 J hammer. At 

least seven parallel measurements were carried out on each material. The appearance of 

broken surfaces was studied by scanning electron microscopy (Jeol JSM 6380 LA, Jeol 

Ltd., Tokyo, Japan). Micrographs were recorded on fracture surfaces created during ten-

sile and fracture testing, respectively, at the accelerating voltage of 15 kV. Before record-

ing the micrographs, the surfaces were sputtered with gold for 35 s using a Jeol Fine 

Coater (Jeol Ltd., Tokyo Japan) apparatus. 
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Chapter 3 

Deformation and failure of sugarcane bagasse  

reinforced PP1 

3.1 Introduction 

As discussed in Chapter 1, the use of natural resources increases continuously 

in all areas of our life. Natural fibers are light; thus, their use reduces the weight of the 

vehicles [1-6]. Reduced weight results in decreased fuel consumption and smaller emis-

sion [3-7]. The fibers used in the largest quantity are flax, hemp, and kenaf, but a number 

of other fibers like bamboo, ramie, sisal, coir, and wood flour are also applied for various 

purposes such as inner door panel, underbody cover, seatbacks, ceiling liner, etc. 

[1,2,5,6,8-12]. In the case of wood flour and other natural fibers, the size and aspect ratio 

of the particles have a significant effect on properties. Larger aspect ratio improves stress 

transfer and reinforcement, but it makes processing more difficult [13]. The surface en-

ergy of natural fibers is small, thus their adhesion to the polymer matrix is weak, espe-

cially in polyolefins, which do not contain any polar functional groups [10,14,15]. Inter-

facial interactions may be stronger if the polymer contains groups capable of forming 

specific interactions, e.g. hydrogen bonds, like in poly(lactic acid) (PLA), for example 

[16]. In the case of large particles, the transverse strength, i.e. the strength of the fiber 

vertically to its axis, proved to be small, which led to small tensile strength and impact 

resistance [13]. Various fibers coming from a variety of sources can have a wide range of 

characteristics and thus the properties of the composites prepared from them can vary 

considerably [10,17]. 

In Chapter 1 we also showed that sugar industry generates enormous amount of 

bagasse, which was burnt to produce energy for the production of the sugar. Recently, 

bagasse generates waste, which must be handled in a different, but environmentally 

friendly and economically advantageous way. A possible approach for the value-added 

application of fibers from sugarcane bagasse is their use as reinforcements in polymer 

composites. Accordingly, the goal of this project was to explore the possibility of using 

sugarcane bagasse fibers as reinforcement for polypropylene. We prepared composites 

from sugarcane bagasse fibers by extrusion and injection molding, and we used wood 

flour as a reference reinforcement in this study. 

3.2 Experimental 

Materials, sample preparation and characterization are described in Chapter 2. 

The longer fraction of bagasse fibers (length: 2845 ± 1260 μm; diameter: 716 ± 385 μm) 

was used in the present experiments. The wood flour used as reference was the Filtracell 

 
1

Anggono, J., Farkas, Á.E., Bartos, A., Móczó, J., Antoni, A., Purwaningsih, H., Pukánszky, B.: Deformation 

and failure of sugarcane bagasse reinforced PP, European Polymer Journal 112, 153-160 (2019) 
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EFC 1000 grade produced by Rettenmaier and Söhne GmbH, Germany. The average size 

of the particles was about 210 m and its aspect ratio, i.e. the ratio of its length and di-

ameter, was 6.8. The density of the wood flour used in the experiments was 1.42 g/cm3. 

3.3 Results and discussion 

 Fiber-reinforced composites are used as structural materials. Their most im-

portant properties are stiffness, strength and impact resistance. The overall mechanical 

properties of composites are determined by local deformation processes. Accordingly, we 

discuss tensile properties and reinforcement in the first two sections of the chapter. Sub-

sequently, we focus on fracture behavior and the analysis of local processes in the next 

two. Finally, structure-property correlations are discussed in the last section of the chapter 

with some reference to practical consequences. 

3.3.1 Tensile properties 

The main role of reinforcing fibers is to increase the stiffness and the strength of 

the polymer used as matrix. The Young's modulus of polypropylene reinforced with the 

two types of fibers is plotted against fiber content in Fig. 3.1. Previous experience indi-

cates that stiffness does not depend on fiber characteristics and adhesion very much, but 

mainly on the amount of fiber added to the matrix [13,18]. 
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Fig. 3.1 Composition dependence of the stiffness of PP/natural fiber composites pre-

pared with bagasse fibers and wood flour as reference. Symbols: () bagasse, 

() bagasse, MAPP, () wood flour, () wood flour, MAPP. 
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 The presence of MAPP should not influence stiffness significantly, however, 

coupling resulted in the decrease of stiffness that is difficult to explain. The premature 

failure of fibers with large diameters parallel to their axis was one possible explanation 
which needed further confirmation by the results of other experiments like acoustic emis-

sion testing and microscopy. On the other hand, fiber characteristics seem to have larger 

effect [18]; the modulus of composites containing the bagasse fibers is smaller than that 

prepared with wood flour. Only one plausible explanation exists for this phenomenon, the 

bagasse fibers with their extremely large size debond from the matrix already at the very 

small deformations of the modulus determination, voids form, which decrease modulus. 

We must also note that the gradient of the modulus vs. fiber content correlations decrease 

with increasing fiber loadings. This effect indicates the presence of some structural factor, 

either the fibers touch each other forming associations [19] or their average orientation 

decreases with increasing fiber content. Such a change in orientation with filler content 

was observed earlier [20].  
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Fig. 3.2 Effect of fiber content on the tensile yield stress of PP/fiber composites. Influ-

ence of interfacial adhesion. Symbols: () bagasse, () bagasse, MAPP, () 

wood flour, () wood flour, MAPP. 

 Tensile yield stress is plotted against fiber content in Fig. 3.2. The difference in 

the reinforcing effect of the two fibers, bagasse, and wood, remained the same, but the 

influence of interfacial adhesion is much larger than in the case of stiffness. Several stud-

ies proved earlier that tensile characteristics determined at larger deformations depend 

much more on interfacial adhesion than stiffness [13,18,19]. It is interesting to note that 

the effect of different particle characteristics does not appear in yield stress at poor adhe-

sion, possibly because of the large size of the two fibers. Although wood is much smaller 
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than the bagasse fiber, but 210 m is still much larger than the usual size of mineral fillers, 

which is in the micron range. The structural effect mentioned above affects properties 

also in this case and the effect can be seen in the composition dependence of yield stress. 

We must emphasize here, however, that both wood and bagasse reinforce PP at good 

adhesion. 

The tensile strength of the composites is presented as a function of fiber content 

in Fig. 3.3. Quite surprisingly, the differences in particle characteristics are even less vis-

ible than in the case of tensile yield stress. One reason might be the attrition of long fibers, 

but more probably the extensive debonding of large particles that dominates local defor-

mations. On the other hand, the effect of adhesion on reinforcement is significant in this 

case; strength almost doubles in the composition range studied. 
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Fig. 3.3 Tensile strength of PP/lignocellulosic fiber composites plotted against fiber 

content. Symbols: () bagasse, () bagasse, MAPP, () wood flour, () 

wood flour, MAPP. 

One of the major drawbacks of wood and natural fiber-reinforced composites is 

their limited deformability, which results in very stiff materials with small impact re-

sistance. As shown by Fig. 3.4, the elongation-at-break values of the composites decrease 

considerably with increasing fiber content to very small values. Hardly any difference 

can be observed among the composites in this respect, composites containing wood might 

have slightly larger deformability, and adhesion seems to decrease elongation, but the 

differences are very small. The results presented above clearly show that the fibers ap-

plied in this study can be used in practice only when a coupling agent is added to improve 
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adhesion and that the deformability of the composites is small.  
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Fig. 3.4 Decreasing elongation-at-break values of PP/natural fiber composites with in-

creasing fiber content. Symbols: () bagasse, () bagasse, MAPP, () wood 

flour, () wood flour, MAPP. 

3.3.2 Reinforcement 

 A general, qualitative idea can be obtained about the reinforcing effect of the 

two fibers from Figs. 3.2 and 3.3 presented above. However, it is very difficult to draw 

conclusions from those figures about reinforcement and it is impossible to estimate it 

quantitatively. A model is needed in order to determine the reinforcing effect of fibers 

more accurately. Such a model was developed earlier for the description of the tensile and 

impact characteristics of heterogeneous materials [21]. Eq. 3.1 describes the composition 

dependence of tensile strength in the following way 

𝜎𝑇 =  𝜎𝑇0 𝜆𝑛  
1 −  𝜑𝑓

1 + 2.5 𝜑𝑓

 exp(𝐵 𝜑𝑓) (3.1) 

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

tively, f is the volume fraction of the fiber in the composite, B expresses the load bearing 

capacity of the fiber and it depends on interfacial adhesion. In the equation, true tensile 

strength (T = ,  = L/L0, relative elongation) accounts for the change in specimen 

cross-section and n for strain hardening occurring with increasing elongation. n charac-

terizes the strain hardening tendency of the polymer and can be determined from matrix 
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properties (n=1.17 for the PP used in the experiments). The rearrangement of the equation 

leads to the reduced tensile strength 

𝜎𝑇𝑟𝑒𝑑 =  
𝜎𝑇

𝜆𝑛
 
1 + 2.5 𝜑𝑓

1 − 𝜑𝑓

=  𝜎𝑇0 exp(𝐵 𝜑𝑓) (3.2) 

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

the slope of which expresses the reinforcing effect of the fibers quantitatively. 
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Fig. 3.5 Tensile strength of PP composites reinforced with natural fibers plotted 

against fiber content in the linear representation of Eq. 3.2. Slopes express the 

load bearing capacity of the fibers. Symbols: () bagasse, () bagasse, 

MAPP, () wood flour, () wood flour, MAPP. 

The tensile strength of the four sets of composites is plotted in the way dictated 

by Eq. 3.2 in Fig. 3.5. Straight lines are obtained indeed with smaller or larger deviations 

from the line. At poor adhesion fiber characteristics do not seem to influence reinforce-

ment much, the points for the two fillers fall almost on the same line, but interfacial ad-

hesion does. The addition of the coupling agent increased the slope of the lines, i.e. rein-

forcing effect, considerably. The parameters of the correlations are collected in Table 3.1. 
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Table 3.1 Reinforcing effect (parameter B) of the studied fibers calculated from the ten-

sile strength of the composites (see Eqs. 1 and 2) at good and poor adhesion. 

Fiber 
Matrix strength, 0 

(MPa) 
Parameter B R2a 

Bagasse 22.2 3.11 0.9748 

Wood 22.1 3.24 0.9827 

Bagasse, MAPP 22.8 4.97 0.9890 

Wood, MAPP 22.2 5.81 0.9924 

a) Determination coefficient indicating the accuracy of the fit. 

The conclusions drawn from the direct observation of Fig. 3.5 are expressed 

quantitatively by the numbers in the table. Small differences can be seen in the slope of 

the lines for the composites prepared with the different fibers, but much larger as an effect 

of improved adhesion. Fig. 3.5 calls attention to another fact. The model applied assumes 

the homogeneous distribution of the heterogeneous phase in a matrix. If structural phe-

nomena occur (changing orientation, aggregation) in the composites, the points deviate 

from the straight line. On closer scrutiny, only slight deviation from linearity can be seen 

for the composites with good adhesion, i.e. which contain MAPP, thus our earlier as-

sumption about the development of a special structure (fiber association) or the change 

of some structural factor (orientation) is not fully justified. Even if such phenomena exist, 

their effect on properties is small.  

3.3.3 Fracture resistance 

Impact strength is often a very important property for materials used in structural 

applications. Because of the dynamic conditions of testing, its composition dependence 

often differs considerably from that of tensile properties. The impact resistance of the 

composites is plotted against fiber content in Fig. 3.6. The standard deviation of the meas-

urement is large, but some conclusions can be drawn from the data quite unambiguously. 

First of all, the impact strength of all composites is larger than that of the matrix. One of 

the major problems of wood-reinforced composites is their limited impact strength, which 

cannot be improved in any way [22]. The only reasonable explanation for the phenomena 

is that local deformation processes occurring around the fibers during fracture absorb 

some energy, which increases impact strength. The other observation, which can be made, 

is that impact resistance increases slightly in the absence of the coupling agent, i.e. in the 

case of poor adhesion, while it decreases when the coupling agent is present. Obviously, 

the deformation process resulting in the absorption of energy is hindered by the presence 

of the coupling agent, by strong adhesion. It must be emphasized here, though, that alt-

hough the fibers increased fracture resistance compared to the matrix, the absolute value 

of impact strength is still small, the largest values are around 3.5 kJ/m2. At least 15 kJ/m2 

impact strength is expected from structural materials used in the automotive industry. 
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Fig. 3.6 Effect of fiber content on the Charpy notched impact strength of PP/natural 

fiber composites. Symbols: () bagasse, () bagasse, MAPP, () wood flour, 

() wood flour, MAPP. 

Instrumented impact testing was carried out on the composites in the hope of 

obtaining more information about the fracture process. The force vs. time traces of se-

lected composites are presented in Fig. 3.7. All specimens fail by brittle fracture. The 

largest difference can be seen in the maximum force, which is related to fracture initiation 

stress. All composites seem to have similar maximum loads and the addition of MAPP 

decreases it somewhat. It is very difficult to tell anything about the area under the traces, 

which is related to fracture energy, by the simple visual observation of the fractograms, 

but a more detailed analysis indicated that it changes similarly to the impact resistance 

values presented in Fig. 3.6. Accordingly, the fibers improved the impact resistance of 

polypropylene both by increasing fracture initiation stress and fracture energy due to a 

local process or processes, which consume surplus energy during fracture, compared to 

the neat polymer. 
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Fig. 3.7 Instrumented impact traces (force vs. time) recorded on selected PP/natural 

fiber composites. Fiber content: 16.5 vol%.  

3.3.4 Local processes, deformation mechanism 

The previous sections clearly proved that local processes taking place around the 

reinforcing particles play a role in the determination of impact resistance and generally 

properties. The study of wood reinforced composites showed that several local processes 

can take place during deformation, the shear yielding of the matrix, cavitation, debonding, 

i.e. the separation of the interface between the filler/fiber and the matrix, fiber pullout, or 

fiber fracture [13,18,19]. These processes are competitive, and they can take place sim-

ultaneously or consecutively. Usually, one of the processes dominates during deformation 

and fracture, but the occurrence of the others cannot be excluded either. Some of the local 

processes generate elastic waves within the material, which can be detected by piezoelec-

tric sensors thus acoustic emission testing gives information about the local processes. 
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Fig. 3.8 Results of the acoustic emission testing of a PP/bagasse composite. 16.5 vol% 

fiber, poor adhesion (no MAPP). Symbols: () individual signals, ⎯⎯⎯  cu-

mulative number of signals (right axis) and stress vs. elongation trace (left 

axis). 

The result of such an acoustic emission measurement is presented in Fig. 3.8. 

Small circles indicate individual events occurring within the material. The stress vs. strain 

trace of the composite is also plotted for reference (left axis). The number of signals is 

not very large and they can be divided into two groups. Events start to appear above a 

certain deformation and signals stop to develop at larger elongations; further signals ap-

pear again later until the specimen breaks. The evaluation of individual signals is difficult, 

but their evolution, the cumulative number of signals, offers more information about the 

deformation process. The cumulative number of signals is also plotted in Fig. 3.8 (right 

hand axis). The correlation clearly shows the occurrence of two processes during the test-

ing of this composite reinforced with 16.5 vol% bagasse fibers not containing the cou-

pling agent. Based on previous experience [13,18,19] we can assume that these two pro-

cesses are debonding and the pullout or fracture of the fibers. The addition of the coupling 

agent, i.e. MAPP changes both the number of signals and the shape of the cumulative 

number of signal trace (Fig. 3.9).  
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Fig. 3.9 Increased number of signals during the acoustic emission testing of a PP/ba-

gasse composite containing 16.5 vol% fiber and MAPP. Good adhesion. Sym-

bols: () individual signals, ⎯⎯⎯ cumulative number of signals (right axis) 

and stress vs. elongation trace (left axis). 

Initiation starts at larger deformation than in the previous case and the number 

of signals is ten times larger. The cumulative number of signal trace increases rather 

steeply and only one process can be distinguished in this case. The changing shape of the 

trace indicates a different deformation mechanism, which earlier was identified as the 

fracture of the fibers [13,18,19]. In previous sections, we saw that the use of the coupling 

agent had a profound effect on the properties of the composites, and the results presented 

here indicate that the changes are caused by the modification of local processes. 
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Fig. 3.10 Dependence of characteristic stresses (AE1 and AE2) on fiber content. Differ-

ent local processes and mechanisms. Symbols: () bagasse, () bagasse, 

MAPP, () wood flour, () wood flour, MAPP. 

Further analysis of local processes is possible, if we determine the characteristic 

stress values at which the local processes are initiated. The procedure was presented in 

detail in Chapter 1, but it is also demonstrated in Fig. 3.8. At poor adhesion, two char-

acteristic values can be determined (AE1, AE2), while only one in the presence of MAPP. 

The composition dependence of the characteristic values is presented in Fig. 3.10. The 

first process is initiated at very small stresses and it does not depend on composition. The 

process must be the debonding of large particles from the matrix. The second process is 

more difficult to identify, but in all probability, it is the pullout of the fibers. The fracture 

of the fibers occurs at larger stresses as shown by the case of strong adhesion, at which 

the single process occurring is initiated at larger stress. The different mechanism is shown 

also by the dissimilar composition dependence. Earlier this process was identified unam-

biguously as the fracture of the fibers [13,18,19]. Although we may have some ideas about 

the local processes emitting the signals, we need further proof for their verification. 
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a) b) 

c) d) 

Fig. 3.11 SEM micrographs recorded on the fracture surface of selected PP/natural fi-

ber composites. The surfaces were created in tensile testing. Fiber content is 

16.5 vol%. a) bagasse, b) bagasse MAPP, c) wood, d) wood, MAPP. 

Further evidence might be supplied by SEM micrographs. Typical micrographs 

recorded on fracture surfaces generated in the tensile test are presented in Fig. 3.11. All 

composites contained 16.5 vol% fibers. Fig. 3.11a recorded on a composite reinforced 

with bagasse fibers shows the debonding and pullout of a fiber from PP. Debonding can 

be seen also in the presence of MAPP (Fig. 3.11b), but the fracture of some of the fibers 

occurs as well. Practically the same picture is conveyed by the micrographs recorded on 

composites containing the wood fibers. Debonding of large particles is shown in Fig. 

3.11c, but the micrograph offers further information. It shows that fibers touch each other, 

which may explain the slight structural effect mentioned before. Moreover, strong plastic 

deformation is seen around debonded particles, which may account for the increased im-

pact resistance of the composites (see Fig. 3.6), especially in the case of poor adhesion. 

A large broken fiber can be seen in Fig. 3.11d confirming our tentative explanation that 

fiber fracture occurs in the case of good adhesion and that it is the dominating deformation 

process in composites containing MAPP. 
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3.3.5 Discussion 

 The results presented in the previous sections answered a number of questions 

emerged in the study. The analysis of local processes confirmed our tentative explanation 

about the larger impact resistance of the composites compared to the matrix by showing 

that after the debonding of large particles plastic deformation might take place, which 

consumes energy. It also explained the larger reinforcing effect of the fibers in the pres-

ence of the coupling agent. At poor adhesion, the debonding of the fibers may result in 

slightly improved impact resistance, but only fibers adhering strongly to the matrix carry 

considerable load. 
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Fig. 3.12 Correlation between the tensile strength of the composites and the character-

istic stresses determined by acoustic emission testing. Symbols: () bagasse, 

() bagasse, MAPP, () wood flour, () wood flour, MAPP. 

 Earlier we claimed that local deformation processes are important in the deter-

mination of composite properties. The tensile strength of the composites is plotted against 

the initiation stress of the various local processes in Fig. 3.12. According to the correla-

tion, the initiation of the local process leads to immediate failure in the case of strong 

adhesion, i.e. the local process determines strength. Although not immediately, but failure 

occurs soon after the start of the second process also in the case of poor adhesion. On the 

other hand, debonding does not necessarily leads to failure; some plastic deformation 

takes place after its initiation. The analysis and especially the control of local processes 

offer a possibility to improve the properties of the composites. 
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Fig. 3.13 Correlation between the impact resistance and stiffness of PP/natural fiber 

composites. Symbols: () bagasse, () bagasse, MAPP, () wood flour, () 

wood flour, MAPP. 

 In the case of structural materials, especially those used in the automotive indus-

try, an important question is the balance of stiffness and impact resistance. Fracture re-

sistance is plotted against stiffness in Fig. 3.13. The matrix has a small value in the lower 

left corner of the plot. All composites have larger stiffness, but somewhat surprisingly 

also larger impact resistance. Increasing adhesion leads to decreasing impact strength, but 

larger moduli are accompanied by larger impact strength in the case of poor adhesion. 

We explained the observed changes of properties with the occurrence of various local 

processes, but the unusual correlations need further study and explanation. Nevertheless, 

the applied combination of fiber characteristics and adhesion offers some advantages for 

practical applications. However, it is clear that in spite of the somewhat larger impact 

resistance compared to the matrix, only composites with proper adhesion can be used in 

practice. 

3.4 Conclusions 

 Sugarcane bagasse fibers reinforce polypropylene similarly to other natural fi-

bers. They increase stiffness, but decrease tensile yield stress, tensile strength and de-

formability. Increasing interfacial adhesion achieved with the application of a coupling 

agent results in the considerable improvement of reinforcement. Composite strength in-

creases with increasing fiber content, but deformability decreases even further. Although 

the very large bagasse fibers debond more easily from polypropylene than the smaller 
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wood fibers used as reference, most properties are very similar in the two types of com-

posites. The analysis of the composition dependence of properties indicated the presence 

of a slight structural effect, either the aggregation of fibers or the change of orientation 

with increasing fiber content. The impact resistance of the composites increased in the 

presence of both fibers compared to the neat matrix. The analysis of local deformation 

processes indicated that debonding is the dominating process in the absence of the cou-

pling agent, while mainly fracture occurs in its presence. Increased plastic deformation 

after debonding results in slightly improved impact resistance. Although bagasse fibers 

can be used for the reinforcement of PP, fiber extraction and handling must be improved 

to obtain smaller fibers with a better size distribution. A coupling agent must be used in 

all cases to obtain reasonable properties. 
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Chapter 4 

Effect of fiber attrition, particle characteristics and inter-

facial adhesion on the properties of  

PP/sugarcane bagasse fiber composites2 

4.1 Introduction 

 As discussed in Chapter 1, the properties of polymers reinforced with natural 

fibers are determined by several factors including component properties, composition, 

structure and interfacial interactions [1]. The most important characteristics of the fibers, 

besides their inherent strength, are their dimensions, i.e. length, diameter and aspect ratio 

[2,3]. Wood particles, for example, are large and thick and their aspect ratio is relatively 

small. Large diameter usually leads to easy debonding, the separation of the matrix and 

the fiber, and thus to premature failure [4]. Small aspect ratio, on the other hand, results 

in limited reinforcement. The dimensions of both traditional and natural fibers change 

during the processing of composite materials by traditional thermoplastic technologies as 

homogenization, injection molding or extrusion [5-8]. The attrition of the fibers has a 

considerable impact on reinforcement and the overall properties of the composites gener-

ally. Fiber dimensions and attrition are analyzed thoroughly only in very few papers deal-

ing with natural fiber-reinforced polymers [6,7,9,10]. Often even the original dimensions 

of the fibers are not reported, but their change during processing is frequently neglected. 

According to Vázquez et al. [6] the final length of the fibers decreased to less than half 

of its original value in PP/bagasse fiber composites, while a much smaller change was 

observed by Jiménez and coworkers [7] in similar composites. Possible changes in the 

diameter of the fibers during processing were not measured or even considered in either 

case. 

 Besides fiber attrition and its effect on composite properties, the influence of 

interfacial adhesion was also investigated in the present study. Surface modification is 

frequently used also in PP/sugarcane bagasse fiber composites because of the large size 

of bagasse fibers and their poor adhesion to the matrix. Luz et al. [11] found that the 

adhesion between PP and bagasse fibers is poor. Several groups used various treatments 

to improve adhesion among other approaches an isocyanate [6], acrylic acid [6], sulfuric 

acid [12], alkali treatment [6,13,14] and a MAPP coupling agent [7,12]. The stiffness of 

the composites increased occasionally after the treatment [12], but usually larger im-

provement was achieved in strength [7,13]. 

 Considering the facts discussed above, the goal of this study was to prepare com-

posites from sugarcane bagasse fiber which is available in large quantities in Indonesia, 

 
2

Bartos, A., Kócs, J., Anggono, J., Móczó, J., Pukánszky, B.: Effect of fiber attrition, particle characteristics 

and interfacial adhesion on the properties of PP/sugarcane bagasse fiber composites, Polymer Testing 98, 

Art. No.: 107189 (2021)  
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and a PP homopolymer and to study the effect of fiber dimensions and interfacial adhe-

sion on composite properties. We determined the fiber characteristics before and after 

processing to obtain information about attrition. The strength of adhesion was estimated 

quantitatively. 

4.2 Experimental 

The fibers were separated into two, a long and a short fractions in order to study 

the effect of fiber characteristics on composite properties. The dimensions of the fibers 

were determined by digital optical microscopy before and after processing; the character-

istics are compiled in Table 4.1. To determine fiber dimensions after processing, compo-

site samples were put into boiling xylene (Molar Chemicals Kft., Halásztelek, Hungary) 

for 8 hours to dissolve the polymer. Approximately 2 g of the composite was compressed 

into a thin film, cut up to smaller pieces and added to 200 ml xylene. After the complete 

dissolution of the polymer, the suspension was filtered using a water jet pump while hot, 

and then the residue remaining on the filter was washed with hot xylene. Subsequently, 

the fibers were dried. Fiber dimensions were determined by digital optical microscopy 

(Keyence VHX 500, Keyence Co., Osaka, Japan). The largest (length) and smallest (di-

ameter) dimensions of 500 to 600 fibers were measured using the ImagePro 10 software 

(Media Cybernetics, Rockville, MD, USA) both before and after processing. 

4.3 Results and discussion 

 The results are discussed in several sections. The original dimensions of the fi-

bers and the effect of processing on them are presented in the first section, followed by 

the discussion of the composition dependence of properties and local deformation pro-

cesses. Subsequently, the strength of interfacial adhesion and its effect on reinforcement 

is considered, while the influence of all factors are discussed in the final section together 

with relevance for practice. 

4.3.1 Fiber characteristics, effect of processing 

As described in the experimental section, the fibers obtained from the sugar mill 

were separated into two fractions, a short and a long one. The difference in the appearance 

of the fibers is demonstrated well by Fig. 4.1. The long fraction is fiber-like indeed, while 

the short one seems to be a fine powder. However, a more thorough inspection reveals 

that even the short fraction is fiber-like, only with a slightly smaller aspect ratio. The 

original dimensions of the fibers are shown in the 2nd and 5th rows of Table 4.1. The long 

fibers are much larger indeed, however, not only their length but also their diameter is 

considerably larger than the corresponding dimensions of the short fibers. Both dimen-

sions are approximately three times larger for the long than for the short fibers. 
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Fig. 4.1 Images showing the difference in the initial dimensions of the sugarcane ba-

gasse fibers used in the experiments: a) long fibers, b) short fibers. 

Table 4.1 Effect of processing on the characteristics of the bagasse fibers used. Fiber 

content: 16.5 vol%  

Fiber Coupling Processing 
Length 

(m) 

Diameter 

(m) 
Aspect ratio 

Short 

– before 815  626 221  120 3.96 

– after 372  214 160  90 2.31 

+ after 354  208 150  72 2.50 

Long 

– before 2845  1260 716  385 5.09 

– after 388  276 146  89 2.84 

+ after 370  242 141  84 2.82 

  

Table 4.1 clearly demonstrates the effect of processing on fiber dimensions. Two 

homogenization steps in the twin-screw compounder and injection molding reduced the 

dimensions of the fibers considerably. The decrease is especially pronounced for the long 

fibers, their length decreased almost to the tenth of its original value. It is interesting to 
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note that not only the length, but the diameter of the fibers also decreased during pro-

cessing indicating that the fibers are split relatively easily along their axis. Increased ad-

hesion does not have too much effect on attrition; practically the same dimensions are 

obtained after processing in both the presence and the absence of the MAPP coupling 

agent. Interestingly the final dimensions of both fractions are very similar, although the 

aspect ratio of the long fibers is slightly larger than that of the short fraction. Accordingly, 

we can expect a rather similar effect of the two fractions on the properties of the compo-

sites. 

4.3.2 Properties 

  The sugarcane bagasse fibers used as reinforcement increase the stiffness of PP 

considerably; modulus reaches almost twice the value of the matrix polymer in the com-

position range studied (Fig. 4.2). The effect of the two fractions is quite similar as ex-

pected; the composites containing the long fraction have somewhat larger modulus be-

cause of their larger aspect ratio. Coupling has only a marginal effect on stiffness in ac-

cordance with experience showing that modulus determined at small deformations does 

not depend very much on the strength of interfacial adhesion [15,16]. 
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Fig. 4.2 Dependence of the stiffness of PP/sugarcane bagasse fiber composites on com-

position, initial fiber dimensions and interfacial adhesion. Symbols: (,) 

short fibers, (,) long fibers; empty symbols: without MAPP, full symbols: 

with MAPP. 
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 The composition dependence of the tensile strength of PP/sugarcane bagasse fi-

ber composites is presented in Fig. 4.3. The effect of the two fractions is very similar 

again. Strength does not change much with composition in the absence of the coupling 

agent; the slight increase is the result of the orientation of the fibers during injection 

molding [17]. Because of their small aspect ratio, the reinforcing effect of the fibers is 

limited. Coupling increases strength considerably due to changing local deformation pro-

cesses. Increased interfacial adhesion hinders the debonding of the fibers for small and 

medium-sized particles. Short fibers are slightly less efficient in reinforcing the polymer 

probably because of their smaller length and aspect ratio. Accordingly, the identification 

and control of local deformation processes is crucial for the optimization of composite 

properties. 
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Fig. 4.3 Composition dependence of the tensile strength of PP/sugarcane bagasse fiber 

composites. Effect of interfacial adhesion. Symbols: (,) short fibers, (,) 

long fibers; empty symbols: without MAPP, full symbols: with MAPP. 

 The dependence of the impact resistance of the composites on fiber content is 

somewhat surprising. Increased stiffness usually results in decreased fracture resistance 

for most structural materials [18], but instead of decreasing, fracture strength increases in 

our case (Fig. 4.4). Although the absolute values of impact resistance are not very large, 

the increase is considerable. The long fraction performs better in this case too, and cou-

pling decreases fracture resistance somewhat. Apparently, the fibers must take part in and 

influence the fracture process, fibers with a larger aspect ratio are more advantageous. 

Unfortunately, instrumented impact testing did not reveal almost anything about the frac-

ture process, the force vs. time traces recorded were very similar. The stress needed for 

crack initiation increased somewhat with increasing fiber content, but propagation energy 
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changed only slightly. A more detailed study of the local deformation processes might 

offer more information about the reasons for the changes observed in the various proper-

ties of the composites as a function of the variables studied. 
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Fig. 4.4 Effect of fiber content on the notched Charpy impact resistance of PP/sugar-

cane bagasse fiber composites. Symbols: (,) short fibers, (,) long fi-

bers; empty symbols: without MAPP, full symbols: with MAPP. 

4.3.3 Local processes 

  Acoustic emission testing detects burst-like local processes through a piezoe-

lectric sensor placed on the tensile specimen during the test. Such processes are the 

debonding of the fiber and the matrix, probably fiber pullout and the fracture of the fibers. 

The result of such a test is presented in Fig. 4.5 for the composite containing the short 

fraction of the fibers at 16.5 vol% in the absence of coupling. As it was shown in Chapter 

3 in case of composites containing the long fraction of the fibers, the small circles indicate 

individual acoustic events, while the two solid lines are the cumulative number of events 

vs. elongation correlation (right axis), and the stress vs. elongation trace (left axis) added 

for reference. The number of signals is not very large; hardly exceed 1000 during the test. 

The signals appear in two groups, the first at small deformations, below 1 %, while the 

rest is scattered in the entire span of the test. Debonding usually occurs at small defor-

mations and stresses, while the second process might be fiber fracture and/or fiber pullout 

[4,16,19]. 
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Similarly to the composites reinforced with the longer fibers, the addition of the 

MAPP coupling agent induces considerable changes in the acoustic emission behavior of 

the material (Fig. 4.6). The number of signals is more than ten times larger than in the 

previous case and the distribution of the signals changes as well. Relatively small number 

of signals are detected at small deformations and much larger later in the deformation 

process. The majority of the signals are detected above 3 % elongation. The considerable 

changes in the result of the test indicate that coupling and thus increased interfacial adhe-

sion changes local processes completely and a new process becomes dominating. The 

identification of the actual processes is not possible based on the acoustic emission tests; 

they must be complemented by other methods. 
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Fig. 4.5 Result of the acoustic emission testing of a PP/sugarcane bagasse composite; 

() individual acoustic emission signals, the full lines are the cumulative num-

ber of signal vs. elongation (right axis) and the stress vs. elongation correla-

tion (left axis), respectively, the latter plotted as reference. Fiber content:  

16.5 vol%; composites without MAPP. 
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Fig. 4.6 Result of the acoustic emission testing of a PP/sugarcane bagasse composite; 

() individual acoustic emission signals, the full lines are the cumulative num-

ber of signal vs. elongation (right axis) and the stress vs. elongation correla-

tion (left axis), respectively, the latter plotted as reference. Fiber content:  

16.5 vol%; composite with the MAPP coupling agent. 

 Scanning electron microscopy usually offers valuable information about the 

mechanism of the local processes discussed above. Only two micrographs are presented 

in Fig. 4.7, because all those recorded on the fracture surface of the composites were very 

similar, independently of the method of creating the surface, i.e. in tensile or impact test-

ing. Large fibers can be seen in Fig. 4.7a and at least two mechanisms can be identified. 

Debonding is clearly the dominating process taking place during deformation, in the ab-

sence of the coupling agent. Some fractured fibers are also present on the surface, but we 

cannot determine if they were fractured during the tensile test or during the homogeniza-

tion of the material. The presence of MAPP modifies the fracture surface of the composite 

somewhat as shown by Fig. 4.7b. A large, fractured fiber can be located in the middle of 

the micrograph and other, somewhat smaller ones around it. Debonded fibers are not pre-

sent on the surface practically at all. SEM micrographs support our conclusions about the 

mechanism of the local processes taking place around the bagasse fibers, but their unam-

biguous identification is difficult because of the large size of the fibers, their attrition 

during processing, and the rough surface of the specimens studied. 
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a) b) 

Fig. 4.7 SEM micrographs recorded on the fracture surface of PP/sugarcane bagasse 

fiber composites. The surfaces were created in tensile testing. Resulting mor-

phology from local processes are indicated by arrows. Fiber content:  

16.5 vol%. a) without coupling, b) with MAPP. 

 The quantitative analysis of the acoustic emission signals offers further infor-

mation about local processes. Consecutive processes can be distinguished by the grouping 

of the individual signals and they appear as separate sections on the cumulative number 

of signal vs. elongation correlations. The initiation stress of the processes, called charac-

teristic stress, can be determined as it was shown in Chapter 3. These characteristic 

stresses are plotted against fiber content in Fig. 4.8. As mentioned before, two processes 

can be identified from the acoustic emission results at different deformations. As shown 

by Fig. 4.8, the first process occurs at the same stresses (first step) for the two fractions. 

The stresses in this stage are small and based on earlier experience, the related process 

must be the debonding of the fibers. The fibers with the largest diameter debond first and 

thus not aspect ratio or average size, but the size and number of thick fibers determine the 

initiation stress of this process. The mechanism of the second process is more difficult to 

identify. We saw in Table 4.1 that the attrition of the fibers is considerable during pro-

cessing, the fibers split along their axis as well and they do this independently of the 

presence or absence of the coupling agent, i.e. adhesion. We may assume therefore that 

the second process is the fracture of the fibers along their axis. In the absence of the 

coupling agent only the fibers with the largest diameter fracture, since they contain more 

flaws than smaller ones, but the number of these events is small. The stress needed for 

fracture is smaller than in the other cases (second step, lowest correlation). At strong ad-

hesion, debonding is less probable, smaller fibers also fracture, initiation stress increases. 

The difference between the two fractions can be assigned to the somewhat smaller diam-

eter and larger aspect ratio of the long fraction. Accordingly, fiber dimensions, but espe-

cially interfacial adhesion have a crucial impact on local processes and thus on the prop-

erties of the composites. 
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Fig. 4.8 Composition dependence of the characteristic (initiation) stresses of the local 

processes taking place around the fibers as determined by acoustic emission 

testing. Symbols: (,) short fibers, (,) long fibers; empty symbols: with-

out MAPP, full symbols: with MAPP. 

4.3.4 Interfacial adhesion 

 As the results presented above show, interfacial interactions are crucial in the 

determination of the mechanism of local processes and the properties of the composites. 

We assumed, and changes in composite properties confirmed, that the MAPP coupling 

agent increases adhesion, but we do not know the extent of this increase. Using the same 

model as in Chapter 3 makes possible the quantitative estimation of the change in inter-

facial adhesion. The model was fitted to the experimental data in the way presented earlier 

and the load-bearing capacity of the fibers, i.e. reinforcement (parameter B) was calcu-

lated for the four sets of composites. The intersection of the straight lines gives the cal-

culated strength of the matrix (sT0), while R2, the determination coefficient, offers infor-

mation about the goodness of the fit. The results are collected in Table 4.2 and they cor-

respond to our expectation, interfacial adhesion improves reinforcement and the load-

bearing capacity of the fibers considerably. 

 Although we obtained quantitative information about the effect of coupling on 

the reinforcing effect of the fibers by applying the model expressed in Eq. 3.1, direct 

values on adhesion are still missing. The use of the model (Eq. 1.1) presented in  

Chapter 1 offers a way to obtain such values. C1 and C2 are constants of the equation 

depend on the geometry of the debonding process [20]. Debonding stress (sD) can be 

determined from acoustic emission testing (initiation stress) and if we know the constants 
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C1 and C2, we can calculate adhesion strength. The constants have been determined earlier 

(C1 = 0.23 ± 0.08 and C2 = 4.31 ± 0.5) [21] and thus Fa was calculated for all four sets of 

composites. The values are listed in the third column of Table 4.2 and they show that the 

strength of adhesion increased by an order of magnitude as the result of the addition of 

MAPP. The large change in adhesion strength explains the modification of the mecha-

nism of local deformation processes, the fracture of large fibers and the considerable in-

crease in composite strength. 

Table 4.2 Characteristics related to interfacial adhesion; strength of adhesion (Fa) and 

load-bearing capacity (B). 

Fiber Coupling 
Fa

 

(mJ/m2)a 

sT0 

(MPa) 
Parameter B R2b 

Short 

– 141 20.9 3.39 0.9678 

+ 1604 21.0 4.95 0.9775 

Long 

– 138 20.9 3.44 0.9668 

+ 1650 21.5 5.30 0.9795 

a) Fa was determined on composites containing 16.5 vol% bagasse. 

b) determination coefficient indicating the goodness of the fit. 

 

4.3.5 Discussion 

 The results presented in Table 4.1 showed that considerable fiber attrition took 

place during the homogenization and processing of the composites. As expected, attrition 

was more severe for longer and larger fibers than for smaller ones. Because of attrition, 

the dimensions of the fibers in the composites were very similar in spite of their largely 

differing initial values. Accordingly, small differences could be detected in the effect of 

the two fractions used and we obtained only limited information on the effect of fiber 

dimensions on composite properties. 

 On the other hand, the quantitative determination of values related to interfacial 

adhesion proved that interactions change drastically upon the addition of the MAPP cou-

pling agent. Changing adhesion led to an increase of composite strength and modified 

local processes significantly. The role of local processes in the determination of the over-

all properties of composites, except stiffness, has been shown several times [15,16,19]. 

In order to confirm this relationship, tensile strength was plotted against the characteristic 

stresses determined by acoustic emission. The correlation is presented in Fig. 4.9. Points 

representing the two processes are separated from each other clearly. The characteristic 

stress of the first process is small, and it is not related to tensile strength. The second 

process, on the other hand, is closely related to the strength of the composite indicating 
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that the occurrence of the process results in the immediate failure of the material. Accord-

ingly, the control of the local process allows the adjustment of composite strength and 

one way to do this is the modification of interfacial adhesion, i.e. coupling.  

0 10 20 30 40
0

10

20

30

40

second step

T
en

si
le

 s
tr

en
g
th

 (
M

P
a)

Characteristic stress, sAE (MPa)

first step

 

Fig. 4.9 Correlation between the tensile strength of the PP/bagasse fiber composites 

and the characteristic stresses of the local processes determined by acoustic 

emission testing. Symbols: (,) short fibers, (,) long fibers; empty sym-

bols: without MAPP, full symbols: with MAPP. 

 The last issue remaining open is the increase of impact resistance in the presence 

of the fibers, which is interesting from both the theoretical and the practical points of 

view. Increasing stiffness predicts decreasing impact resistance, thus the fibers must ini-

tiate processes, which consume energy during fracture. The most probable processes are 

the shear yielding of the matrix or the fracture of the fibers. Debonding leads to the for-

mation of voids that changes the stress distribution around the fibers and often results in 

local yielding. However, shear yielding was not detected on any of the micrographs rec-

orded on the fracture surface of the composites, thus we must assume that the fracture of 

the bagasse fibers is the process resulting in the increase of impact resistance. This phe-

nomenon was observed earlier for large wood particles. Nevertheless, we can conclude 

that the use of sugar cane bagasse fibers has numerous benefits. In the case of good ad-

hesion, the stiffness and strength of PP increase considerably, and its impact resistance 

improves in some extent as well. The limited information obtained on the effect of fiber 

dimensions on properties indicates that their modification or even optimization may lead 

to further improvement in composite characteristics. 
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4.4 Conclusions 

 Considerable attrition occurs during the processing of sugar cane bagasse fibers. 

The larger the dimensions of the fibers the larger the extent of attrition. Although the 

initial dimensions of the two fiber fractions used in these experiments differed signifi-

cantly, their size in the composites was very similar. Interfacial adhesion is poor in PP/ba-

gasse fiber composites, but it can be improved by coupling. The strength of adhesion was 

estimated quantitatively and adhesion was ten times as strong (1600 mJ/m2) in the pres-

ence of the coupling agent than without it (140 mJ/m2). Consequently, the load-bearing 

capacity of the fibers was also very different leading to much larger tensile strength in the 

presence of the coupling agent. Local deformation processes also change with the strength 

of adhesion, debonding dominates in the absence of the coupling agent, while fiber frac-

ture is more important at good adhesion. Fiber fracture consumes energy that leads to the 

increase of impact resistance upon the addition of the fibers, although the absolute value 

of impact strength remains relatively small (4 kJ/m2). The overall properties of the PP 

composites prepared with sugarcane bagasse fibers are relatively good and probably they 

can be further improved by optimization. The very large size of the fibers used in these 

experiments is not advantageous, they must be reduced in order to achieve better proper-

ties, but even in that case, the application of coupling cannot be avoided. 
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Chapter 5 

Alkali treatment of lignocellulosic fibers extracted from 

sugarcane bagasse: Composition, structure, properties3 

5.1 Introduction 

 Mercerization is a commercial technology developed a long time ago which con-

sists of the treatment of the natural fibers with a sodium hydroxide solution of 20-27 wt% 

under tension [1]. The treatment results in increased strength, improved sheen and easier 

dyeing. Today, all kinds of alkali treatment are called mercerization [2]. The improve-

ment of strength is the main reason and goal of using this approach for the treatment of 

natural fibers applied as reinforcements in plastics. 

 The effect of alkali treatment on the structure and properties of fibers was studied 

by numerous groups and the increase of stiffness and strength was observed quite often 

[3-6]. However, the explanation for the improvement of mechanical properties is rather 

controversial in many cases. The concentration of sodium hydroxide and the time of treat-

ment varies in a very wide range from 0.03 wt% to 40 wt% and from a few minutes to 48 

hours [3-13]. It is generally accepted that the composition of the natural fibers changes as 

the result of the treatment; the alkali-soluble parts are dissolved thus the hemicellulose, 

lignin and wax content of the fibers decrease, although Taha et al. [3] claimed that lignin 

content remains constant. The groups agree much less about the reasons of the improve-

ment in strength. Although structural changes are thought to result in these changes in 

most cases, the opinions about the main factors differ widely. Crystallinity is one of these 

factors, but it was shown to increase [5,12], decrease [13] or go through a maximum 

[6,10,14,15] as a function of NaOH concentration and time. Mechanical properties are 

often plotted against crystallinity, but the correlations are rarely convincing. Another fac-

tor might be a change in the microfibril angle [2,5,16,17] or crystal modification [16], i.e. 

the transformation from the cellulose I to the cellulose II form as the result of the treat-

ment [14,18]. Alkali treatment removes waxes and other amorphous components from 

the surface of the fibers thus modifying surface roughness [12,19-21], which was claimed 

to improve interfacial adhesion [14]. On the other hand, Gassan and Bledzki [7] think that 

changing surface quality does not modify composite properties. Unfortunately, the state-

ments are not very often supported with sufficient experimental evidence and the contro-

versies are difficult to resolve. 

 Nevertheless, it is a fact that under certain conditions the stiffness and strength 

of natural fibers are improved by alkali treatment [3-6], which results in an increase of 

 
3

Bartos, A., Anggono, J., Farkas, Á.E., Kun, D., Soetaredjo, F.E., Móczó, J., Antoni, A., Purwaningsih, H., 

Pukánszky, B.: Alkali treatment of lignocellulosic fibers extracted from sugarcane bagasse: composition, struc-

ture, properties, Polymer Testing 88, Art. No.: 106549 (2020) 
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composite modulus and/or strength, as a consequence [4,7,16]. Occasionally, an improve-

ment or maximum is observed in the strength of composites when a polymer is reinforced 

with treated fibers. Van de Weyenberg et al. [9] reinforced epoxy resin with fibers mod-

ified by alkali treatment and found considerable increase in the transverse strength of the 

composites. They explained the improvement with a change in interfacial adhesion, 

which was contradicted by Gassan and Bledzki [7]. In spite of the contradictions pub-

lished, the beneficial effect of alkali treatment for fiber characteristics is clear and it often 

results in better composite properties as well. Considering the contradictions mentioned 

above, the goal of our study was to treat sugarcane bagasse fibers with sodium hydroxide 

and then thoroughly characterize their composition, structure and properties including 

strength and stiffness. 

5.2 Experimental 

This Chapter is in one way unique among the others. During the work, compo-

sites were not prepared, but neat bagasse fibers were alkali-treated and characterized. The 

whole procedure (sample preparation, treatment, and characterization) is described in 

Chapter 2. 

5.3 Results and discussion 

 The results of the experiments are presented in several sections. First, the effect 

of chemical treatment on the composition of the fibers is discussed, followed by the 

presentation of changes in their structure. Properties are analyzed next and then correla-

tions between composition and properties are shown in the last section together with rel-

evance for practice. 

5.3.1 Composition 

The analysis of results published in the literature clearly showed that one of the conse-

quences of the alkali treatment of fibers is a change in their chemical composition. The 

alkali-soluble parts of the fibers, mainly hemicellulose, lignin, and waxes, are dissolved 

to different extents. At larger concentrations of NaOH and at longer times, also cellulose 

crystals disintegrate and dissolve. The change of chemical composition inevitably leads 

to the modification of properties as well. Accordingly, the effect of treatment on compo-

sition was followed by two methods, chemical analysis and FTIR spectroscopy. 

The cellulose and lignin content of the fibers are plotted against the concentra-

tion of the treating solution in Fig. 5.1. The cellulose content is large, exceeds 50-60 wt%, 

while the amount of lignin is below 20 wt%, as expected for such fibers. In accordance 

with most literature references, lignin content decreases continuously with increasing 

NaOH concentration [6-8,15,20,22]. On the other hand, cellulose content shows a maxi-

mum. The maximum results from the fact that the dissolution of amorphous components 

is considerably faster than that of the cellulose crystals, but the latter also degrades at very 

large alkali concentrations. The observed increase in cellulose content may result in the 

improvement of mechanical properties as reported many times in the literature [6,15]. 
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Hemicellulose content also decreases with increasing NaOH concentration, while the 

amount of ash remains constant [5,12,14,20,21,23,24]. 
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Fig. 5.1  Effect of the NaOH concentration of the treating solution on the composition 

of sugarcane bagasse fibers. Treatment time: 1 h. Symbols: () cellulose, () 

lignin content. 

 As mentioned above, compositional changes were followed also by FTIR spec-

troscopy. The spectra of the fibers after selected NaOH contents are presented in Fig. 5.2. 

The quantitative analysis of peaks assigned to the various components of the fiber yielded 

the same results as chemical analysis. The inset of Fig. 5.2 shows the decrease of hemi-

cellulose (1730 cm-1, C=O stretching vibration) and lignin (1514 cm-1, C=C aromatic vi-

brations) content with increasing NaOH concentration. Both chemical analysis and FTIR 

spectroscopy confirmed the expectations that the chemical composition of the fibers 

changes during treatment and the changes must result in modified structure and properties 

[3,5-7,15]. 
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Fig. 5.2  FTIR spectra of neat bagasse fibers and of those treated with NaOH solutions 

of various concentrations. The inset shows the decrease of hemicellulose (1730 

cm-1) and lignin (1514 cm-1) content with increasing alkali concentration. 

0 10 20 30 40 50
0

20

40

60

80

W
ei

g
h

t 
lo

ss
 (

%
)

NaOH concentration (wt%)  

Fig. 5.3  Weight loss during the alkali treatment of bagasse fibers. Treatment time: 1 h. 
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The chemical composition of the fibers changes because some of the components 

are dissolved during treatment. The rate of dissolution is different for the various compo-

nents, but all lead to the decrease of the weight of the sample. Weight loss is plotted 

against the NaOH concentration of the treating solution in Fig. 5.3. According to the fig-

ure, the decrease of weight is very substantial at large NaOH contents, the fibers start to 

lose their integrity. Considering the large change in weight, we may conclude that treat-

ments with solutions above 15 wt% NaOH deteriorate the fibers, at least in the time frame 

(1 hour) used in these experiments. 

5.3.2 Structure 

 Cellulose has various crystal forms. In plants, it crystallizes in the cellulose I 

form, which may transform into the cellulose II modification as the result of alkali treat-

ment [14,18]. Treatment loosens up structure and the sodium ions as well as the water 

present make possible the transformation. Interesting to note that such transformation was 

rarely reported during the alkali treatment of fibers used as reinforcements in plastics. 

Parallel to the change in crystal modification, crystallinity may be also modified during 

treatment. XRD records obtained on fibers treated with NaOH solutions of different con-

centrations are plotted in Fig. 5.4.  
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Fig. 5.4 XRD traces of the neat bagasse fiber and of those treated with alkali solutions 

of various concentration. Changes in the crystalline structure of the fibers. 

According to the traces, crystal form does not change in our case even at the largest alkali 

concentration. On the other hand, crystallinity and order change quite considerably as 

NaOH concentration increases. Cellulose crystals retain their integrity up to 8 wt% NaOH 
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content, but the regularity of the crystals decreases considerably above that concentration. 

The quantitative analysis of the results shows that crystallinity increases from about  

58 % to 63 % at 5 wt% NaOH content of the solution, but decreases steeply above this 

alkali concentration down to around 40 %, confirming the conclusions drawn by the vis-

ual observation of the traces presented in Fig. 5.4. 

The improvement of the mechanical properties of the fibers is often explained 

with the change of the microfibril angle (MFA) during alkali treatment [16]. Decreasing 

MFA results in better alignment of the fibrils to the direction of the load and thus larger 

stiffness and strength [9]. MFA can be determined from XRD records using the approach 

proposed by Yamamoto [25]. MFA values are plotted against the NaOH content of the 

treating solution in Fig. 5.5. MFA did not change at all for the sugarcane bagasse fibers 

used in this study, and we detected only very slight changes in the case of flax fibers used 

as reference. According to these results the change in microfibril angle cannot explain the 

improvement or changes in the mechanical properties of the fibers, if there is any. 
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Fig. 5.5  Independence of the microfibril angle (MFA) of bagasse fibers of the NaOH 

concentration of the treating solution. Flax is presented as comparison. Sym-

bols: () bagasse, () flax. 

For polymers reinforced with natural fibers, the changes in properties are often 

explained with the modification of the surface of the fibers. The removal of waxes and 

increased surface roughness are claimed to improve interfacial adhesion and thus the stiff-

ness and strength [12,19-21] of composites reinforced with natural fibers. The surface 

morphology of the fibers is demonstrated by the SEM micrographs presented in Fig. 5.6. 
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The surface of the neat fiber is relatively smooth and even (Fig. 5.6a), but sharper con-

tours appear already after the treatment with 4 wt% NaOH solution (Fig. 5.6b). Deep 

grooves (Fig. 5.6c) and even larger holes (Fig. 5.6d) can be observed after the treatment 

with solutions of larger concentrations, and the fibers start to lose their integrity as indi-

cated also by the XRD traces. Several authors claim that changing surface morphology 

improves interfacial adhesion and fiber or composite properties [8,24,26,27], but Gassan 

and Bledzki [7] question this claim and relate property changes to the shrinkage of the 

fibers. 

  
a) b) 

  
c) d) 

Fig. 5.6  SEM micrographs recorded on the neat fibers and on fibers treated with NaOH 

solutions of various concentration; a) neat fiber, b) 4 wt%, c) 8 wt%, d) 30 

wt% NaOH content. 

5.3.3 Mechanical properties 

 The effect of alkali treatment on the stiffness of the fibers is presented in Fig. 

5.7. Flax is used as a reference in the figure. The modulus of flax is considerably larger 

than that of the bagasse fibers. The difference might be caused by the dissimilar microfi-

bril angle, which is around 25° for the bagasse and 18-20° for the flax fibers. In both 

cases, a maximum appears in stiffness at around 3-5 wt% NaOH content of the treating 

solution. The maximum is more pronounced for flax, but it seems to be present also in 
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the case of bagasse. The location of the maximum on the NaOH concentration axis differs 

from the one determined for cellulose content, which raises some doubt about the exclu-

sive role of this latter factor in the changes of mechanical properties. On the other hand, 

the maximum determined in crystallinity is much closer to this value. 
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Fig. 5.7  Effect of the concentration of the NaOH solution used for treatment on the 

stiffness of sugarcane bagasse fibers. Flax is used as reference. Symbols: () 

bagasse, () flax. 

 The tensile strength of the fibers is plotted against NaOH content in Fig. 5.8. The 

strength of the bagasse fibers is larger than that of the flax fibers indicating that instead 

of microfibril angle other factors determine fiber strength. We must keep in mind that the 

fibers were slightly stretched for tensile testing, which influences the measured values, 

but these latter are acceptable for comparative purposes. A maximum is observed in this 

case too; it appears at around 5-8 wt% for bagasse and closer to 5 wt% for the flax fibers. 

The maximum is clear, fiber strength increases considerably as an effect of the treatment, 

and then it decreases at larger alkali concentrations. The increase in fiber strength justifies 

the increase observed in the strength of composites prepared with various fibers treated 

with NaOH [9,26,28]. The decrease in strength, to very small values in the case of flax, 

at larger NaOH content is in accordance with earlier conclusions drawn from the XRD 

and SEM studies.  
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Fig. 5.8  Effect of the concentration of the NaOH solution used for treatment on the 

tensile strength of sugarcane bagasse fibers. Symbols: () bagasse, () flax. 

We might mention here also the deformability of the fibers and the effect of 

alkali treatment on them. The elongation-at-break of the bagasse fibers is larger, it is 

around 5 %, while that of the flax fibers is approximately 3 % in the average, and it does 

not change much upon treatment. The dissimilar elongation of the fibers might also in-

fluence strength. Although we confirmed the beneficial effect of alkali treatment on the 

properties of natural fibers and proved that it results from the change of composition and 

structure, we do not have an unambiguous explanation for the improvement and do not 

know the determining factor either. 

5.3.4 Correlations 

 The results presented above indicate clearly that composition and structure de-

termine properties and that alkali treatment modifies both factors. In publications, me-

chanical properties are very often related to the crystallinity of the fibers [4,12]. The 

Young's modulus and strength of the fibers are plotted against crystallinity in Fig. 5.9. 

Strength apparently increases with increasing crystallinity, while a maximum seems to 

exist for modulus that is difficult to explain since stiffness should increase continuously 

with increasing crystallinity. We must call the attention here to the fact, though, that the 

standard deviation of all data is large and the correlations are rather loose. Crystallinity 

must influence mechanical properties, but it is not the determining factor, others must 

play a role as well. 
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Fig. 5.9  Weak correlation between the mechanical properties of bagasse fibers and 

their crystallinity. Symbols: () Young's modulus, () tensile strength. 

The unambiguous determination of the dominating factor is very difficult, be-

cause probably more than one influence properties and their weight might be dissimilar. 

Moreover, various factors are related to each other, they either change similarly as a func-

tion of NaOH concentration or even depend on each other, thus the identification of the 

dominating one is very difficult or even impossible. Since the correlation between me-

chanical properties and crystallinity is weak, we decided to analyze the combined effect 

of various compositional factors on properties. We carried out multiple regression analy-

sis, in which we considered all compositional variables and their interactions. Subse-

quently, we neglected components, which were not significant and arrived to the conclu-

sion that a non-linear model taking into account first-order compositional variables and 

an interaction term describes property change quite well. The following model: 

𝜎 = −36.7[𝐶] + 39.1[𝐻𝐶] − 340.5[𝐿] + 8.3[𝐶][𝐿] (5.1) 

where  is the tensile strength of the fiber, while [C], [HC] and [L] is its cellulose, hemi-

cellulose and lignin content, respectively, was obtained in the analysis. The model takes 

into account the fact that the sum of the components must be 100 %. The ash content of 

the fibers was fixed at 2 %. The two-dimensional surface plot of the model is presented 

in Fig. 5.10. Measured values are also shown in the figure as red symbols together with 

the corresponding value. Although deviations can be observed between the predicted and 

measured values, the agreement is reasonable, the determination coefficient, i.e. the good-

ness of the fit is 0.9110. 
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Fig. 5.10  Simultaneous effect of cellulose and lignin content on the tensile strength of 

sugarcane bagasse fibers. The solid lines were determined by regression anal-

ysis. The red symbols indicate measured values. 

Fig. 5.10 proves that the combination of several compositional variables deter-

mines the mechanical properties of the fibers. The overall effect is not linear and the 

interaction of the variables (see the factor [C][L]) further complicates evaluation. In order 

to see the predictive power and validity of the approach, we plotted calculated fiber 

strength against the measured values. The correlation is presented in Fig. 5.11. Consider-

ing the uncertainty of the tensile test and the large standard deviation of tensile strength 

(see Fig. 5.8), the correlation is excellent, thus we can state that the changes in composi-

tion during alkali treatment unambiguously determine mechanical properties. 

Although the correlation shown in Fig. 5.11 is unambiguous, one might object 

that the structure of the fibers must determine properties. This might be true, but MFA 

did not change at all and the relationship between mechanical properties and crystallinity 

was very weak (Fig. 5.9). On the other hand, if we consider that the cellulose crystals are 

much stiffer and stronger than the amorphous components of the fiber, one can easily 

accept that the dissolution of a part of the amorphous phase results in an improvement of 

mechanical properties. The maximum in strength was observed at around 5 wt% NaOH 

content of the treating solution and both hemicellulose and even the lignin content are 

still considerable even after the treatment. Obviously, the weakest fraction is dissolved 

during treatment resulting in the improvement of properties. We can expect, as a result, 

that fibers treated with a NaOH solution of 5 wt% concentration will reinforce polymers 

more than neat fibers and composite properties will improve in accordance with published 

results [14,29,30]. 
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Fig. 5.11 Correlation between the measured strength and values calculated by regression 

analysis from compositional variables using Eq. 5.1. 

5.4 Conclusions 

 The results on the alkali treatment of sugarcane bagasse fibers proved that the 

treatment modifies the composition, structure and properties of the fibers. Hemicellulose 

and lignin content decrease, while cellulose content goes through a maximum as a func-

tion of the alkali content of the treating solution. Crystallinity changes only slightly and 

microfibril angle remains constant with increasing NaOH content thus structural effects 

and especially MFA are not the primary reasons for changing properties, contrary to many 

reports published in the literature. The stiffness of the fibers shows a very slight maximum 

at around 2-4 wt% NaOH content, while strength a much more pronounced one at around 

5-8 wt%. The increase in fiber strength is quite considerable. It is important to note that 

the mechanical properties of the fibers were determined parallel to their axis. In Chapter 

6, however, we also attempted to determine the internal strength of the fibers, which is 

different, always smaller than the value measured in these experiments. Direct correlation 

between structure and mechanical properties was not found indicating that changes in 

composition are more important in the determination of properties than structure. Regres-

sion analysis proved that the combination of several compositional variables determines 

mechanical properties in a non-linear manner. The improvement in fiber properties was 

explained with the dissolution of weak alkali-soluble fractions and with the increase of 

cellulose content. The optimum concentration of the treating solution is around 5 wt% 

NaOH content if the time of treatment is fixed at 1 hour. The increase of fiber strength is 

expected to result in the improvement of composite properties. 
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Chapter 6 

Reinforcement of polypropylene with alkali-treated sugar-

cane bagasse fibers: Mechanism and consequences4 

6.1 Introduction 

 In the case of good adhesion, the poor transverse strength of fibers or wood par-

ticles leads to the failure of the composites and it is difficult to compensate for this weak-

ness. The inherent strength was improved by the impregnation of wood particles with a 

phenolic resin in one case; a slight improvement in strength was obtained in poly(lactic 

acid)/wood composites as the result [1]. Very few other examples are found for the in-

crease of fiber strength apart from the alkali treatment of lignocellulosic fibers, which is 

an approach applied quite often for the improvement of fiber and thus composite strength 

[2-7]. As described in Chapter 5, a wide range of NaOH contents (0.03 to 40 wt%) and 

treatment times (2 min to 48 h) were used in this procedure and various extents of im-

provement was observed in composite properties, mostly in strength [3,8,9]. The expla-

nations are also diverse and sometimes controversial, relating the improvement of prop-

erties to changing crystal modification [10], crystallinity [4-6], microfibrillar angle [5,6], 

surface quality [3,11], etc. Besides being controversial, the explanations are rarely sup-

ported with convincing experimental evidence.   

 In Chapter 5, we subjected sugarcane bagasse fibers to alkali treatment and de-

termined the composition and structure of the fibers. NaOH content changed from 1 to 40 

wt% and treatment time was 1 hour. Although fiber strength increased considerably, we 

could not be certain that this increase is transferred also to the composites, thus the goal 

of this study was to prepare composites using alkali treated sugarcane bagasse fibers and 

thoroughly study their mechanical properties and the local deformation processes. We 

also investigated the effect of the concentration of the treating NaOH solution on the 

properties of composites containing 16.5 vol% fiber in preliminary experiments. The 

change in the inherent strength of the fibers was estimated by the study of local defor-

mation processes, which has never been done before. 

6.2 Experimental 

The length of the sugarcane bagasse fibers used during the work was  

2845 ± 1260 μm and their diameter 716 ± 385 μm. The NaOH flakes and the acetic acid 

solution of 96 wt% concentration used in the alkali treatment procedure were purchased 
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from Molar Chemicals, Hungary. 

Before treatment, sugarcane bagasse fibers were dried at 105 °C for 24 hours. 

300 g of sieved fibers from the longer fraction were placed into a container and 5 liter 

sodium hydroxide solution of 5 wt% concentration was poured onto them. Another con-

tainer contained 5 liter acetic acid solution of 10 wt% concentration diluted from the con-

centrated solution, and another container was filled with 10 liter of distilled water. The 

suspension was stirred in every 5 to 10 minutes during the 1 hour of the treatment. Sub-

sequently, the fibers were separated and placed into the acetic acid solution and let them 

soak for 10 min. The fibers were washed several times with tap water after neutralization 

and then they were placed into the container containing the distilled water. Fibers were 

prepared in a similar way for the preliminary study, but with NaOH solutions of different 

concentrations and in smaller amounts. 

6.3 Results and discussion 

 The results are presented in several sections. The conclusions of the preliminary 

experiments are reported first and then the composition dependence of properties are 

shown in the next section. Deformation and failure mechanisms are discussed subse-

quently followed by the presentation of general correlations and practical consequences 

in the last section of the chapter. 

6.3.1 Effect of alkali concentration 

 Our previous study on the effect of alkali treatment on fiber characteristics indi-

cated a maximum in fiber stiffness and strength at around 5 wt% NaOH content of the 

treating solution (Chapter 5). We could not assume a priori that the optimum in compo-

site properties will be reached at the same extent of treatment, at the same alkali concen-

tration. Consequently, the goal of the preliminary study was to identify the existence of 

an extremum in properties, if it exists at all, and its location on the NaOH concentration 

scale. Fibers were treated with solutions of different alkali concentrations and then com-

posites were prepared at 16.5 vol% fiber content from them. The tensile strength of the 

composites is plotted against the concentration of the treating solution in Fig. 6.1. A max-

imum is detected at around 5 wt% NaOH content indeed. Apparently, the improvement 

in the stiffness and strength of neat fibers as an effect of alkali treatment is transferred to 

the composites as well. The extent of increase is smaller than in the case of the fibers, 

strength increased from around 400 to 600 MPa in the longitudinal direction there, but a 

maximum clearly exists, the strength of composites containing the treated fibers is defi-

nitely larger than that of the materials prepared with the neat fiber. 
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Fig. 6.1 Correlation between the concentration of the NaOH solutions used for the al-

kali treatment of sugarcane bagasse fibers and the tensile strength of their PP 

composites. Treatment time: 1 h, fiber content: 16.5 vol%. 

The increase of composite stiffness and strength as the result of the alkali treat-

ment of natural fibers has been shown before [5,6] and it was more or less expected also 

in the case of bagasse fibers. On the other hand, impact resistance also increased consid-

erably, from around 2.5 kJ/m2 to a value around 4 kJ/m2 (Fig. 6.2), which is rather sur-

prising, since larger stiffness and strength are usually accompanied by smaller impact 

resistance. We must call the attention here to the fact that the preliminary experiments 

were done in the presence of a coupling agent resulting in good adhesion [12-14], which 

decreases debonding and usually increases the number of fiber fractures [15,16]. One 

might assume that the improved impact resistance results from the modification of the 

inherent strength of the fibers, which hinders the failure of the fibers and thus fracture 

initiation and propagation in the composites. However, this tentative explanation had to 

be checked and it was proved indeed in the further course of the study (see Section 6.3.3). 
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Fig. 6.2 Effect of the concentration of the treating solution on the impact resistance of 

PP/sugarcane bagasse fiber composites at 16.5 vol% fiber content. 

6.3.2 Composition dependence of properties 

The effect of fiber treatment on composite properties was studied at various fiber 

contents with and without the coupling agent. Based on the results of Chapter 5 showing 

a maximum in fiber modulus and strength, which was confirmed by the results of the 

preliminary study, 5 wt% was selected as the concentration of the NaOH solution used 

for the treatment. The Young's modulus of composites containing the treated and un-

treated fibers is plotted against fiber content in Fig. 6.3. Composites containing the alkali-

treated fibers are clearly stiffer than those prepared with the neat fibers. Adhesion has 

practically no effect on stiffness in the case of the treated fibers, which is in agreement 

with previous experience [15,17,18]. On the other hand, coupling resulted in the decrease 

of stiffness for the neat fibers which was already shown in Chapter 3, and the longitudi-

nal fracture of large fibers was assumed as a possible explanation. 
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Fig. 6.3 The stiffness of PP/sugarcane bagasse fiber composites plotted against fiber 

content. Effect of alkali treatment (5wt% NaOH) and coupling. Symbols: () 

untreated, () untreated, MAPP, () alkali-treated, () alkali-treated, 

MAPP. 

Alkali treatment has a similar effect on the tensile strength of the composites as 

on stiffness; composites containing the treated fibers are stronger than materials prepared 

with the neat fibers (Fig. 6.4). The difference is not large, but the increase is unambigu-

ous. As expected, coupling has a much larger influence on strength than on stiffness. 

Composite strength increases considerably with fiber content in the presence of the cou-

pling agent, i.e. at good adhesion [12-14], while it remains practically constant in the 

absence of the coupling agent. The phenomenon was observed before and was explained 

with changing local deformation processes occurring around the fibers, i.e. debonding, 

matrix yielding and the fracture of the fibers [12,16,18].  
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Fig. 6.4 Correlation between the tensile strength of PP/sugarcane bagasse fiber com-

posites and fiber content. Symbols: () untreated, () untreated, MAPP, () 

alkali-treated, () alkali-treated, MAPP. 

 The preliminary experiments indicated an interesting increase in the impact re-

sistance of composites prepared with the treated fibers. However, composites contained 

the fibers at a single composition, at 16.5 vol% fiber content in those experiments. The 

effect of fiber content on impact resistance is presented in Fig. 6.5 for the four series of 

composites studied. Treatment improves impact resistance indeed and the effect depends 

also on the presence or absence of the coupling agent. The largest impact resistances were 

measured for the composites containing the treated fibers at poor adhesion, while the 

smallest for the untreated fiber at good adhesion. The treated fibers with coupling, as well 

as the untreated fibers without the coupling agent gave more or less similar impact re-

sistance values somewhere between the two extremes. Obviously, the combined effect of 

fiber treatment and interfacial adhesion determines impact resistance, which changes in a 

range somewhere between 2 and 4.5 kJ/m2. The change is influenced by inherent fiber 

properties and local deformation processes discussed in the next section. We must em-

phasize here, though, that the impact resistances measured are moderate, and much larger 

values are required in certain applications. 
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Fig. 6.5 Impact resistance of PP composites reinforced with sugarcane bagasse fibers 

plotted as a function of fiber content. Symbols: () untreated, () untreated, 

MAPP, () alkali-treated, () alkali-treated, MAPP. 

6.3.3 Deformation and failure mechanism 

 As it was shown in the previous chapters, local deformation processes can be 

followed by acoustic emission testing, by the measurement of elastic waves resulting 

from a local process. The result of an AE test on a composite containing alkali treated 

sugarcane bagasse fibers is presented in Fig. 6.6. The measurement was done on the com-

posite containing 16.5 vol% of the fiber in the absence of the coupling agent, i.e. at poor 

adhesion. The signals can be divided into two main groups. The first group is located at 

small deformations, below 2 %. The amplitude of these signals (vertical location) is small 

compared to the group detected at larger deformations. The distribution of the signals 

indicates the occurrence of two local events and according to previous experience 

[15,16,18] these can be assigned to the debonding of the fibers and to fiber fracture or 

pullout. The construction of the cumulative number of signals trace (continuous correla-

tion, right axis) also shows the two stages and thus the two processes. The number of 

events is smaller in the first step (debonding), while more signals are detected in the sec-

ond process (fiber fracture).  The other continuous line (left axis) shows the corresponding 

stress vs. elongation trace as reference.  
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Fig. 6.6 The result of the acoustic emission testing of a PP composite reinforced with 

alkali-treated sugarcane bagasse fiber. Fiber content: 16,5 vol%. Symbols: 

() individual acoustic signals, solid lines: cumulative number of signal trace 

(right axis), stress vs. elongation correlation (left axis); poor adhesion (no 

MAPP) 

Adhesion changes the correlations considerably (see Fig. 6.7). Stronger interfa-

cial adhesion led to the development of larger stresses and also to a larger number of 

events with slightly larger amplitudes. The first group of events disappeared; only one 

local process takes place during deformation. Changing interfacial adhesion obviously 

changed local deformation processes and the modification of these latter led to changes 

in properties. Acoustic emission testing yielded very similar results for the untreated fiber, 

differences can be observed mainly in the distribution, as well as in the number and am-

plitude of the events recorded. 
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Fig. 6.7 The result of the AE testing of a PP composite reinforced with alkali-treated 

sugarcane bagasse fiber. Fiber content: 16,5 vol%. Symbols: () individual 

acoustic signals, solid lines: cumulative number of signal trace (right axis), 

stress vs. elongation correlation (left axis); good adhesion (MAPP). 

  
a) b) 

Fig. 6.8 SEM micrographs recorded on the fracture surface of PP composites rein-

forced with 16,5 vol% alkali-treated sugarcane bagasse fiber; a) no MAPP, b) 

with MAPP. 

Acoustic emission testing showed that two local processes, debonding and fiber 

fracture, take place in the studied composites during deformation, the relative number of 

which depends on adhesion. However, the unambiguous identification of the two pro-
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cesses is difficult or even impossible based on these experiments. Scanning electron mi-

croscopy offers further information and can confirm the occurrence of the processes men-

tioned. Two typical micrographs are presented in Fig. 6.8, for the treated fiber with and 

without the coupling agent. The debonding of large particles can be seen in Fig. 6.8a 

confirming that mainly this process takes place in the absence of the coupling agent. At 

good adhesion, mostly the fracture of the fibers occurs as shown by Fig. 6.8b. The aspect 

ratio of the fibers is small and they even twist during processing thus we conclude that 

less pullout takes place, but the fracture of the fiber is the dominating process in the pres-

ence of the coupling agent. 
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Fig. 6.9 Estimation of the inherent strength of sugarcane bagasse fibers used for the 

reinforcement of PP. Characteristic stresses plotted against fiber content. 

Good adhesion (MAPP). Symbols: () untreated, () alkali-treated (5 wt%). 

The solid lines are exponential functions (see Eq. 6.1) fitted to the measured 

data to determine inherent fiber strength. 

 Acoustic emission testing and the SEM study proved that in the presence of the 

coupling agent the dominating local process is fiber fracture, which thus determines both 

the strength and impact resistance of the composites. The results unambiguously prove 

that treated fibers are stronger and this can be explained only with an increase in the 

inherent strength of the fibers. Previous experience shows that acoustic emission testing 

allows the estimation of inherent fiber strength. The extrapolation of the characteristic 

stress determined from the cumulative number of signal vs. elongation traces in the way 

indicated in Fig. 6.7 to volume fraction 1 gives fiber strength [19]. An earlier study 

showed that fiber strength extrapolates to the same value in different polymer matrices 

[19] thus validating the procedure. In Fig. 6.9 characteristic stresses are plotted against 
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the volume fraction of the fiber in the way suggested above. The following exponential 

function was fitted to the characteristic stresses derived from AE testing 

𝜎𝐴𝐸 =  𝜎𝐴𝐸0 + 𝑎 exp(𝑏 𝜑𝑓) (6.1) 

where sAE and sAE0 are the characteristic stress determined by acoustic emission testing 

and its extrapolated value not having any physical meaning, respectively, f is the volume 

fraction of the fiber in the composites, while a and b are fitting constants. The results of 

the fitting procedure clearly show that treated and untreated fibers extrapolate to different 

values, to 45.0 and 38.7 MPa, respectively. The determination coefficient indicating the 

goodness of the fit was 0.9947 and 0.9977, respectively, in the two cases. The difference 

of about 6 MPa does not seem to be large, but sufficient to bring about the moderate 

changes observed in the strength and impact resistance of the composites as the result of 

the alkali treatment of the fibers. 

6.3.4 Correlations, consequences 

The alkali treatment of sugarcane bagasse fibers resulted in the increase of their 

stiffness and strength; a maximum was observed in these characteristics as a function of 

the NaOH concentration of the treating solution. 
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Fig. 6.10 Correlation between the strength of sugarcane bagasse fibers treated with al-

kaline solutions of different concentrations and that of the PP composites pre-

pared from them. Fiber content: 16.5 vol%. 



Chapter 6 

 

 

94 

 

A similar maximum was observed in the stiffness, strength and an increase in the impact 

resistance of the composites indicating that inherent fiber characteristics influence com-

posite properties strongly and the effect of treatment was transferred from the fibers to 

the composites. In order to check the relationship, the tensile strength of the composites 

at good adhesion was plotted against the strength of the fibers in Fig. 6.10. Although the 

standard deviation of fiber strength is quite large, the correlation is unambiguous, com-

posite strength increases with increasing fiber strength. 

 In practice, often the combination of large stiffness and impact resistance is re-

quired for structural materials. The two quantities are plotted against each other in Fig. 

6.11. Increased modulus is accompanied by increased impact strength in three of the se-

ries.  
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Fig. 6.11 Correlation between the stiffness and impact resistance of PP composites re-

inforced with sugarcane bagasse fibers. Effect of alkali treatment and interfa-

cial adhesion. Symbols: () untreated, () untreated, MAPP, () alkali-

treated, () alkali-treated, MAPP. 

The debonding and the fracture of the fibers proved to be the main local defor-

mation processes related to the fibers. Debonding facilitates the shear yielding of the ma-

trix, which consumes considerable amount of energy during fracture. However, increased 

adhesion hinders the shear yielding of the polymer. The increased inherent strength of the 

fibers leads to increased fracture resistance in the case of the treated fibers, but the effect 

was reduced somewhat by good adhesion. Large extent of debonding of the untreated 
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fibers resulted also in reasonable impact resistance, but coupling decreased shear yielding 

and the smaller strength of the untreated fibers led to decreased fracture strength. Alt-

hough modulus and impact resistance could be increased simultaneously and the alkali 

treatment of the fibers was beneficial for composite properties, the impact resistance val-

ues obtained are moderate at most. The composites prepared in this study can be used in 

structural applications in which large stiffness and strength are required and a smaller 

fracture resistance is acceptable. 

6.4 Conclusions 

 The study of PP composites reinforced with sugarcane bagasse fibers treated 

with NaOH showed that alkali treatment results in increased composite stiffness and 

strength compared to materials prepared with the untreated fibers. A maximum is 

achieved in these properties at around 5 wt% NaOH content of the treating solution. The 

increase is moderate, but clear. The reason for the increase in properties could be identi-

fied as the result of an improvement in inherent fiber properties. Acoustic emission testing 

and electron microscopy showed that the two main local deformation processes related to 

the fibers are their fracture and debonding, the latter accompanied by the shear yielding 

of the matrix. The increased inherent strength of the fibers results in an increase in the 

fracture initiation stress and fracture energy of the composites. Interfacial adhesion has a 

slight effect on stiffness, but much more significant on strength and impact resistance. 

Changing adhesion modifies the relative importance of local processes; the number of 

debonding events decreases, while fiber fracture increases with increasing adhesion. In-

creased interfacial adhesion improves stress transfer and the load bearing capacity of the 

fibers, but suppresses matrix yielding. Alkali treatment increased inherent fiber strength, 

which could be directly correlated with composite strength. Using sugarcane bagasse fi-

bers results in a simultaneous increase of stiffness and impact strength in PP composites, 

but the combination of properties, especially impact resistance, is not exceptional. Alt-

hough alkali treatment is beneficial for composite properties as claimed in the literature, 

its application needs serious considerations, the slight improvement achieved might not 

always be worth the effort. 
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Chapter 7 

Bio-based PLA/sugarcane bagasse fiber composites:  

Effect of fiber characteristics and interfacial adhesion on 

properties5 

7.1 Introduction 

 As mentioned in Chapter 1, besides their advantages, natural fiber reinforced 

polymer composites have several drawbacks as well. In order to compensate for these 

disadvantages, numerous attempts are made to find the right combination of fiber and 

matrix polymer, and/or to modify the components in various ways, or improve interfacial 

adhesion by coupling. Wood and other natural fibers were added to PLA as reinforcement 

earlier and the form of the reinforcement (particle [1-4], fiber [5-7] or mat [8]), as well as 

particle characteristics, changed in a wide range in published studies. Similarly, the 

characteristics of the fibers were modified by alkali treatment [6,9-11] and numerous 

surface modification techniques were used to improve interfacial adhesion between the 

fiber and the PLA from surfactants [12,13] to various small [1,6,9,10] and large molecular 

weight coupling agents [14,15]. The property combinations achieved cover a wide range, 

but the ever-increasing drive of the industry towards materials with better properties 

always allows room for further improvement. 

 As it is shown in the Thesis, one possible reinforcement for plastics is sugarcane 

bagasse fiber. Several papers have published on polypropylene/sugarcane bagasse 

composites [16-19] and more recently on materials prepared with PLA matrix [20-24] as 

well. Some of the publications investigate interfacial interactions between the 

components. Khoo and Chow [22] observed voids between the matrix and the bagasse at 

the interface indicating weak adhesion. Hong et al. [20] studied the effect of different 

treatments (alkaline, silane and the combination of the two) on the structure and properties 

of PLA/bagasse fiber composites. They found that untreated and alkali-treated fibers were 

pulled out from the matrix, but the silane and the combined treatment improved interfacial 

adhesion, thus the number of fiber breakage increased considerably. Suryanegara et al. 

[24] observed that the tensile strength of PLA based composites decreases with increasing 

bagasse content and explained the phenomenon with poor adhesion as well as the 

formation of voids which result in inefficient stress transfer. 

 The few papers found in the literature contradict the statements we have made 

in our previous work regarding the adhesion in PLA/natural fiber composites. We think 

that the reason for this is that those works are superficial and not focused enough on 

adhesion. Therefore, the goal of the present study was to explore the properties of the 

PLA/sugarcane bagasse fiber composites with the previously time-tested techniques used 

 
5Bartos, A., Nagy, K., Anggono, J., Antoni, A., Purwaningsih, H., Móczó, J., Pukánszky, B.: Biobased 

PLA/sugarcane bagasse fiber composites: Effect of fiber characteristics and interfacial adhesion on properties, 
Composites Part A: Applied Science and Manufacturing 143, 106273 (2021) 
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by our group, and, if possible, to clarify the contradictions. 

7.2 Experimental 

 Materials, sample preparation and standard characterization methods used in this 

study are described in Chapter 2. Fiber characteristics were determined by digital optical 

microscopy (Keyence VHX 500, Keyence Co., Osaka, Japan). The fibers were evenly 

distributed on a glass plate for the determination. The dimensions of 6-700 fibers were 

measured both before and after processing. In order to determine fiber dimensions after 

processing, composite samples were put into boiling tetrahydrofuran (Molar Chemicals 

Kft., Halásztelek, Hungary) for 4 hours to dissolve the polymer, and then the fibers were 

sieved and dried. Fiber dimensions were determined using the ImagePro 10 (Media 

Cybernetics, Rockville, MD, USA) software.  

7.3. Results and discussion 

 The results are discussed in several sections. First, the dimensions of the two 

batches of fibers used as reinforcement are shown together with the effect of processing 

on them. Subsequently, mechanical properties are presented followed by the analysis of 

local deformation processes and their possible impact on properties. The results are 

discussed in the last section of the chapter together with comments on relevance for 

practice. 

7.3.1 Fiber characteristics, the effect of processing 

The dimensions of the reinforcing fibers are very important for composite 

properties since the orientation of the fibers, as well as their aspect ratio, determine the 

extent of reinforcement. As mentioned in the experimental part, two fractions of the 

bagasse fibers were separated, which had different dimensions. However, stiff fibers often 

break up during the melt processing of composite materials and the extent of attrition 

determines fiber length and aspect ratio in them. Accordingly, the length, diameter and 

aspect ratio of the fibers were determined before and after processing and the results are 

listed in Table 7.1. Both the length and the diameter of the fibers differed significantly 

before processing; both dimensions of the long fibers were about three-four times larger 

than those of their shorter counterparts. Processing led to considerable attrition in both 

cases, but the change was larger for the long fibers than for the short ones that is not very 

surprising. It is interesting to note, though, that not only the length, but also the diameter 

of the fibers decreased considerably for the long fibers; the diameter of the short fibers 

remained practically the same as before processing. The decrease of diameter indicates 

that the transverse strength of the fibers is not very large and they split easily along their 

axis. Although fiber dimensions still differ somewhat for the long and short fibers, but 

the differences are much smaller than before processing. The relatively small differences 

in fiber dimensions forecast similar reinforcing effect for the two fractions of the fibers. 
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Table 7.1 Dimensions of the bagasse fibers before and after processing  

Fiber Coupling Processing Length 

(m) 

Diameter 

(m) 

Aspect 

ratio 

Short 

– before 815  626 221  120 3.96 

– after 468  253 201  100 2.73 

+ after 592  330 234  109 2.65 

Long 

– before 2845  1260 716  385 5.09 

– after 729  320 271  128 2.98 

+ after 746  410 278  155 2.96 

 

7.3.2 Mechanical properties 

Although PLA is used in large quantities in the packaging industry, it is often 

applied also as structural material. The stiffness, strength and often the impact resistance 

are the most important properties for such materials. The stiffness of the PLA/bagasse 

fiber composites is plotted in Fig. 7.1 against composition. Increasing fiber content results 

in significant reinforcement, the stiffness of the material almost doubles in the 

composition range used in this study. Long fibers have slightly larger reinforcing effect 

than the shorter ones, but the difference is not very large in accordance with the small 

deviation in size and especially in aspect ratio, as shown by Table 1 and discussed above. 

Coupling, i.e. the use of maleated PLA does not have practically any effect, but this is in 

accordance with our previous experience showing that interfacial adhesion has only a 

slight effect on stiffness [14]. 
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Fig. 7.1 Effect of composition, fiber characteristics and interfacial adhesion on the 

stiffness of PLA/bagasse fiber composites. Symbols: () short, no MAPLA, 

() short with MAPLA, () long, no MAPLA, () long, MAPLA. 

The strength of the composites is plotted against composition in Fig. 7.2. 

Strength does not change much with composition that is beneficial for the application of 

these composites as structural materials. Short fibers reinforce the polymer somewhat less 

than the longer ones, but in view of the fiber characteristics of the two fractions this 

difference agrees well with the expectations. It is somewhat more surprising that coupling 

does not have any effect on strength either. The strength of PP composites, for example, 

decreases drastically with increasing fiber content in the absence of coupling [25,26]. The 

very small influence of coupling on strength can be explained with our earlier results 

obtained on PLA/wood composites showing that, contrary to numerous literature 

references [2,3,5,7,20,22,24], interfacial adhesion between PLA and lignocellulosic 

reinforcements is quite strong [27]. Accordingly, improved interfacial adhesion due to 

the presence of MAPLA may prevent the debonding of a few fibers with large size and 

especially with large diameter, but otherwise it has a small effect, and other processes 

than debonding may also play a role in the determination of composite properties.  
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Fig. 7.2 Tensile strength of PLA/bagasse fiber composites plotted against fiber content. 

The influence of fiber dimensions and coupling. Symbols: () short, no 

MAPLA, () short with MAPLA, () long, no MAPLA, () long, MAPLA. 

As expected, the deformability of the composites is small, elongation-at-break 

changes from 6 % of the neat polymer to about 1.5 % for the composite containing 30 

vol% bagasse fibers (not shown). None of the variables studied, i.e. fiber dimensions or 

interfacial adhesion, influences deformability practically at all, at the same fiber content 

the composites have very similar elongations. Small deformability forecasts brittle 

fracture and poor impact resistance. 

The fracture resistance of the PLA/bagasse fiber composites studied is presented 

in Fig. 7.3 as a function of composition. Contrary to the prediction mentioned above, 

impact strength increases with fiber content. The impact resistance of composites 

containing the short fibers is somewhat smaller and goes through a maximum, while it 

approaches a plateau for the composites prepared with the long fibers. Since the stiffness 

of the composites increased considerably with increasing fiber content, and usually an 

inverse correlation exists between stiffness and impact resistance for most structural 

materials, the observed phenomenon is rather surprising and needs further consideration 

and explanation. One reason for the increase might be the fact that bagasse fibers initiate 

local deformation processes, which consume energy and improve impact resistance. 
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Fig. 7.3 Increase of the notched impact resistance of PLA/bagasse fiber composites 

with increasing fiber content. Symbols: () short, no MAPLA, () short with 

MAPLA, () long, no MAPLA, () long, MAPLA. 

7.3.3 Deformation and failure processes 

 PLA/bagasse fiber composites are heterogeneous materials with components 

having considerably different elastic properties. Different mechanical characteristics lead 

to the development of stress concentrations, which during deformation initiate local 

deformation processes around the heterogeneities, i.e. around the fibers, in this case. In 

composites containing fibers with large diameter several local deformation processes may 

take place including the debonding of the fibers from the matrix polymer, fiber pullout or 

fracture and occasionally also the shear yielding of the matrix. These processes were 

followed by acoustic emission testing in this study. The result shown in Fig. 7.4 for the 

composite containing 5 vol% of the long fibers with MAPLA is typical, acoustic emission 

measurements yielded very similar results for all composites. 
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Fig. 7.4 The result of the acoustic emission testing of a PLA/bagasse fiber composite. 

Composition: 5 vol% of long bagasse fiber with MAPLA coupling agent. 

Symbols: () individual acoustic signals, full lines are the stress vs. elongation 

(left axis) and the cumulative number of signal vs. elongation (right axis) 

correlations.  

We can see that signals start to appear above a certain elongation, i.e. there is an 

initiation deformation or stress of the process, and signals are detected up to the end of 

the test. A closer scrutiny of the cumulative number of signal vs. elongation correlation 

indicates that it can be divided into two sections, i.e. two processes take place during 

deformation. Characteristic deformations and stresses can be assigned to these processes 

in the way indicated in Fig. 7.4. The composition dependence of the characteristic stresses 

determined from the acoustic emission test is presented in Fig. 7.5. We can see that the 

two processes have very different initiation stresses, that of the first step is below 20 MPa, 

while the second is at around 40 MPa. Based on the acoustic emission measurements we 

can only speculate about these two processes, but earlier experience show that debonding 

is initiated at smaller stresses, while the second process characterized by larger initiation 

stress is usually fiber pullout or fiber fracture. Since the analysis of fiber characteristics 

before and after processing showed the relatively facile fracture of the fibers also in the 

transverse direction, parallel to the axis of the fiber, we may safely assume that fiber 

fracture occurs also during mechanical deformation. 
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Fig. 7.5 Composition dependence of the characteristic stress of the local deformation 

processes detected by acoustic emission testing. Symbols: () short, no 

MAPLA, () short with MAPLA, () long, no MAPLA, () long, MAPLA. 

 SEM micrographs recorded on the fracture surfaces of the specimens may offer 

further information about the local processes taking place during deformation. A few 

representative micrographs are presented in Fig. 7.6. The fracture of a large fiber can be 

observed in Fig. 7.6a recorded on a composite containing the short fibers without 

coupling. Besides the fracture of the long fiber, a closer inspection reveals the presence 

of fibers with smaller aspect ratio, and shows that they tend to debond from the matrix 

during deformation. Coupling, i.e. the presence of the MAPLA coupling agent, does not 

modify the processes taking place during deformation; Fig. 7.6b shows basically the same 

picture as the previous one, i.e. debonding and fiber fracture are the dominating local 

deformation processes. This observation confirms our previous conclusion about the 

small effect of coupling on composite properties. The study of a large number of 

micrographs indicated that besides these two processes, some shear yielding of the matrix 

also occurs at certain places. As Fig. 7.6c shows, yielding takes place mainly around 

fibers with small aspect ratio. All the above micrographs were recorded on composites 

prepared with the short fibers. For demonstration, we present a micrograph in Fig. 7.6d 

taken from the fracture surface of a composite containing the longer fiber. The 

micrograph delivers practically the same message as the previous ones (Figs 7.6a and 

7.b), the small difference in fiber length does not change the local processes taking place 

during deformation. 
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a) b) 

  
c) d) 

Fig. 7.6 SEM micrographs recorded on the fracture surface of PLA/bagasse fiber 

composites. The surfaces were created in tensile testing. Fiber content is 

always 20 vol%. Local processes are indicated by arrows in the micrographs. 

a) short fiber without MAPLA (fracture, debonding), b) short fiber with 

MAPLA (fracture, debonding), c) short fiber without MAPLA (debonding, 

shear yielding) d) long fiber without MAPLA (fracture, debonding). 

Acoustic emission testing and the SEM study shows that three processes take 

place during the deformation of the PLA/bagasse fiber composites. Debonding does not 

consume much energy thus might not explain the increase in impact resistance but 

yielding and fiber fracture might. The fact that considerable fiber fracture takes place is 

confirmed by the SEM micrographs, but it is further supported by Fig. 7.7. The 

characteristic stress of the second process detected by acoustic emission is plotted against 

fiber content and it is extrapolated to the volume fraction of 1. This approach which can 

be used only if adhesion is strong and fiber fracture is the dominating local deformation 

process was used earlier to determine the inherent strength of the fibers (see Chapter 6). 

The correlation obtained for PP/bagasse fiber composites in the same way is also plotted 

as a reference. We can see that the correlations extrapolate to very similar values 

irrespectively of the matrix polymer. Larger fibers extrapolate to a smaller value, because 

the probability of flaws is larger in them thus their inherent strength is smaller as it was 

shown earlier for wood particles [28]. From these results we can draw the conclusion that 

fibers fracture during deformation, mainly parallel to their axis, and the process may 
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contribute to energy absorption. 
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Fig. 7.7 Composition dependence of the characteristic stress determined during the 

acoustic emission testing of bagasse fiber composites. Determination of the 

inherent strength of the fibers. Symbols: () short, no MAPLA, () short with 

MAPLA, () long, no MAPLA, () long, MAPLA. Additional symbol: () 

PP/bagasse fiber composite at good adhesion achieved with a maleated PP 

(MAPP) coupling agent (see Chapter 6). 

7.3.4 Discussion 

 The production of PLA composites suitable as structural materials is rather 

challenging for several reasons. The stiffness of PLA is reasonable, and it can be 

increased further by the addition of fibers. On the other hand, the physical ageing of this 

polymer is fast resulting in further increase in stiffness, but a drastic decrease of 

deformability [29]. The original elongation-at-break value of around 200 % for freshly 

prepared samples decreases to a few percent in less than a week. Accordingly, the material 

fails in brittle fracture and impact resistance is usually not very large. The addition of stiff 

fibers to the already brittle polymer is expected to decrease fracture resistance even 

further. 

 In our case, however, impact resistance increased upon the addition of bagasse 

fibers and with increasing fiber content. The effect must result from local deformation 

processes, of which several takes place during the deformation of the specimen. Earlier 

experiences show that debonding does not consume much energy, but shear yielding 

initiated by it or fiber fracture do. Local deformation processes usually determine the 
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macroscopic properties of composites. Close relationship has been shown earlier between 

one of the local processes and the strength of the composites [27,30]. Tensile strength is 

plotted against the characteristic stresses of the processes detected by acoustic emission 

testing in Fig. 7.8. Shear yielding does not give a signal, thus it cannot be detected in this 

way. The straight line drawn in the right side of the figure indicates identical characteristic 

stress and tensile strength, i.e. immediate failure upon the occurrence of the local process. 

Quite surprisingly, neither process leads to immediate failure. The initiation stress of the 

first, probably debonding, is much smaller than tensile strength. Failure follows not much 

after the second process, but not immediately. Accordingly, the second process may 

consume energy before failure thus increasing impact resistance. Obviously, the 

combination of parameters selected in this study leads to the preparation of composites 

with acceptable properties. Stiffness increases as expected, but local processes initiated 

by the fibers result in energy absorption and some increase in impact resistance. Good 

adhesion between the fibers and PLA leads to appropriate strength even without coupling. 

The combination of these properties makes these composites good candidates for 

structural applications. 
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Fig. 7.8 Correlation between the characteristic stresses of local processes determined 

by acoustic emission testing and the tensile strength of PLA/bagasse fiber 

composites. Symbols: () short, no MAPLA, () short with MAPLA, () long, 

no MAPLA, () long, MAPLA. 
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7.4 Conclusions 

 The determination of particle characteristics before and after processing showed 

that considerable attrition takes place during melt processing in both the length and 

diameter of the fibers. The reinforcement is fiber-like with small aspect ratio and the 

originally different batches of short and long fibers have similar particle characteristics 

after processing. The results also confirmed that the interfacial adhesion between PLA 

and lignocellulosic fibers is good, thus coupling is superfluous and does not improve 

properties. The analysis of local deformation processes by acoustic emission testing and 

microscopy showed that three local processes take place in the material during 

deformation: debonding, shear yielding and the fracture of the fibers. At least two of these 

processes, shear yielding and fracture, consume sufficiently energy to increase the impact 

resistance of the material. The modification of PLA with sugarcane bagasse fibers results 

in considerably increased stiffness, almost constant tensile strength and slightly increased 

impact resistance yielding a material with reasonable combination of properties for 

structural applications. Properties might be improved even further with the optimization 

of the dimensions of the bagasse fibers. 
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Chapter 8 

Summary 

The use of natural resources increases continuously in all areas of our life. The 

number of possible raw materials produced by nature is enormous, and we use only a 

small fraction presently. The increase of interest in natural materials is driven by the im-

proving environmental awareness of the public, but also by other factors. Traditional glass 

and carbon fibers are frequently replaced by natural fibers or wood flour. Besides coming 

from renewable resources, such fibers have several advantages: their environmental im-

pact is very advantageous, they are strong and light at the same time, and their price is 

acceptable. One possible reinforcement for plastics is the sugarcane bagasse fiber. Earlier, 

bagasse fibers were burned in the technology to produce sugar, but their value-added ap-

plication would be beneficial for the countries producing it. The fiber can be mixed di-

rectly into polymer matrices using efficient processing techniques like extrusion or injec-

tion molding. In this Thesis, we focus on sugarcane bagasse as a reinforcing fiber for the 

commodity plastic polypropylene and for a promising alternative of fossil-based poly-

mers, poly(lactic acid). The comprehensive study includes the analysis and the alkali 

treatment of the fiber, as well as the investigation of interfacial interactions and the mi-

cromechanical deformation processes, which determine the macroscopic properties of 

polymer composites. 

In Chapter 3, we showed that sugarcane bagasse fibers reinforce polypropylene 

similarly to other natural fibers such as wood flour. They increase stiffness, and in the 

presence of a maleated polypropylene coupling agent also yield stress and tensile strength. 

Although the very large bagasse fibers debond more easily from polypropylene than the 

smaller wood fibers used as a reference, most properties are very similar in the two types 

of composites. The analysis of the composition dependence of properties indicated the 

presence of a slight structural effect, either the aggregation of fibers or the change of 

orientation with increasing fiber content. The impact resistance of the composites in-

creased in the presence of both wood and sugarcane bagasse fibers compared to the neat 

matrix. The analysis of local deformation processes indicated that debonding is the dom-

inating process in the absence of the coupling agent, while mainly fracture occurs in its 

presence. Increased plastic deformation after debonding results in slightly improved im-

pact resistance. Although bagasse fibers can be used for the reinforcement of PP, fiber 

extraction and handling must be improved to obtain smaller fibers with a better size dis-

tribution. A coupling agent must be used in all cases to obtain reasonable properties. 

It is well known that considerable attrition occurs during the processing of rein-

forcements, but it is frequently neglected in many research works. In Chapter 4, we pre-

sented the processing-related attrition of sugarcane bagasse fibers and we investigated its 

effect on properties. We found that the larger the dimensions of the fibers, the larger the 

extent of attrition. Although the initial dimensions of the two fiber fractions used in these 

experiments differed significantly, their size in the composites was very similar. We also 

analyzed interfacial adhesion in the PP/sugarcane bagasse composites. The strength of 



Chapter 8 

 

 

112 

adhesion was estimated quantitatively, and adhesion was ten times as strong (1600 mJ/m2) 

in the presence of the coupling agent than without it (140 mJ/m2). Consequently, the load-

bearing capacity of the fibers was also very different leading to much larger tensile 

strength in the presence of the coupling agent. Local deformation processes also change 

with the strength of adhesion, debonding dominates in the absence of the coupling agent, 

while fiber fracture is more important at good adhesion. The overall properties of the PP 

composites prepared with sugarcane bagasse fibers are relatively good at the same time, 

they can be further improved by optimization. 

During our previous work, we observed that the limiting factor in the reinforce-

ment of composites with sugarcane bagasse is the inherent strength of the fibers. Alkali 

treatment (mercerization) is a widely used method to improve the strength of natural fi-

bers. However, during a thorough literature search, we found that there are many contra-

dictions regarding the effect of the alkali treatment. The study presented in Chapter 5 is 

dealing with alkali treatment of sugarcane bagasse fibers. The results proved that the 

treatment modifies the composition, structure, and properties of the fibers. Hemicellulose 

and lignin content decrease, while cellulose content goes through a maximum as a func-

tion of the alkali content of the treating solution. Crystallinity changes only slightly and 

microfibril angle remains constant with increasing NaOH content thus structural effects 

and especially MFA are not the primary reasons for changing properties, contrary to many 

reports published in the literature. The stiffness of the fibers shows a very slight maximum 

at around 2-4 wt% NaOH content, while strength a much more pronounced one at around 

5-8 wt%. The increase in fiber strength is quite considerable. We have not found a direct 

correlation between structure and mechanical properties, indicating that changes in com-

position are more important in the determination of properties than structure. We proved 

with regression analysis that the combination of several compositional variables deter-

mines mechanical properties in a non-linear manner. The optimum concentration of the 

treating solution is around 5 wt% NaOH content if the treatment time is fixed at 1 hour. 

The increase of fiber strength is expected to result in the improvement of composite prop-

erties. 

In Chapter 6, we studied the effect of alkali-treated bagasse fibers on the prop-

erties of PP composites. We showed that alkali treatment results in increased composite 

stiffness and strength compared to materials prepared with the untreated fibers. We ob-

served a maximum in these properties at around 5 wt% NaOH content of the treating 

solution. The increase is moderate but clear. The reason for the increase in properties 

could be identified as the result of an improvement in inherent fiber properties. Acoustic 

emission testing and electron microscopy showed that the two main local deformation 

processes related to the fibers are their fracture and debonding, the latter accompanied by 

the shear yielding of the matrix. Alkali treatment increased inherent fiber strength, which 

could be directly correlated with composite strength. Although alkali treatment is benefi-

cial for composite properties as claimed in the literature, its application needs serious 

considerations, the slight improvement achieved might not always be worth the effort. 

The change in the inherent strength of the fibers was estimated by the study of local de-

formation processes, which has never been done before. 
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In accordance with the general tendency of going green and using local re-

sources, the goal of the study presented in Chapter 7 was to prepare fully biodegradable 

biobased composites from PLA and sugarcane bagasse fibers and explore the property 

profile of the materials produced. The determination of particle characteristics before and 

after processing showed that considerable attrition takes place during melt processing in 

both the length and diameter of the fibers. However, fiber attrition is smaller than it was 

shown in Chapter 4 in polypropylene matrix. The results also confirmed that the interfa-

cial adhesion between PLA and lignocellulosic fibers is good, thus coupling is superflu-

ous and does not improve properties. The analysis of local deformation processes by 

acoustic emission testing and microscopy showed that three local processes take place in 

the material during deformation: debonding, shear yielding, and the fracture of the fibers. 

At least two of these processes, shear yielding, and fracture, consume sufficient energy 

to increase the impact resistance of the material. The modification of PLA with sugarcane 

bagasse fibers results in considerably increased stiffness, almost constant tensile strength 

and slightly increased impact resistance yielding a material with a reasonable combina-

tion of properties for structural applications. 

The most important conclusions of the Thesis can be briefly summarized in the following 

points: 

1. By the detailed study of PP/sugarcane bagasse fiber composites, we proved that 

sugarcane bagasse fibers reinforce polypropylene similarly to other natural fibers 

such as wood flour. We pointed out that fiber extraction and handling is crucial to 

obtain smaller fibers with a narrower size distribution because large particles 

debond easily from the matrix resulting in the catastrophic failure of the compo-

sites. (Ref. 1., Chapter 3.) 

 

2. Contrary to most studies published in the literature, we carried out the detailed 

analysis of fiber attrition occurring during the processing of PP/sugarcane bagasse 

fiber composites. We established, that the attrition of fibers with larger dimensions 

is considerably more extensive than of those having smaller initial dimensions. 

(Fibers which were initially three times larger attained approximately the same 

size after processing as their smaller counterparts.) (Ref. 2., Chapter 4.) 

 

3. The coupling effect of functionalized polymers is practically always assumed, but 

almost never proved, however, with the help of acoustic emission measurements 

and modeling we estimated interfacial adhesion quantitatively and showed that 

adhesion is ten time as strong in the presence of a MAPP coupling agent than in 

its absence. (Ref. 2., Chapter 4.) 

 

4. Contrary to many reports published in the literature, our detailed analysis on the 

effect of alkali treatment of sugarcane bagasse showed that crystallinity changes 

only slightly and microfibril angle remains constant with increasing NaOH content 

thus structural effects and especially MFA are not the primary reasons for chang-

ing fiber properties. (Ref. 3., Chapter 5.) 



Chapter 8 

 

 

114 

5. The analysis of the contradictions published in the literature and our own results 

indicated that changes in composition are more important in the determination of 

properties than structure, i.e. microfibril angle (MFA) or crystallinity. With the 

help of multiple linear regression analysis we proved that the combination of sev-

eral compositional variables determines stiffness and tensile strength in a non-lin-

ear manner. The improvement in fiber properties as an effect of alkali treatment 

resulted from the dissolution of weak, alkali-soluble fractions and the increase of 

cellulose content. (Ref. 3., Chapter 5.) 

 

6. We estimated the inherent strength of sugarcane bagasse fibers both before and 

after alkali treatment. The extrapolation of the characteristic stress determined by 

acoustic emission measurements showed a significant increase in fiber strength 

upon treatment. We also demonstrated the first time that a direct correlation exists 

between fiber strength and composite strength; (an increase in the former results 

in an improvement in the later.) (Ref. 4., Chapter 6.) 

 

7. By a detailed study of local deformation processes we showed that in spite of the 

fact that PLA is basically a stiff, brittle material, sugarcane bagasse fibers induce 

local processes, including the shear yielding of the matrix and fiber fracture, which 

increase the impact resistance of PLA/sugarcane bagasse fiber composites. (Ref. 

5., Chapter 7.) 
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