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Abstract 

Biodegradability and structure of natural fibre composites 

Libera Vitiello 

To mitigate the plastic pollution problem, biopolymers represent one of the 

most interesting solutions. These “green” polymers have the inherent advantage of 

being produced from renewable resources and, more important, they can be 

biodegradable or compostable. Contrary to common perception, biodegradation of 

such materials in the natural environment can be a very slow process, with obvious 

consequences in terms of their actual environmental sustainability. In the present 

dissertation, the pro-degradative effects of natural fibres on a host biodegradable 

polymer matrix are investigated to speed up biodegradation while preserving both 

the eco-friendliness of materials and the excellent properties featuring plastics. For 

such a purpose, the degradation process and environmental footprint of 

hygroscopic vegetal fibre-filled hydrolysable biopolymers have been deeply 

studied, and the design of innovative mechanical structures has been performed. 

From a chemical point of view, the biodegradation of polymer matrices is the 

result of the combined effect of water and microorganisms: the former induces 

hydrolysis of the polymer, while the latter digest the shortened chains and 

mineralizes the material. Natural fibres play a crucial role in this process, as they 

favour the access of water and microorganisms from the external environment, 

hence triggering the phenomenon. The best conditions to promote biodegradation 

are still debated. After the first part in which the optimal material-related 

parameters to speed up biodegradation have been investigated, the degradation 

process of the green composites has been assessed under different environmental 

conditions. The investigation thus focuses on the study of the degradation 

phenomena in the melt state, the hydrolytic degradation in water, and the 

biodegradation in compost. A cradle-to-gate life cycle assessment study of green 

composites has then been performed to evaluate their environmental footprint. The 

analysis was carried out by splitting the contributions of matrix and reinforcement 

to enable a conscious selection of the materials for realizing truly sustainable 

composites. In the end, the possibility of realizing mechanical metamaterials, i.e., 

systems whose mechanical properties are derived from their structure, has been 

investigated to obtain biodegradable materials with innovative mechanical 

behaviour.
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1    

Introduction 

1.1 Motivation 

Although the use and consumption of plastics have significantly 

improved human quality of life, their massive use is having a huge 

environmental impact and it is now urgent to switch to sustainable 

alternatives. Biobased polymers are increasingly attracting the attention of 

industry and academia as one of the ways of reducing the dependence on 

petroleum-based resources. These “green” plastics have the inherent 

advantage of being produced from renewable resources and, more 

important, they can be biodegradable or compostable. The latter point is 

highly desirable to reduce the environmental footprint. Many plastics are 

biodegradable, which means that they will break down into carbon dioxide, 

water, and a few other elements (mineralization), but the time needed to 

complete the process can be very long. The challenge is shortening this time 

as much as possible while preserving both the environmentally friendly 

nature of the materials and the excellent properties featuring plastics. In the 

present study, this ambitious goal was pursued through a double approach: 

on one hand, the inherent pro-degradation ability of natural fibres was 

exploited; on the other hand, the potential of mechanical metamaterials was 

explored to generate biodegradable materials with innovative mechanical 

characteristics. To reach these goals, biopolymeric matrices susceptible to 

hydrolysis and hygroscopic vegetal fibres were combined into green 

composites evaluating their degradation process and environmental impact 

(objective 1), while innovative mechanical structures were designed, 

modelled, and realized by 3d-printing techniques (objective 2). Regarding 

the first objective, the hemicellulosic fraction of fibres acts as a water 

vehicle that triggers matrix hydrolysis. The shortened polymer chains can be 

hence mineralized by microorganisms. It is known from the literature that 

natural fibres promote the biodegradation of bio-polyesters or bio-

polyamides. Due to the presence of many hydroxyl groups in their chemical 

structure, natural fibres are strongly hydrophilic, while biopolymers are 

generally hydrophobic. This results in a very poor interfacial adhesion that 

promotes access from the external environment of water and 



 

microorganisms into the bulk of the polymeric matrix. To exploit the full 

potential of the pro-degradative effect of the short fibres, the formation of 

three-dimensional networks of fibres throughout the composite represents 

an important requirement. Therefore, attention was paid to the content, size, 

and composition of the fibres. To study biodegradation, field and laboratory 

tests were performed. The former mimic environmental conditions 

experienced in real applications; the latter are useful because of their short 

duration and the possibility of monitoring the progress of biodegradation. 

Then, the life cycle assessment (LCA) was performed to estimate the 

environmental footprint of green composites realized with biopolymeric 

matrices and hygroscopic vegetal fibres. The analysis was carried out by 

splitting the contributions of matrix and reinforcement to enable a conscious 

selection of the materials for realizing truly sustainable green composites. 

The second objective of the present project consists in design biodegradable 

materials with innovative mechanical characteristics. This goal was pursued 

by designing mechanical metamaterials, i.e., artificial structures with 

mechanical properties defined by their structure rather than their 

composition. The attention was placed on a specific class of mechanical 

metamaterials, the auxetic structures. Due to a negative Poisson's ratio, such 

structures undergo lateral expansion when stretched longitudinally, and 

become thinner when compressed. This unusual mechanical response can be 

exploited to expand the application field of biodegradable materials. 

Nevertheless, auxetic structures have complex geometries that are difficult 

to be manufactured. For this reason, innovative additive manufacturing 

technologies were adopted. 

1.2 Thesis organization 

The present dissertation is divided into three parts, which reflect the 

tracks on which the research activity has been carried out. Part I encloses the 

soul of the work in which the study of the degradation mechanism of green 

composites was widely addressed. Part II and Part III complete the work by 

addressing two important aspects: the environmental footprint evaluation of 

green composites through a life cycle assessment study (Part II) and the 

possibility of creating biodegradable materials with innovative mechanical 

characteristics (Part III). Each section is basically self-consistent: in the first 

Chapter each part, a preliminary introduction to the central topic of the 

section is provided together with a brief overview of the state-of-the-art, 

then the results of the investigations are presented and discussed. 
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Part I is focused on the degradation study of PLA-based composites 

loaded with short natural fibres at high hemicellulose contents. A brief 

overview of the general understanding of the biodegradation process is 

provided in Chapter 2, while Chapter 3 reports information on the raw 

materials and production processes of the analysed systems. In the following 

chapters, the main results of the research activity are then described. The 

critical fibre concentration above which a three-dimensional network is 

formed inside the polymeric phase was evaluated in Chapter 4. This 

parameter, defined as percolation threshold (Φc), influences the 

biodegradation kinetics of composites filled with short natural fibres. An 

original rheological method for a rapid and accurate estimate of Φc was 

proposed and validated through dielectric spectroscopy analysis. The 

degradation study of PLA-based composites filled with natural fibres was 

widely addressed in Chapter 5. First, the effects of hot working processes on 

the degradation of materials were evaluated to learn about the initial state of 

the analysed systems. Then the degradation process of the green composites 

was estimated under different conditions: (i) degradation phenomena in melt 

state, (ii) hydrolytic degradation in water, and (iii) biodegradation in 

compost. A cradle-to-gate life cycle assessment study of green composites 

made of PLA reinforced with natural fibres derived from naturally grown 

pine needles or cultivated kenaf feedstocks was performed in Part II.  The 

impact of raw material production/harvesting, (ii) transportation, (iii) fibre 

production, (iv) melt compounding, and (v) granulation to obtain the bio-

pellets was assessed. A brief overview of the basic concepts of the life cycle 

assessment was provided in Chapter 6. Chapter 7 reports the goal and scope 

identification, and the life cycle inventory compilation, while the analysis 

results were assessed in Chapter 8. Part III explores the possibility of 

realizing mechanical metamaterials, i.e., systems whose mechanical 

properties derived from their structure rather than from the intrinsic 

composition of the materials. The goal is therefore to create biodegradable 

materials with innovative mechanical characteristics.  After the mechanical 

metamaterials overview reported in Chapter 9, a class of mechanical 

metamaterials designed by the introduction of diamond shaped perforations 

were investigated in Chapter 10. 

 

 





 





 

 

 

PART 
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Effect of natural fibres on 

degradation of hydrolysable 

polymeric matrices
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2   

Background: the green composites and 

their biodegradation process 

2.1 What is a composite material? 

A composite material is the macroscopic combination of two or more 

different phases separated by a distinct interface. A judicious combination 

of two or more distinct materials produces a material with better properties 

than those of the constituent phases. Although the term composites can be 

applied to many different combinations of materials, it is generally used to 

indicate materials consisting of a continuous phase, the matrix, which holds 

together the dispersed phase, the reinforcement, in the form of fibres or 

particles [1]. According to the norm ASTM D3878, the fibres are elongated 

materials, with a ratio between the maximum transverse size and the 

minimum length of 1/10 and with the maximum transverse size less than 

one millimetre. The denomination of fibre is attributed to one or more 

filaments united in a single way [2]. On the contrary, the particles are 

characterized by two or three geometric axes with a similar order of 

magnitude [3]. Composites materials can be classified in different ways 

according to matrix type, fibres length, and other characteristics. A first 

classification is generally made according to the material used for the matrix 

which can be polymeric, ceramic, or metallic. For the technological and 

market maturity, the composite materials with a polymer matrix are the 

most important, while the use of metal and ceramic matrices is limited to a 

few applications mainly due to the high cost and complexity of the 

transformation technologies [4]. Both thermosetting and thermoplastic 

resins can be used as the polymer matrix. The former are characterized by 

low viscosity which makes their processability easy, while the latter are 

more environmentally friendly as potentially recyclable and reusable [5]. 

Another classification can be made considering the shape of the 

reinforcement and three categories can be individuated: continuous fibres 

composites, discontinuous fibres composites, and particle-reinforced 

composites. Continuous fibres composites consist of long continuous fibres 

that are the most efficient reinforcement as of stiffness and strength. Fibres 
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can be placed all parallel (unidirectional fibres), can be oriented at right 

angles to each other (crossply or woven fabric) or can be disposed along 

several directions (multidirectional fibres). Discontinuous fibres composites 

are reinforced by short fibres which can be oriented random or aligned. In 

the first case the material tends to be markedly anisotropic, whereas, in the 

second, it can be regarded as quasi-isotropic. Fibres can be made of different 

material, and they are primarily categorized as natural or synthetic fibres. 

Particle-reinforced composites (PRC) consist of particles randomly 

dispersed within the matrix and they can be generally regarded as quasi-

homogeneous and quasi-isotropic materials on a macroscopic scale [3]. 

Compared to fibre-reinforced composites, PRCs are not high-strength 

materials as the particles included, mostly of ceramic, metallic or inorganic 

nature, can limit the deformation and, usually, guarantee only good stiffness 

[6]. The performances of composites materials depend on the proprieties of 

the single constituents, their geometry, and the distribution of the phases. 

Greater homogeneity or uniformity of the system means less dispersion of 

propriety and probability of failure in weaker areas [3]. Another important 

parameter is the good interfacial adhesion between matrix and 

reinforcement which is necessary for improving the final proprieties of the 

materials, such as hygrometric stability, thermal stability, and mechanical 

and rheological proprieties. 

2.2 A class of eco-friendly composites: the green composites 

Composite materials reached commodity status in the 1940s with the 

unsaturated polyesters reinforced with glass fibres. Even today, the most 

common composites are made of thermosetting matrices reinforced with 

synthetic fibres [7]. Polymer – matrix composites have many advantages 

over conventional materials from the point of view of environmental 

sustainability. They allow the creation of strong and light products 

generating a low environmental impact when they are transported or used in 

transport applications. Polymeric composites are also very durable due to 

their high resistance to corrosion. This property produces a low 

environmental impact during production and use. Their principal 

disadvantage is the greater difficulty in disposing at the end-of-life of the 

material since their components are closely interconnected, relatively stable 

and difficult to separate. Therefore, reuse and recycling are quite difficult 

and the direct disposal in a dump or incineration is often preferred. 

Furthermore, their environmental impact is further worsened by the fact that 

the conventional polymers are produced by fossil-based resources 
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notoriously non-renewable [8]. However, in the last decades, research has 

also shown a growing interest in so-called green composites, introduced to 

meet the environmental concerns more and more faithfully (Figure 2.1). 

 

Figure 2.1 Number of publications per year under the category "green composites" 

and "biocomposites" since 1990. Data from Scopus Database. 

These materials are not defined by a specific norm as emerged from the 

literature. The most generic definition considers the green composites (often 

called biocomposites) as "materials having eco-friendly attributes that are 

technically and economically feasible while minimizing the generation of 

pollution" [9]. From here on out, the green composites that will be 

considered are those based on biopolymers reinforced with natural fibres. 

More specifically, this work will only look at the subset of biopolymers that 

are commonly considered as being bio-based and biodegradable (Figure 

2.2). 

 

Figure 2.2 Material classification system based on their biodegradability and bio-

based content [10]. 
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These green composites allow the realization of full biodegradable 

products without the use of fossil resources. Further advantages derive from 

the use of natural fibres characterized by lower density than conventional 

ones (glass, carbon, Kevlar), low cost, good mechanical proprieties, and 

intrinsic biodegradability. One of the most studied bio-based and 

biodegradable polymers is polylactic acid (PLA) [11]. Its good mechanical 

properties, easy production, and eco-compatibility make it one of the main 

candidates for the creation of green composites reinforced with natural 

fibres. Unfortunately, there are some limitations to the development and use 

of these materials. The considerable price and high density of biopolymers 

compared to traditional polymers limit their expansion on the market. Their 

cost can decrease only by increasing their utilization. Another important 

problem regards the incompatibility between natural fibres and polymer 

matrices. Due to the presence of many hydroxyl groups in their chemical 

structure, the natural fibres are strongly hydrophilic and so incompatible 

with the hydrophobic polymer matrices. The result is poor interface 

adhesion between the two phases influencing the overall properties of the 

product. Good adhesion can be obtained with chemical modification of 

fibres, but these treatments are not usable in industrial applications because 

usually neither convenient nor cheap [8]. Other limitations regard the use of 

natural fibres characterized by poor moisture resistance, low fire resistance, 

limited processing temperatures, and variation in quality and price [12]. 

2.3 The natural fibres 

Natural fibres are classified according to their origin which can be 

mineral, animal or vegetable. The firsts are generally of a length limited, 

except some types as the asbestos fibres whose dangerousness is known. 

The animal fibres are composed of proteins taken either from hair, silk, or 

wool and are mainly intended for the textile sector. The vegetable fibres can 

be obtained not only from different plants but also from different parts of 

the plant. In numerous applications, they are used as reinforcement for 

polymeric composites [13]. The major constituents of natural fibres from 

plants are cellulose, hemicellulose, and lignin which contain hydroxyl 

groups making them hydrophilic (Figure 2.3). The principal structural 

component of the natural fibres is the cellulose which is formed by 

crystalline microfibrils aligned along the length of the fibre. Cellulose is a 

natural semicrystalline polymer containing many hydroxyl groups (-OH). 

Due to the crystalline organization, the -OH groups in the amorphous part 

are more accessible by external moisture than those in the crystalline 
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regions. Hemicellulose is a polysaccharide that functions as a matrix for 

cellulose microfibrils. Being mostly amorphous, its hydroxyl groups are 

highly accessible to water molecules. The constituent that gives rigidity to 

the plant and assists in the transport of water is the lignin, a complex 

hydrocarbon polymer organized in amorphous cross-linked regions. Lignin 

plays a less role in moisture absorption since more hydrophobic. Other 

components of the natural fibres include pectin, that gives flexibility to the 

plant, oil and waxes, that protect the fibre [12] [14]. The structural 

components of the natural fibres are responsible for the proprieties of the 

material. The crystalline cellulose gives strength to the fibre; hemicellulose 

is the element responsible for thermal degradation, biological degradation, 

moisture absorption, and flammability; lignin is responsible for ultraviolet 

degradation and char formation [12]. 

 

Figure 2.3 Schematic representation of natural fibre and its components: cellulose 

(green), lignin (red), and hemicellulose (blue). 

2.4 Biodegradable polymers 

The International Union of Pure and Applied Chemistry (IUPAC) defines 

the biodegradable polymers as “polymers susceptible to degradation by 

biological activity with the degradation accompanied by a lowering of its 

mass” [15]. On the other hand, according to the definition given by CEN/TR 

15351:2006, a biodegradable material needs to be mineralized into carbon 

dioxide, water, and biomass during biodegradation [16]. The biodegradation 

process of the polymers can be divided into four phases: biodeterioration, 
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depolymerization, bioassimilation, and mineralization (Figure 2.4). The 

biodeterioration is a superficial degradation that modifies mechanical, 

physical and chemical proprieties of a given material. In this first step, the 

combined action of microbial communities, decomposer organisms or/and 

abiotic factors fragment the biodegradable polymer into smaller particles. A 

polymer is a molecule with a high molecular weight, unable to cross the cell 

wall. Agents catalytic secreted by microorganisms and /or abiotic factors 

can catalyze the depolymerization of the polymer chain into oligomers, 

dimers, or monomers. The small molecules produced in this way are uptake 

into the microbial cells and primary and secondary metabolites are 

produced. This process is called bioassimilation. The last step is the 

mineralization in which the metabolites are mineralized and end products 

like CO2, H2O, biomass are released into the environment [17]. If oxygen is 

not present (anaerobic degradation) methane is also produced in this step 

[18].  

 

Figure 2.4 Schematic representation of the different steps involved in 

biodegradation. 

The biodegradation process leads to irreversible changes of the polymer 

until it gradually fails due to the loss of various properties. In nature, abiotic 

and biotic factors act synergistically to decompose organic matter [19]. 

Light, temperature, mechanical stress, humidity, etc. are abiotic factors, 

while fungi, bacteria, algae, plants, etc. are biotic factors. A polymer can 

undergo important transformations when exposed to weathering conditions 

which can change its ability to be biodegradable. According to the literature, 

the abiotic degradation (mechanical, light, thermal and chemical) precedes 

microbial assimilation for many biopolymers [20] [21]. Therefore, a study 

of the effect of the abiotic factors on the biodegradation process of polymers 

is necessary. Mechanical degradation can occur when the material is 
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subjected to mechanical stress which usually generates damages not visible 

at the macroscopic level. This factor is not predominant during 

biodegradation, but damages can activate it or accelerate it [22]. The 

polymers photosensitive can undergo transformations for the action of light 

radiation, one of the most important parameters in abiotic degradation. In 

some cases, photosensitive molecules can be added intentionally into the 

polymer framework to promote degradation [23]. When a thermoplastic 

polymer is exposed to high temperature, the long polymer chains are subject 

to molecular scission and the components begin to react with one another by 

changing the properties of the polymer. This process is called thermal 

degradation [24]. Generally, the environmental temperature is low, but it 

can influence the organization of the macromolecular framework. At glass 

transition temperature (Tg) the polymer chains in the amorphous regions 

become flexible by facilitating the accessibility to chemical and biological 

degradation. Chemical transformation is the other most important parameter 

in abiotic degradation. The chemical reactions that take place during 

biodegradation can be classified into two groups: those based on oxidation 

and those based on hydrolysis. The decomposition of the polymers 

containing heteroatoms (esters, anhydrides, amides, or urethanes) occurs by 

hydrolysis, while the decomposition of the polymers in which the main 

chain contains only carbon atoms (polyolefins) occurs by oxidation which 

can be followed by hydrolysis of the oxidation products [17]. The 

hydrolysis of the materials depends on parameters as water activity, 

temperature, pH and time. An increase in the temperature promotes the 

reaction rate and a change in pH value by one unit can increase the 

hydrolysis rate by a factor of ten [25]. Extreme pH values are often used to 

prove a general (bio)degradability since the hydrolysis reactions are 

catalysed by the presence of hydronium and hydroxide ions, but natural 

highly acidic or basic conditions rarely exist. The hydrolysis can proceed 

through two different mechanisms: surface and bulk erosion (Figure 2.5). 

 

Figure 2.5 Different mechanisms of hydrolysis: surface and bulk erosion. 



14 

Surface erosion describes a degrades from the exterior surface and occurs 

when the rate of hydrolysis exceeds the rate diffusion of water or when a 

catalyst can't penetrate the bulk polymer. Bulk erosion describes 

degradation that occurs uniformly throughout the whole of the sample and 

takes place when the rate of diffusion of water exceeds the rate of the 

hydrolysis reaction. Generally, the first mechanism is predominant but when 

the sample thickness reaches a critical value Lcrit, the material can change 

from superficial to bulk erosion [26]. 

2.5 Environmental degradability of polylactic acid (PLA) 

One of the most promising biodegradable polymers currently available in 

the market is the polylactic acid (PLA). The PLA is a bio-based aliphatic 

polyester derived from starch feedstock such as corn starch (in the United 

States), tapioca roots, chips or starch (mostly in Asia), or sugarcane (in the 

rest of the world). The monomer of PLA is lactic acid (LA) which is 

produced by bacterial fermentation of carbohydrates or by chemical 

synthesis. Lactic acid is the simplest carboxylic acid and exists in nature as 

two optically active stereoisomers, L-lactic acid, and D-lactic acid [27]. 

Being a biopolymer, the use of PLA could help to lower greenhouse gas 

emissions and reduce fossil energy consumption compared to fossil-based 

polymers and the municipal solid waste disposal problem. However, his 

production also brings pressures on land use and agriculture [28].  

The environmental degradation of PLA usually involves first abiotic 

factors and then biotic factors. The abiotic process, in which polylactic acid 

is subjected to hydrolytic degradation in presence of water at high 

temperatures, is followed by biotic degradation, in which microorganisms 

decompose the break-down products, and elements like CO2, H2O, biomass 

are released into the environment [28]. As reported in the literature, the 

microorganisms can degrade PLA only after its molecular weight reaches 

10000 Da or less [28]. Polylactic acid is susceptible to hydrolysis due to the 

hydrolysable functional groups in its backbone. In the presence of moisture, 

the ester groups are cleaved causing a decrease in molecular weight and the 

release of soluble oligomers and monomers. The products of the hydrolysis 

self-catalyse the reaction [29]. The hydrolysis rate of the materials depends 

not only on environmental factors such as humidity, temperature, and pH 

but also on materials proprieties. As water diffuses more readily into the less 

organized areas, the reaction rate is much faster in the amorphous regions 

compared to crystalline regions [30] [31]. The consequence is an increase in 

the polymer's global crystallinity during the hydrolytic reaction. Thus, 
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determining the crystallinity of a sample before and after degradation can 

also be used as a supplementary tool to assess the progress of degradation 

[32]. Polylactic acid can come into contact with different environments at 

the end-of-life. Therefore, the study of the biodegradation rate of the 

polymer in the different natural conditions (compost, soil, and water) is 

important (Figure 2.6). 

 

Figure 2.6 Influence of temperature, humidity, and concentration of 

microorganisms on the PLA biodegradability in different natural environments. 

Composting is a process where organic materials are decomposed into a 

humus-like substance called compost by specific microorganisms in aerobic 

conditions and is a versatile system for processing biodegradable solid 

wastes [33]. PLA can be degraded in a composting environment at 50 – 

60°C by specific microorganisms after 45 – 60 days [34]. A temperature 

higher than room temperature is necessary to facilitate industrial 

composting. Above the glass transition temperature (Tg) the chains in the 

amorphous regions of the polymer become flexible promoting the 

accessibility of chemical and biological degradation. Moreover, PLA 

degradation is also furthered by humidity relatively high in compost [26]. 

Regarding the degradation of PLA in the soil, the process is much slower 

than compost because the temperature and moisture content are generally 

lower than those found at industrial composting sites where instead PLA 

hydrolysis and assimilation of PLA by thermophilic microorganisms are 

favourited [35]. Moreover, geographical location and soil temperature may 

have a significant impact on degradation. A degradability of PLA very low 
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is instead observed in aquatic environments as marine microbes have a 

limited ability to degrade PLA and the temperature is generally low [28]. 

Composting is the optimal end-of-life option for polylactic acid since 

allows reducing the biodegradation times without the release of fragments in 

the environment. However, there are only a few existing composting 

facilities that accept biodegradable plastic materials since most are 

concerned that biodegradable plastics are not easily distinguishable from 

conventional plastics and that quality control is difficult [27]. 

2.6 Natural fibres effect on biodegradability of green 

composites – Literature review 

The timeframe that a biodegradable polymer takes to degrade is an 

important parameter to study the environmental impact of the end-of-life of 

the material. The degradation time must be such as to guarantee the correct 

functioning of the material during the use phase and a high rate of 

degradation under specific conditions. As reported in the literature, the 

natural fibres promote biodegradation processes of biodegradable polymers 

as the polylactic acid [36] [37] [38]. Therefore, the natural fibres could be 

considered as potential pro-degradative agents for green composites which 

could be employed for the aim to reduce the degradation times.  

Biodegradation of a composite occurs with the degradation of its 

individual constituents, as well as with the loss of interfacial strength 

between them. Due to the presence of many hydroxyl groups in their 

chemical structure, the natural fibres are strongly hydrophilic, unlike the 

biopolymer which is generally hydrophobic. This results in a very poor 

interfacial adhesion that promotes the access of biological (microorganisms) 

or chemical (oxygen/moisture) destroying agents into the polymeric matrix 

[39]. Natural fibre/polymer composites are sensitive to moisture in a humid 

environment. The water absorbed by a green composite is typically 0.7 - 2% 

after 24h, 1 - 5% after week, and up to 18 - 22% after several months. This 

behaviour is mainly attributed to the hemicellulose, the constituent of 

natural fibre responsible for moisture absorption. The moisture absorption 

mechanism of natural fibre/polymer composite can be divided into different 

phases. Water penetrates and attaches to hydroxyl groups of the fibres 

establishing intermolecular hydrogen bonding until saturation is reached. 

This process generates a reduction of the interfacial adhesion. Natural fibres 

swell and develop stress at interface regions which generate microcracking 

mechanisms in the matrix around swollen fibres. This process favours 
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capillarity and transports water via microcracks. If water is absorbed 

excessively, free water in the polymers decreases and bound water 

increases. This second aliquot is very important as it promotes degradation 

in hydrolysis sensitive polymers. Water-soluble substances start leaching 

from fibres developing osmotic pressure pockets at the surface which cause 

the debonding between fibre and matrix. Therefore, the tendency of green 

composites to absorb moisture generates a further reduction of the 

interfacial adhesion fibre/matrix favouring the access of biological or 

chemical destroying agents (Figure 2.7) [12].  

 

Figure 2.7 Moisture absorption mechanism in natural fibre/polymer composites. 

The biodegradation of green composites depends upon several factors 

such as fibre volume fraction, shape of reinforcement, temperature, area of 

exposed surfaces, diffusivity and reaction between water and matrix. As 

reported in the literature, in the case of PLA composites water absorbed by 

the natural fibres increases the hydrolytic reaction of the matrix near the 

interface with the natural fibres [36]. An important parameter is the shape of 

the natural fibres. The continuous fibres allow for both water and 

microorganisms to be easily transported through the full interior of the 

materials. On the contrary discontinuous fibres need to be able to form 

networks inside de the sample, in order for water and microorganisms from 

the outside to be conveyed to the interior of the materials [40]. Moreover, 

the increase in fibre volume fraction increases the rate of moisture 

absorption [41]. The area and proprieties of the exposed surface are other 

important parameters in the study of biodegradation as the biological 

contact occurs at the material - environmental interface. A rough surface 

with a high number of polar hydrophilic functional groups is much more 

prone to biodegradation than a smooth hydrophobic and inert one. Natural 

fibres being hydrophilic and more biodegradable, increase the adhesion of 
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microorganisms to the composite materials and favour biofouling. 

Moreover, deterioration is strongly influenced by the aspect ratio and 

composition of fillers. The fibres with a high length-to-diameter ratio 

increase biodegradation by heightening the surface area accessible to 

biological or chemical agents, while the presence of soluble or easy 

hydrolysable fractions in natural fibres enhances biodegradation, providing 

an easily available source of carbon for micromycetes [42].  

In this work, the focus is on green composites based on polylactic acid. 

In the literature, the biodegradation of flax/PLA composites in compost has 

been addressed. The process starts with the swelling of the material after the 

first contact with the moist environment. The interface fibre-matrix is 

enlarged, cracks appear and grow due to enzymatic degradation of the 

natural fibre and by hydrolytic degradation of the matrix. Eventually, the 

material becomes brittle and begins to lose debris (Figure 2.8) [32]. As 

already mentioned, the simple physical disintegration/fragmentation of a 

polymer is not regarded as biodegradation, but the process must end with 

the mineralization of the material. 

 

Figure 2.8 Degradation states in PLA/natural fibres green composites [42]. 
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3   

From raw materials to green composites 

3.1 Selection and characterization of raw materials 

The biodegradation study of green composites starts with the 

identification of a limited set of raw materials on which performing the 

experimental campaign necessary to draw solid and general conclusions. 

The selected biopolymeric matrix is the PLA, a bio-based and biodegradable 

polyester. The presence of hydrolysis phenomena in the first step of the 

PLA biodegradation process (see Chapter 2 to Section 2.5) makes it an 

excellent candidate to evaluate the effect of the water absorbed by the 

natural fibres on its degradation rate. The PLA granules were supplied by 

Corbion (Luminy® LX175). It has density ρ = 1.24 g/cm3 and melt flow 

index MFI = 6 g/10min (at T = 210 °C with 2.16 kg weight).  

Regarding the reinforcement phase, to evaluate the effect of the natural 

fibre type on the biodegradation process of the green composites, two 

different fibres are selected: hemp shives and kenaf bast. Their chemical 

composition is shown in Table 3.1.  

Table 3.1 - Chemical composition of selected natural fibres. 

Materials 
Cellulose 

[%] 

Hemicellulose 

[%] 

Lignin 

[%] 

Others 

[%] 
References 

Kenaf bast 31 - 39 21.5 15 - 19 - [43] 

Hemp shives 44.3 27.2 22.0 6.2 [44] 

Hemp shives (HS) and kenaf bast (KB) fibres were provided by 

Equilibrium Srl (Nibionno, Italy) and Kenaf Eco Fibers Italia (Guastalla, 

Italy) respectively. The raw materials were milled to obtain short fibres 

using a Retsch cutting mill (Retsch, Haan, Germany) with a grid of 0.25 

mm. The density of the milled natural fibres was obtained by using a helium 
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pycnometer (AccuPyc II 1340, Micromeritics-Alfatest, Italy). The 

measurement results are reported in Table 3.2. 

Table 3.2 - Density of milled natural fibres. 

Materials Density [g/cm3] 

Kenaf bast 1.57 

Hemp shives 1.51 

Natural fibres characterization 

Thermogravimetric analyses were performed on the milled natural fibres 

to estimate the water contents and the thermal stability using a Q500 TGA 

apparatus (TA Instruments). To obtain accurate and comparable water loss 

measurement data, the natural fibres were immersed in water at room 

temperature up to reaching saturated conditions. The samples were heated 

under nitrogen flow from room temperature up to T=110°C (heating rate of 

10°C/min), then the temperature was kept constant at T=110°C for 30 

minutes for monitoring the weight loss over time. The weight losses 

recorded by isothermal analysis are shown in Figure 3.1.  

ù  

Figure 3.1 Weight losses of the water-saturated natural fibers as collected 

through TGA. Dashed line shows the raise of the temperature (right axis). 



21 

The recorded mass changes can be ascribed to the loss of water not 

chemically bonded into the fibre and to the amount of moisture found in the 

fibre superficial area [45]. All samples start losing weight since the early 

stages of the test, when the temperature is still well below T=110°C. After 

this initial drop, the weight reaches a constant value that depends on fibre 

water absorption capacity. Isothermal tests carried out at T=110°C on water-

saturated fibres revealed a water content of 83.3±1.5 wt%, and 

63.8±2.0 wt%, for hemp shives, and kenaf bast fibres respectively. The 

difference in the water absorption capacity can be attributed to the different 

content of hemicellulose (Table 1) which is the element responsible for 

moisture absorption [12]. As mentioned in Chapter 2 Section 2.5, the 

biodegradation of polylactic acid starts with an abiotic process in which 

water and temperature trigger hydrolytic degradation. Therefore, the 

capacity of the natural fibre of absorbing water is an important factor in the 

study of the biodegradation of green composites based on PLA. 

After removing the absorbed water, the samples were heated up to 800°C 

with a heating rate of 10°C/min. The thermogravimetry (TGA) and 

derivative thermogravimetry (DTG) results are shown in Figure 3.2. The 

major constituents of natural fibres are cellulose, hemicellulose, and lignin 

[46]. According to the literature, the depolymerization of hemicellulose 

occurs between 180 and 350°C, the random cleavage of the glycosidic 

linkage of cellulose between 275 and 350°C, and the degradation of lignin 

between 250 and 500°C [47]. The differences in the inherent structures and 

chemical nature of the cellulose, hemicellulose, and lignin possibly account 

for the different thermal behaviours. Cellulose, the main constituent for all 

the plant fibres, consists of a long polymer of glucose without any branches, 

its structure is order, and the thermal stability is high. Different to cellulose, 

hemicellulose consists of various saccharides with many branches, its 

structure appears random and amorphous. Therefore, hemicellulose is easy 

to degrade to micro-molecular volatiles at low temperatures. Lignin is full 

of aromatic rings with various branches. The degradation of lignin occurring 

in a wide temperature range because the activity of the chemical bonds in 

lignin covers an extremely wide range [48]. As a result of the different 

interactions of the three elements, the natural fibres decompose at different 

temperature ranges. The thermal degradation temperatures at 5wt.% loss 

(T5wt.%) for hemp shives, and kenaf bast fibres are at around 257 and 277°C 

respectively (Figure 3.2a). To avoid the thermal degradation phenomenon 

and preserve the characteristics of the natural fibres, the process temperature 

of the green composite manufacturing must be less than T5wt.%. In the 

principal degradation step, the curves DTG show more peaks due to the 
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different thermal behaviour of the three major constituents of the natural 

fibres (Figure 3.2b). As previously said, hemicellulose decomposes before 

cellulose and the lignin is the most difficult to decompose. The main 

decomposition temperature (Tpeak) occurs at around 360°C, and 337°C for 

kenaf, and hemp respectively, and a prominent peak appears the 

corresponding to the maximum decomposition rate (Figure 3.2b). Table 3.3 

reports the results of thermal analysis for the natural fibres under study. 

 

Figure 3.2 TGA (a) and DTG (b) thermograms of milled natural fibres after the 

isothermal tests. 

Table 3.3 Thermal degradation temperatures at 5wt% loss, T peak and residue at 

800°C. 

Materials T5wt.% [°C] Tpeak [°C] Residue at 800°C [%] 

Hemp shives 257 337 16.7 

Kenaf bast 277 360 8.3 

 

The dimensional analysis of milled natural fibres has been carried out to 

evaluate the effect of the grinding on the raw materials. Image analysis of 

optical micrographs of the fibres after grinding was carried out using an 

Olympus BX53M microscope (Olympus Corporation, Shinjuku, Japan) to 

determine size and shape (aspect ratio) of the fibres. This method is often 



23 

used in literature for glass or natural fibres reinforced polymer composites 

and is usually based on 100–500 fibre observations [49] [50] [51] [52] [53] 

[54]. The number of fibres analysed is around 1000 for each system. Before 

the dimensional analysis, the natural fibres were dispersed in an aqueous 

solution of polyvinyl alcohol (PVA) to favour their deposition on glass 

microscope slides. Each system was subjected to approximately 1000 

observations. An example of images captured for the two types of natural 

fibres is reported in Figure 3.3. The images show fibres of different sizes 

and shapes. The grinding technology and the high fragility of the raw 

materials caused the surface erosion of the natural fibres in addition to 

cutting. Therefore, two main entities can be defined: the cut fibres and the 

particles having a small dimension obtained from the surface erosion of the 

natural fibres. 

 

 

Figure 3.3 Hemp shives (a), and kenaf bast (b) fibres optical microscope images. 

Volume and number distribution of the milled natural fibres were estimated 

considering the fibre length (L) as characteristic size (Figure 3.4). The 

number distribution represents the fibre number counted in each length 

range reported as a differential across the total number of counts (number 

frequency, fN). The volume distribution corresponds to the distribution per 

volume of the fibre length in a given interval shown as a differential of the 

total volume of all counts (volume frequency, fV). The mean and median 

values for the two distributions are reported in Table 3.4. The number 
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distribution shows a high number of fibres less than 100 μm in length 

(insets, Figure 3.4). These small fibres, born as a result of surface erosion of 

the raw materials, are not negligible to understand the composite properties 

such as their rheological behaviour in the molten state. For a given volume 

fraction, the specific surface of small particles is larger than the one of big 

particles, modifying the rheology of the molten composite by increasing 

friction and turbulence between the polymer matrix and the particles. The 

volume distribution is estimated assuming the fibre shape as an equivalent 

cylinder. The results show that fibres with a length over 100 μm dominate 

the distribution. The small fibres (i.e., lower than 100 μm), not occupying 

large volumes, have a negligible effect on the distribution. The choice of the 

distribution to consider depends on the properties of interest. For example, 

the volume distribution is relevant for the study of composite mechanical 

properties since the strength and elastic modulus modeling is based on fibre 

volume fraction. Instead, the rheology behaviour of the composite materials 

depends on the whole range of fibre sizes and shapes present in the polymer 

matrix [55]. 

 

Figure 3.4 Fibre length distribution expressed as volume (fV) and number (fN) 

frequency for hemp shives (a, blue), and kenaf bast (b, green) fibres. The number 

frequency of the fibres with a length less than 100 μm is shown in the insets. 



25 

Table 3.4 Mean and median of the volume and number distribution for the two 

types of natural fibres. 

Fibre content [%] Mean [μm] Median [μm] 

Number distribution 

Hemp shives 39 26 

Kenaf bast 49 21 

Volume distribution 

Hemp shives 376 431 

Kenaf bast 461 468 

3.2 Manufacturing of the PLA-based composites filled with 

natural fibres 

Two industrially feasible technologies can be used for the green 

compound preparation: static (batch) mixing or extrusion. Although the 

latter allows continuous production of large material volumes, batch mixing 

is exploited as it allows to overcome the technological limitations of 

extruders in the production of green composites at high fibre content. A 

Brabender Pantograph EC batch mixer (Brabender GmbH & Co. KG, 

Germany) operating at 180°C and 60 rpm mixing rate was used to obtain 

samples at volumetric fibre content from Φ = 5 vol.% to Φ = 35 vol.%. The 

mixing time was set to 6 minutes to allow an efficient dispersion of fibers in 

the matrix. Before compounding the polymer was dried overnight at 85°C 

under vacuum and the natural fibres were conditioned at 25°C and 80% RH. 

The hemp shives and kenaf bast composites were cut into granules and the 

panels (10 cm x 10 cm x 0.3 cm) for the subsequent characterizations were 

obtained by compression molding using a hydraulic press (Bench Top 

Hydraulic Press 20MT, Lab Tech Engineering Company LTD). The mold 

was pre-heated at T=180°C. The molding cycle consisted of two heating 

phases at 180°C: the first of 5 minutes without pressure, to allow the 

softening of the pellets, the second of 4 minutes at a pressure of about 15 

MPa, to allow the material to be compacted. The material was then cooled 

down to about 40°C maintaining constant pressure and the panel was 

removed from the mold.  
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The schematic representation of the molding cycle is shown in Figure 3.5.  

 

Figure 3.5 Molding conditions of the PLA-based composites filled with natural 

fibres.
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4   

Identification of the percolation threshold 

in natural fibre-based composites 

4.1 Relevance of the percolation threshold in green 

composites 

The green composites, here intended as biobased and biodegradable 

polymer-based composites filled with natural fibers, have gained increasing 

interest during the past decade due to their eco-friendly nature [56]. Their 

full biodegradability represents an important property to reduce the problem 

of plastic pollution. As reported by Azwa et al., the natural fibres affect the 

biodegradation process of the biodegradable polymeric matrices [12]. Due 

to the presence of many hydroxyl groups in their chemical structure, the 

natural fibres are strongly hydrophilic, unlike the biopolymer which is 

generally hydrophobic. This results in a very poor interfacial adhesion that 

promotes the access of biological (microorganisms) or chemical 

(oxygen/moisture) destroying agents into the polymeric matrix [57]. Several 

factors affect the biodegradation process of green composites such as fibre 

volume fraction, shape of reinforcement, temperature, area of exposed 

surfaces, and reaction between water and matrix. Among all, the 

interconnection between fibres is an important parameter in order for water 

and microorganisms from the outside to be conveyed to the interior of the 

materials [40]. When the amount of such fibres exceeds a critical 

percolation threshold (Φc), the solid phase forms continuous paths 

throughout the material and an increase in the biodegradation kinetics is 

expected. Therefore, the Φc identification of green composites is extremely 

important to evaluate their biodegradation process.  

The possibility of dramatic changes in the physical properties of 

composites due to the formation of a continuous filler network is related to 

the achievement of a specific percolation threshold [58] [59] [60] [61]. The 

direct global connection of the fillers generally results in a critical behaviour 

of the material transport properties (e.g., dielectric constant, electrical or 

thermal conductivity, and diffusion) as predicted by the percolation theory 
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[62]. The latter claims that, near percolation, these physical properties of 

composites follow a power-law relationship (4.1): 

Properties ∝ (Φ - Φc)β    (4.1) 

where Φ is the filler content, Φc is the so-called percolation threshold and β 

is a critical exponent that is different for various properties [63]. Therefore, 

Φc is identified by studying the behaviour of the material properties near 

percolation. 

The goal of this chapter is to provide the tools for the determination of 

the percolation threshold in natural fibre composites. Computational 

simulations are employed in many studies of percolation problems [64] [65] 

[66]. Among all, the excluded volume percolation theory which introduces 

the dependence of Φc on the orientation and aspect ratio of the fillers is 

widely used [67] [68] [69]. This approach is seen as the starting point in the 

percolation studies by yielding a rough estimate of Φc although the true 

value can greatly differ from it [70] [71]. To predict accurately the 

percolation threshold of green composites filled with randomly distributed 

fibres, a simple two-phase rheological model is proposed [72]. This 

rheological approach has been successfully applied in polymer 

nanocomposites containing highly flexible nanoplatelets and polymer blends 

filled with interfacial-located clay nanoparticles [73] [74] [75]. This method 

allows to estimate the network elasticity of samples at different 

compositions which follow a critical behaviour as predicted by percolation 

theory. To validate the results obtained with the proposed rheological 

model, the dielectric properties of water-saturated green composites at 

different fibre content were evaluated. The formation of a continuous 

network of highly hydrophobic fibres allows the access of water molecules 

inside the polymeric matrix causing a high increase in the dielectric constant 

[76] [77] [78]. 

4.2 Excluded volume percolation theory 

Geometric percolation is reached when the fillers, randomly added to a 

matrix, result in a continuous network inside the material. The critical 

volume percolation threshold (Φc) can be estimated with the excluded 

volume percolation theory. The underlying idea is that the concentration 

threshold of a system is not correlated to the real volume of the object itself 

but to its excluded volume (Vex), i.e., the volume around an object into 
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which the centre of another similar object is not allowed to penetrate. 

Application of this concept results in percolation threshold values lower 

than those expected since the objects can have a true volume smaller than 

the excluded volume especially when they are not densely packed. 

Therefore, the introduction of the excluded volume concept in the 

percolation theory allowed the development of general empirical rules for 

the dependence of the percolation threshold, Φc, on the object shape and 

orientation.  

The percolation concept was introduced through a lattice model in which 

the sites are occupied by hard-core spheres. In this model the critical volume 

percolation threshold, Φc, is defined as: 

Φc = 𝜌𝑐
𝑠𝑓    (4.2) 

where 𝜌𝑐
𝑠 is the critical site-occupation probability of the lattice, and 𝑓 is the 

filling factor of the lattice when each lattice site is occupied by a sphere 

[79]. This parameter is also defined as the product between the critical 

concentration, Nc, and the volume of each object, 𝑣 [80]: 

Φc = Nc𝑣    (4.3) 

The excluded volume percolation theory correlates the critical concentration 

of objects with the total excluded volume (Vex) through the excluded 

volume of the single object (V): 

Vex = NcV    (4.4) 

Therefore, substituting (4.4) in (4.3), the critical volume percolation 

threshold assumed the following expression:  

Φc =  
Vex

V
 𝑣    (4.5) 

The short fibre composites can be assimilated to "capped cylinder" systems 

with a random orientation in the space. The excluded volume of a stretched 

object is different compared to the object's real shape and depends on the 

relative orientations of elements [67]. 
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Considering a statistical distribution of the fibre orientation, only an average 

excluded volume <V> can be defined such that the total excluded volume 

<Vex> is given by: 

<Vex> = Nc <V>    (4.6) 

<Vex> represents the total excluded volume averaged over the orientations 

distribution characterizing the system objects. The latter, for each type of 

object, assumes a constant value within a range of values in which the 

extremals correspond to the system characterized by a random orientation 

(lower limit) and a system of strictly parallel objects (upper limit). The 

<Vex> values, given by the literature, are reported in Table 4.1 [81]. 

Table 4.1 The <Vex> values for 3D systems of equal size objects. 

System <Vex> 

Parallel objects 2.8 

Perpendicular objects 0.7 

Capped – cylinders randomly aligned 1.4 

 

For a "capped cylinder" system, the <V> and 𝑣 are defined by the following 

expressions [67]:  

⟨V⟩ = 
4π

3
 D3 + 2π D2 L + D L2 

π

2
   (4.7) 

𝑣 =
4π
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D

2
)

3

 + π (
D

2
)

2

 L       (4.8) 

where D and L are the diameter and the length of the object, respectively. 

Therefore, the critical volume percolation threshold for a short fibre 

composite as a function of the aspect ratio, AR, assumed the following 

expression: 

Φc(AR) =
⟨Vex⟩

4π

3
 + 2π (AR) + 

π

2
 (AR)2

(
𝜋

6
 +  

𝜋

4
 (𝐴𝑅))  (4.9) 



31 

Figure 4.1 reports the relationship between the critical volume percolation 

threshold and the fibre aspect ratio for 3D systems of equal size objects: 

parallel objects (<Vex>=2.8), randomly aligned capped cylinders 

(<Vex>=1.4), and perpendicular objects (<Vex>=0.7). The critical volume 

percolation threshold shows a decreasing trend with increasing AR and a 

strong dependence on the relative orientations of objects. In detail, the 

aspect ratio dependence of the Φc shows a logarithmically linear dependence 

at high aspect ratios (greater than 30) which tends to increase nonlinearly 

with decreasing aspect ratios. The reason for this trend is that the influence 

of fibre ends on the percolation threshold becomes significant with 

decreasing fibre length [68]. Regarding the fibre orientation, the critical 

volume percolation threshold increase changing from perpendicular to 

parallel objects. The intersection probability between two fibres becomes 

lower for parallel objects, affecting the percolation threshold of the 

composite systems. 

 

Figure 4.1 Theoretical dependence of percolation threshold (Φc) on the aspect ratio 

(AR) according to the excluded volume percolation theory. The Φc variation is 

reported for 3D systems of equal size objects: parallel objects (a), randomly 

aligned capped cylinders (b), and perpendicular objects (c). 

Using Equation 4.9 for an estimate of Φc presumes the knowledge of the 

orientation of the fibers, which reflects the complex flows experienced 

during processing and, hence, is difficult to predict. As far as the analyzed 

systems are concerned, the chaotic flow imparted during the melt 

compounding in the internal mixer suggests the picture of random 

orientation. However, some fiber orientation may have occurred during the 
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compression molding step of specimen preparation. The shear rate 

experienced while compressing the sample is maximum in the proximity of 

the surfaces of the press plates, and this could cause rotation and some 

alignment of the fibers parallel to the specimen surfaces. Such an 

orientation, if any, should concern a surface layer of our samples, which are 

thick enough to assume that their core maintains the random orientation of 

the fibers imparted by the internal mixer. A similar picture was conjectured 

based on experimental studies and Monte Carlo simulations in injection-

molded short-fiber composites [82]. Because of the complexity of the 

matter, assumptions about fiber orientation were not made. 

To estimate the percolation threshold of the studied systems, the aspect 

ratio distributions of the milled natural fibres have been estimated (Figure 

4.2). The kenaf exhibits a wider distribution, which is likely due to the high 

thinness and flexibility of the initial fibers. The average AR values are 

3.3 ± 1.9 and 4.7 ± 2.7 for the hemp and kenaf fibers, respectively.  

  

Figure 4.2 Distributions of aspect ratio (length over diameter) of the fibers.  

Substituting into Equation 4.9 leads to the theoretical values of Φc 

summarized in Table 4.2. The ranges of possible Φc are wide. Further 

uncertainty derives from the wideness of the AR distributions. It is clear 

that, unless finely controlling the compounding process and dealing with 

highly uniform fibres, theoretical calculations only provide large intervals of 

possible Φc in real composites. This makes it necessary to rely on 

experimental methods able to reveal the existence of percolating fibre 

networks without the need for assumptions about the morphology and space 
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arrangement of the fibres. In this sense, rheology and dielectric spectroscopy 

represent powerful tools. 

Table 4.2 Ranges of Φc computed using Equation 4.9 for the composites under 

investigation. 

<Vex> (fiber orientation) 
Φc [vol.%] 

Hemp shives Kenaf bast 

0.7 (perpendicular) 5.2 (4.1÷7.1) 4.2 (3.2÷6.4) 

1.4 (random) 9.9 (8.1÷14.1) 8.3 (6.5÷12.7) 

2.8 (parallel) 18.7 (16.3÷28.3) 15.8 (13.0÷25.5) 

4.3 Estimating Φc through linear viscoelastic analysis: the 

two-phase model 

The percolation threshold of composites loaded with randomly 

distributed natural fibres was estimated experimentally through a simple 

two-phase rheological model [72]. This method allows to evaluate the fibre 

network elasticity which follows a critical behaviour above Φc as predicted 

by the percolation theory. This rheological approach has been successfully 

applied in polymer nanocomposites containing highly flexible nanoplatelets 

and polymer blends filled with interfacial-located clay nanoparticles [73] 

[74] [75]. The numerous analogies in the rheological behaviour between 

polymer nanocomposites and natural fibre-based composites have allowed 

the extension of the two-phase model to this new material class. The 

independent rheological responses of the polymer and the filler network 

represent the underlying physics of the model. In detail, for times longer 

than the polymer relaxation time, the only contribution to the elastic 

modulus comes from the filler network. The proposed model allows to 

identify the shift factors necessary to build a master curve of the elastic 

moduli which reflects the relaxation spectrum of the filler network alone.  

Linear viscoelasticity 

A stress-controlled rotational rheometer (mod. AR-G2 by TA 

Instruments) in parallel plate geometry (plate diameter 25mm) was used to 

carry out the rheological measurements. Oscillatory shear experiments were 
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performed at T=180°C from frequency ω=600 rad/s down to ω=0.06 rad/s in 

a nitrogen atmosphere on samples previously dried at T=85°C overnight 

under vacuum. The elastic (G′) and viscous (G″) shear moduli were 

recorded at strain amplitude low enough to be in the linear regime, whose 

limits were assessed through preliminary strain amplitude shear tests. 

The occurrence of degradation phenomena of the PLA matrix in presence 

of natural fibres makes it challenging to obtain the relaxation spectrum of 

the composite materials [83]. As an example, in Figure 4.3 the elastic and 

viscous moduli of the composite at 10 vol.% of hemp shives estimated 

through two consecutive frequency sweep experiments are reported. The 

scans show that the moduli decrease while testing and the time interval 

between consecutive data capture increases with decreasing the frequency 

(see inset of Figure 4.3).  

 

Figure 4.3 Elastic and viscous moduli collected during two consecutive frequency 

scans (circles: first scan; diamonds: second scan) for the PLA composite loaded 

with 10 vol.% hemp shives. The inset reports the same data as a function of the 

acquisition time. 

The time-resolved mechanical spectroscopy (TRMS), i.e., the study of 

the viscoelastic properties as a function of time, can be used as a tool to 

clean up the frequency dependence of the viscoelastic moduli from 

degradation phenomena [84]. Filippone et al. [85] [86] define a simple 

testing procedure based on a time sequence of frequency scans which allows 

to obtain an accurate estimate of the time evolution of the viscoelastic 

moduli by plotting the moduli as a function of the acquisition time. The 
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extrapolation procedure is reported in Figure 4.4, where the elastic and 

viscous modulus as a function of the acquisition time for the composite at 

10 vol.% of hemp shives are shown at different frequencies. The decrease of 

viscoelastic moduli over time at every single frequency reflects the 

degradation kinetics of the specific dynamic population. At high 

frequencies, the response to the degradation of small chain fractions is 

explored. This specific dynamic population, since adapts to rapid 

deformations, is only slightly affected by the degradation. At low 

frequencies, however, the degradation effect on the dynamics of large 

portions of the chain is observed. In this case, the overall elasticity is 

strongly influenced by the alterations of the molecular architecture induced 

by the degradation. 

 

Figure 4.4 Time evolution of elastic (left) and viscous (right) moduli for the 

composite at 10 vol.% of hemp shives. The red circles represent the extrapolated 

moduli at time-zero at each frequency. 

The extrapolated elastic, G'(0), and viscous, G''(0), moduli at time-zero 

are reported as a function of frequency in Figure 4.5 for both the neat 

polymer and the composite systems. The neat polymer matrix shows a 

terminal Maxwellian behaviour (G' ~ 2, G" ~ 1) at low frequency and a 

change in viscoelastic behaviour from mainly viscous to predominantly 

elastic above ω=100 rad/s. The addition of the fibres to the polymer matrix 

causes a significant increase in the moduli with Φ especially at low 

frequencies, with a more pronounced effect on G' at low ω. This behaviour 

points out that the melt state relaxation spectrum of the green composites is 

strongly affected by the fibre content. At high frequencies (short timescales) 

both G′ and G′′ shift upwards without substantially changing their frequency 
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dependence. In this fast regime, the rheological response is dictated by the 

dynamics of portions of the polymer chains, which are only marginally 

affected by the presence of the fibres. The increase in rheological properties 

is only apparent, being explained by the concept of shear stress-equivalent 

inner shear rate: the actual deformation experienced by the polymer 

confined in the small gap between contiguous fibres is higher than what 

externally imposed, thus the measured moduli are higher than those of the 

unfilled matrix [87]. Much more interesting is the effect of the fibres at low 

frequency (longer timescales): as the mechanical oscillation slows down, the 

probed length scale increases and the effect of the fibres clearly emerge. 

Two behaviours can be identified depending on the fibre content. At low Φ, 

the moduli only slightly increase with respect to the neat matrix and exhibit 

a reduced frequency dependence compared to the unfilled PLA (which 

approaches the Maxwellian behaviour, G′ ~ ω2 at low ω). At high Φ, the 

effect is much relevant, with a clear flattening of G′ indicative of a drastic 

slowing down of the relaxation dynamics. A true arrest (i.e., a frequency-

independent G′) is expected above Φc. 

 

Figure 4.5 Frequency dependence of the elastic (G') and viscous (G'') moduli at 

time-zero of the PLA-based composites filled with hemp shives (a, b) and kenaf 

bast fibres (c, d) at different volumetric fibre loadings. The solid line represents the 

variation of moduli for the neat PLA. 
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In principle, looking for the plateau of G′ is a simple way of identifying Φc. 

Unfortunately, this condition is not observed in our samples, at least in the 

investigated frequency range. Exploring lower frequencies is difficult 

because of the rapid growth of the experimental times with decreasing ω. To 

overcome this limitation, a simple rheological model, the “two-phase 

model”, was proposed, that is developed for polymer nanocomposites above 

Φc [88]. 

Nanocomposites above Φc can be depicted as a three-dimensional 

network of fractal clusters of nanoparticles embedded in the host matrix. 

This network has a predominantly elastic behavior that prevails over the 

elastic connotation of the polymer matrix. In contrast, the polymer is mostly 

responsible for the viscous connotation of the nanocomposite. As a result, 

the linear viscoelasticity of the material can be assumed as the result of the 

combination of the independent responses of (i) a “purely elastic” network 

of nanoparticles, and (ii) a “purely viscous” polymer. Despite such strong 

assumptions, the two-phase model is able to successfully capture the 

behavior of a wide variety of polymer nanocomposites [72], as well as of 

nanocomposites based on immiscible blends [74] [75]. The validity of the 

assumptions on the basis of the two-phase model is proved by building a 

master curve of G′ of samples a different Φ > Φc using only two interrelated 

shift factors with a precise physical meaning: the vertical shift factor (bΦ) is 

the elasticity of the filler network identified as the low frequency plateau of 

G′; the horizontal shift factor (aΦ) is the frequency at which the network 

elasticity equals the viscosity of the polymer matrix, defined as the viscous 

modulus of the neat polymer corrected to account for hydrodynamic effects 

due to the nanoparticles. Besides proving the correctness of the assumptions 

of the two-phase model, the master curve offers a simple way for identifying 

Φc: because of the interrelation between the shift factors, only the G′ curves 

of samples above Φc can be deterministically scaled, while those of samples 

at Φ < Φc slide along a distinct track that does not superimpose to the master 

curve [73]. 

The studied composites are very different from polymer nanocomposites. 

The main differences are sketched in Figure 4.6. Unlike nanoparticles, 

which experience Brownian motions, depletion interactions, and other 

nanoscale phenomena that cause relevant rheological alterations even at low 

filler contents, the micron-sized fibers considered here have negligible 

rheological effects unless reaching high volume [89]. Nonetheless, it is 

assumed that the basic assumptions of the two-phase model hold 

irrespective of the size of the particles. To prove this statement, the G′ 
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curves of the composites starting from the highest compositions were scaled 

using the same procedure proposed for nanocomposites. The step-by-step 

procedure is reported below for both the systems object of the study. 

 

Figure 4.6 Main differences between nano- and micro-composites. 

Schematic readapted from [90]. 

Two-phase model application 

In the building of the master curve, the first phenomenon to consider is 

the hydrodynamic effect triggered by the reduction of the effective gap 

distance available for the polymeric matrix between the particles. The 
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amplification factors related to the hydrodynamic interaction, B(Φ), are 

evaluated as the ratio between the complex modulus of the filled sample and 

that of the neat matrix (B(Φ) = G*(Φ)/G*
PLA) in the high-frequency region 

i.e., where the rheological response is governed by the polymeric matric 

behaviour. The normalization of the complex moduli with respect to B(Φ) 

and the relative amplification factors are shown in Figure 4.7 for both 

composite systems. 

 

Figure 4.7 Frequency dependence of the complex moduli at time-zero divided by 

the amplification factor for hemp shive (a) and kenaf bast (b) based composites at 

different volumetric fibre loadings. The solid line represents the complex modulus 

for the neat PLA. The insets show the amplification factor as a function of filler 

volume fraction (solid line is a guide for the eye). 

The second step for building up the master curve of G' requires the 

identification of the horizontal (aΦ) and vertical (bΦ) shift factors, i.e., the 

points at which the network elasticity, G'0(Φ), identified as the low-

frequency plateau of the elastic modulus, equals the viscous modulus at the 

neat polymer amplified to account for the hydrodynamic effect, 

B(Φ) · G''PLA. The shift factors can be easily defined for composites with 

strong fibre networks in which the elastic modulus plateau at low frequency 

is clearly recognizable. For these systems, the overlay of the G' curves is a 

direct consequence of the physical meaning of the shift factors. The two-

phase model indeed reflects the physical picture of a filler network that 

scales along the viscous modulus of the neat matrix. Therefore, the chosen 

of the shift factors is bound: the vertical shift factor corrects to account for 

the hydrodynamic effect, bΦ/B(Φ), following the same functional 

dependence of the G''PLA.  
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For composites with a more tenuous fibre network, the shift factors are 

identified using the predictive capacity of the two-phase model. In this case, 

the pairs (aΦ, bΦ) are obtained by looking for the overlay of the G' curve 

with the part of the master curve obtained for the composites at Φ 

sufficiently high to identify G'0 clearly. This concept is explicated in Figure 

4.6 for the composite at Φ=15 vol.% of hemp shives. Note that because the 

network elasticity is too weak to intercept the amplified viscous modulus of 

the matrix within the investigated frequency range, terminal Maxwellian 

behaviour has been assumed for the neat polymer (G" ~ 1). Three different 

pairs of shift factors have been identified (Figure 4.8a) and the related 

curves (G'/b) are shown together with the master curve obtained for the 

highly loaded samples (Figure 4.8b). The results show that the shift factors 

identify a specific track in the plane G'/bΦ – ω/aΦ and only one curve (blue 

triangles) lies onto the master curve. The pairs (aΦ, bΦ) associated with the 

latter are taken for granted. 

 

Figure 4.8 (a) Three possible pairs (aΦ, bΦ) and (b) resulting scaled curves of G'(0) 

for the composite at Φ = 15vol.%. In detail, in (a) the solid and dashed lines are the 

experimental data and extrapolated terminal behaviour of the viscous modulus at 

time-zero of PLA; the empty triangles are the elastic modulus at time-zero of the 

hemp shive composite at Φ = 15vol.%. In (b) the three scaled curves (empty 

triangles) are superimposed on the master curve derived from samples at the 

highest filler contents (grey full symbols). The dashed line identified the tracks on 

which the above-mentioned curves can slide according to the two-phase model. 

Repeating the same procedure for the samples that showed a tenuous 

network, the complete master curve is obtained for the two composite 
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systems (Figure 4.9). The identified shift factors are reported in the insets of 

Figure 4.9 for all scalable samples. 

 

Figure 4.9 Master curve of G'(0) for hemp shive (a) and kenaf bast (b) based 

composites at Φ ≥ 15vol.% and Φ ≥ 20vol.%, respectively. The frequency 

dependence of the G''PLA at time-zero (soli line: experimental data; dashed line: 

extrapolated data) and the functional dependences bΦ/B(Φ) vs. aΦ (full symbols) are 

shown in the insets. 

According to the two-phase model physics, the G′ curves of samples 

below the percolation threshold (i.e., without a continuous fibre network) do 

not scale on the master curve. Figure 4.10 shows three possible curves of 

G'(0)/bΦ (red hexagons) for the composites at Φ=10 vol.% and Φ=15 vol.% 

of hemp shive and kenaf bast fibres, respectively. The resulting scaled 

curves identify a "track" (dash line) on which they slide for each pair (aΦ, 

bΦ) according to the two-phase model.  No shift factors allow the scaled 

curve superposition on the master curve derived from samples at the highest 

filler contents. This behaviour indicates the absence of a continuous fibre 

network in the considered samples. The two-phase model thus allows to 

identify the range of compositions in which the percolation threshold must 

be searched, i.e., between the last scalable curve and the first non-scalable 

curve (10 < Φ < 15 for hemp shive-based composites and 15 < Φ < 20 for 

kenaf bast-based composites.). In addition, the identification of the network 

elasticity of all the samples above Φc as bΦ = G′0(Φ) allows the accurate 

estimation of the percolation threshold as below reported in detail. 
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Figure 4.10 Master curve of G'(0) for hemp shive (a) and kenaf bast (b) based 

composites at Φ ≥ 15vol.% and Φ ≥ 20vol.%, respectively. The curves at Φ = 10% 

(hemp shives composites) and Φ = 15% (kenaf bast composites) cannot be scaled 

onto the master curve (red empty hexagons). The dashed lines identified the tracks 

on which the above-mentioned curves can slide according to the two-phase model.  

Estimation of the percolation threshold 

In this work, the two-phase model application aims at the percolation 

threshold identification of composite systems loaded with micrometric 

natural fibres. The good quality of the results reveals that above Φc the fibre 

content increase strengthens the fibre network preserving the overall 

structure. Furthermore, the model allowed the identification of the 

composition range in which the Φc must be searched and the extrapolation 

of the network elasticity which is equal to the vertical shift factor (bΦ) for 

the building of the master curve. As predicted by the percolation theory, the 

critical behaviour of G'0 near Φc is described by a power-law relationship: 

G0
'
 = k (Φ - Φc)ν        (4.10) 

where k and ν are two constants, the latter being related to the stress-bearing 

mechanism [63]. The Equation (4.10) has been fitted varying Φc in the range 

where the critical behaviour of the network elasticity was observed: 

10 < Φ < 15 for hemp shive-based composites and 15 < Φ < 20 for kenaf 

bast-based composites. Adopting such a procedure, the highest value of the 

determination coefficient, R2, has been attained for a value of 

Φc = 10.1 vol.% and Φc = 19.5 vol.% for hemp shive and kenaf bast-based 

composites respectively, thus identifying their percolation threshold. The 

results of the fitting procedure are reported in Figure 4.11; the coefficients k 
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and ν for the different values of Φc are summarized in Table 4.3 together 

with the regression coefficient R2. 

 

Figure 4.11 Power-law dependence of the network elasticity above Φc. The dashed 

line is the fitting of Equation (4.10) to the experimental points setting 

Φc = 10.1 vol.% for hemp shive-based composites (a) and Φc = 19.5 vol.% for 

kenaf bast-based composites (b). 

Table 4.3 Parameters k and ν obtained for different values of Φc by fitting 

Equation 4.10 to the experimental data. 

Φc [%] k [Pa] ν R2 

Hemp shive based-composites 

10.1 0.002 4.51 0.9780 

10.5 0.003 4.30 0.9754 

11 0.008 4.03 0.9666 

12.5 0.106 3.18 0.9518 

14.9 24.171 1.07 0.7175 

Kenaf bast based-composites 

15.1 0.131 3.77 0.8474 

17 2.062 2.90 0.8793 

19 48.481 1.78 0.9271 

19.5 129.321 1.39 0.9311 

19.9 410.072 0.889 0.8797 
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The corresponding values of k and ν at Φc are in line with those predicted or 

experimentally derived for different systems [19], but they will not be 

discussed here for the sake of brevity. The Φc for the hemp (10.1%) agrees 

with the theoretical prediction for randomly distributed fibers (see Table 

4.2). The Φc for the kenaf fibers (19.5%) is substantially higher, close to the 

upper limit of parallel alignment of the fibers. This is in contrast with the 

theoretical expectations, according to which the Φc of kenaf fibers should be 

lower than that of hemp ones. The reason for such a discrepancy must be 

sought in the morphological differences between the two types of fibers. 

The longer kenaf fibers are more inclined to orient and align during melt 

processing. Fiber flexibility could also play a role. Bending and folding of 

the kenaf fibers during the intensive mixing process may have increased the 

volume fraction needed for percolation. In any case, the difference between 

the Φc for the two systems is confirmed also by dielectric measurements. 

4.4 Estimate of Φc through dielectric spectroscopy 

Dielectric spectroscopy (DS) is a technique frequently used to evaluate 

the response of a sample subjected to an applied electric field of fixed or 

changing frequency [91] [92]. This technique allows measuring the 

frequency dependence of the material dielectric constant, ε, which indicates 

the material's aptitude to become polarized and store charge when subject to 

an electric field applied through parallel plates acting as a capacitor. The 

capacitance of the capacitor, C, is directly proportional to ε through the 

following expression: 

ε = 
C d

A
     (4.11) 

where d represents the thickness of the sample material, and A is the area of 

the electrode. The dielectric constant is a complex number where the real 

part, ε', the so-called permittivity, characterizes the energy storage during 

the cycle, the imaginary part, ε'', named the dielectric loss factor, is the 

dissipation term. The dielectric response of the material depends on the 

polarizability of its molecules. The type of polarization can be distinguished 

according to the mechanism that occurs in the process. The four familiar 

types of polarization mechanisms are atomic/electronic, ionic, dipolar, and 

interfacial polarization. Atomic and electronic polarization occur at high 

frequencies, are instantaneous, and do not affect the dielectric constant 

dependence on frequency. Ionic polarization can be observed in ionic solids 
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and is commonly detected in ceramics, inorganic crystals, and glasses. The 

presence of polar groups in the material triggers dipolar polarization. 

Interfacial polarization affects dielectric properties at very low frequencies 

and usually decreases with increasing frequency. This polarization type 

occurs in a composite due to the different conductivity or polarization 

between the matrix and fillers [93] [94]. 

In this chapter, the dielectric properties of natural fibre based-composites 

in water-saturated conditions are evaluated to validate the Φc values 

obtained through the proposed rheological method. Dielectric spectroscopy 

allows you to evaluate the dielectric properties variation of the material 

during the progressive absorption of water. The formation of a continuous 

network of highly hydrophobic fibres promotes the access of water 

molecules inside the polymeric matrix causing a high increase in the 

dielectric constant when the saturated condition is reached [76] [77] [78]. To 

estimate the percolation threshold of the green composites, the attention was 

focused on ε", which is correlated to the real part of the complex 

conductivity, σ′, through the relationship σ′ = ε0ε"ω (ε0 = 8.85 × 10-12 Fm-1 

permittivity of free space). 

Moisture absorption 

To evaluate the dielectric properties of natural fibre-based composites, 

the first step provides the water soaking of the samples until the saturation 

conditions are reached. In detail, samples with different volumetric fibre 

contents were immersed in water at T = 30°C under an agitation speed of 

120 rpm. The dimensions of the samples are 2.5×1.2×0.3 cm. To monitor 

the weight changes until the saturation point, the samples were removed 

from the water at specific time intervals and carefully dried with absorbing 

paper. Water absorption was evaluated by the weight gain relative to the dry 

weight of the samples using a micro-balance accurate to 10 mg. Percentage 

weight variation during water sorption, M(t) was computed as follows: 

M(t) = 
Wt-W0

W0
      (4.12) 

where W0 and Wt denote the mass of the dried specimen and weight at any 

specific time t, respectively. No additional daily weight gain is recorded 

when the samples reach the saturation condition. The percentage weight 

measured in this condition is the saturation weight, Ms. Assuming, for 
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simplicity, the validity of Fick's law it is possible to estimate the diffusion 

coefficient D according to the following Equation:  

M(t)

Ms
=

4

d
(

D t

π
)

1

2
    (4.13) 

where Ms is the saturation weight, and d is the initial thickness of the 

sample. Equation 4.13 indicates that D can be determined in the linear 

region of the weight gain plot. In this zone, M(t)/Ms is a linear plot of t1/2 

that allows the calculation of the diffusion coefficient from the slope, θ [95]. 

Thus, the diffusion coefficient can be calculated as follows: 

D=
π d

2
 θ

2

4
    (4.14) 

However, Equation 4.14 is valid for a one-dimensional shape. To apply this 

expression to three-dimensional shapes, the Stefan approximation can be 

considered (Equation 4.15) [96]: 

 Dc=D  (1+
d

h
+

d

w
)

-2

            (4.15) 

where Dc is the corrected diffusion coefficient, related to the geometry of 

the immersed specimen, h being the length and w the width of the same. 

This equation assumes that the diffusion rates are the same for all directions 

[97]. 

The time evolution of the sample percentage weight variation during the 

water absorption process is reported in Figure 4.12. The weight gain follows 

the typical behaviour described by Fick’s law for both composite systems. 
An initial stage with rapid weight gain is followed by a second stage with an 

asymptotic behaviour until reaching the saturation point beyond which no 

further water is absorbed. As expected, the neat PLA shows the lowest 

water uptake values with a saturation weight of 0.8 wt.% after 10 days that 

remains constant until 30 days (Figure 4.12). This poor weight variation 

demonstrates that the matrix has little effect on the water absorption process 

of the analysed systems. A significant increase in saturation weight and time 

occurs with the addition of natural fibres. As it can be seen, the saturation 

weight for the hemp shive-based composite at 30 vol.% is 6.5 wt.% for an 

immersion time of 30 days which is eight times greater than the value of 
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unfilled PLA. During the water absorption process, the water penetrates for 

the capillarity effect and attaches to hydroxyl groups of cellulose and 

hemicellulose that can readily interact with water molecules thus allowing 

water to enter the composite material [98]. Then, the natural fibres swell and 

expand due to the water absorption effect until to reach the saturated 

condition [99]. As the fibre content increase, water uptake occurs to a 

greater extent achieving high saturation values.  

 

Figure 4.12 Weight change as a function of soaking time in the water at 30°C for 

hemp shives (a) and kenaf bast (b) based composites at different volumetric fibre 

loadings compared to the pure PLA. The lines are guides for the eye. 

The natural fibre type affects the water absorption of the green 

composites. The saturation weight is indeed slightly lower for kenaf bast 

based composites than for the hemp shive composites for the same fibre 

content. This behaviour can be related to the higher absorption capacity of 

the hemp shive fibres. Isothermal tests carried out at T = 110°C on water-

saturated fibres revealed a water content of 83.3±1.5 wt% and 63.8±2.0 wt% 

for hemp shives and kenaf bast fibres, respectively (see Figure 3.1 in 

Chapter 3). The greater absorbency of the hemp shives can be attributed to 

the higher content of hemicellulose (see Table 3.1 in Chapter 3) which is the 

element responsible for moisture absorption [12]. The slope values of 

M(t)/Ms vs. t1/2 (θ), the diffusion coefficients (D), and the corrected 

diffusion coefficients (Dc) for the neat PLA and both the composite systems 

are reported in Table 4.4.  
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Table 4.4 Values of slope of M(t)/Ms curve (θ), diffusion coefficient (D), and 

corrected diffusion coefficient (Dc) for hemp shive and kenaf bast-based 

composites at different volumetric fibre content compared to the neat PLA. 

Φ [vol.%] θ × 10-3 [s-1/2] D × 10-8 [cm2 s-1] Dc × 10-8 [cm2 s-1] 

Neat PLA 

0 0.7 4.23 2.30 

Hemp shive based-composites 
5 1.7 5.07 2.80 

10 2.6 4.96 2.71 

15 3.3 5.87 3.23 

20 3.8 5.96 3.29 

25 4.6 5.59 3.04 

30 5.9 5.44 3.00 

Kenaf bast based-composites 
10 2.0 5.40 2.94 

15 3.2 5.66 3.10 

20 3.9 5.91 3.23 

25 5.2 6.56 3.59 

30 6.4 6.61 3.60 

35 7.5 6.94 3.72 

A clear increasing tendency in diffusion coefficient occurs with the 

increasing fibre content to a greater extent for the kenaf bast based 

composites. Pure matrix possesses a corrected diffusion coefficient of 2.30 

× 10−8 cm2 s−1 which is in total agreement with other values reported in the 

literature [100] [97]. The addition of 30 vol% of natural fibres to PLA 

composites results in a 30% and 60% increase in the corrected diffusion 

coefficient for hemp shives and kenaf bast based composites, respectively. 

The different behaviour of the composite systems could be associated with 

the different water absorption capacities of the natural fibres used (see 

Chapter 3, Section 3.1). 

Estimate of dielectric loss factor in water-saturated conditions 

To identify the percolation threshold of the green composites, dielectric 

spectroscopy tests were carried out during the progressive water absorption. 

A rotational rheometer (ARES, Rheometric Scientific) equipped with a 

dielectric thermal analysis tool, constituted by a couple of stainless-steel 

parallel plates (diameter 25 mm) connected with a LCR Meter (E4980A, 

Agilent) was used to monitor the dielectric property variation. A constant 
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compressive force was applied to ensure contact between the sample and the 

parallel plates. For each sample, dielectric measurements were performed at 

room temperature by monitoring the permittivity, ε', and the dielectric loss 

factor, ε'', as a function of the frequency, ω, in the range 20 – 6·104 Hz. The 

frequency dependence of permittivity and dielectric loss factor is reported in 

Figure 4.13 for samples tested after about 10 days of water soaking.  

 

Figure 4.13 Frequency dependence of the permittivity (ε') and dielectric loss factor 

(ε'') for hemp shives (a) and kenaf bast (b) based composites at different volumetric 

fibre loadings compared to the pure PLA. The results show the material dielectric 

properties after 10 day of water soaking. 

The results show that the dielectric properties progressively increase with 

the fibre loading over the entire range of frequencies. For the composite 

systems, in the frequency range considered, the dielectric constant depends 

on two polarization mechanisms: dipolar and interfacial polarization. The 

first is due to the water molecules which penetrate and attach to hydroxyl 

groups of the natural fibres, the latter occurs for the differences in 

conductivities or polarizations of the matrix and fibres [76]. Both 
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contributions are influenced by the fibre contents as generate an interfacial 

region growth and an increase of the polar groups. As a result, the neat 

matrix shows the lowest values of permittivity and dielectric loss factor that 

increase with the fibre loading. Furthermore, at low frequencies, the 

dielectric properties show higher values since the complete orientation of 

the molecules is possible only at lower frequencies and the dipolar 

polarization requires long timescales to reach the equilibrium static field 

value. The greater intensity of the dielectric loss factor at low frequencies 

(Figure 4.13) makes this parameter an excellent candidate for monitoring 

the dielectric property variation of composites during the water absorption 

process. The time evolution of ε'', at the lowest frequency measured (20Hz), 

is reported in Figure 4.14 for samples at different fibre loadings. The 

dielectric loss factor increases over time to reach a constant value (ε''s) in 

correspondence to the water saturation condition of the samples. The large 

dipolar character of the water absorbed by the natural fibres gives a strong 

increase in the dipolar polarization of the samples over time and with the 

fibre content. In detail, while the dielectric loss factor of the neat matrix 

remains constant, in composite systems the growth of the hydroxyl groups 

with Φ involves a significant increase in the dielectric loss factor. 

 

Figure 4.14 Dielectric loss factor at 20Hz as a function of soaking time for hemp 

shives (a) and kenaf bast (b) based composites at different fibre loadings compared 

to the pure PLA. The dash lines are guide for the eye. 

Figure 4.15 reports the dielectric loss factor for water-saturated samples, ε''s, 

as a function of the fibre content. A sudden increase in dielectric loss factor 

was noticed in the range 10 < Φ < 15 and 15 < Φ < 20 for hemp shive and 

kenaf bast based composites, respectively. This critical behaviour can be 

associated with the formation of a continuous fibre network inside the 
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composite materials that allow water absorption by the fibres trapped in the 

polymeric matrix. Unlike, under the percolation threshold, only the fibres 

close to the surface absorb water molecules.  

 

Figure 4.15 Dielectric loss factor for water-saturated samples as a function of filler 

content: hemp shives (a) and kenaf bast (b) based composites. 

Identification of the percolation threshold 

Dielectric spectroscopy was used to validate the rheological estimates of Φc. 

The inherent hygroscopicity of natural fibers allows to identify percolating 

paths in the samples above Φc. Since PLA absorb negligible amounts of 

water compared to the fibers (Figure 4.12) transition in the dielectric 

behavior under saturation conditions can be ascribed to the fibers (Figure 

4.15). In particular, the formation of a percolating network of water-

containing fibers is associated with a plateauing of the real part of the 

complex conductivity, σ′, indicative of direct current-like imperfect charge 

transport [101]. The low frequency σ′ value, 𝜎0
′ , is a good estimate of the 

sample electrical conductivity, which is expected to exhibit power-law 

dependence on fiber content above Φc: 

σ0
'  = h (Φ - Φc)μ       (4.16) 

h and μ being coefficients that depend on the conductive mechanism [63].  

The real part of the complex conductivity, σ′, is correlated to the dielectric 

loss factor, ε", through the following relationship: 
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σ' =ε0ε''ω    (4.17) 

where ε0 = 8.85 × 10-12 Fm-1 is the permittivity of free space. 

The frequency-dependent real part of the complex conductivity is plotted in 

Figure 4.16 for water-saturated samples of different compositions. 

 

Figure 4.16 Real part of the complex conductivity for hemp- (left) and kenaf-based 

(right) composites at different fiber content. The samples were equilibrated in tap 

water for ~3 weeks. Lines are the fitting of the alternated current universal law to 

the data. 

A plateau of σ′ is only noticed at Φ ≥ 10% for the hemp-based systems 

and Φ ≥ 15% for the kenaf-based ones. This means that the percolation 

thresholds must be sought in the Φ-intervals 10-15% and 15-20% for hemp 

and kenaf, respectively. For an accurate estimate of the Φ-dependent 𝜎0
′  

values, we fit the alternated current universal law, 𝜎′(𝑓) = 𝜎0
′ + 𝐴𝑓𝑢 [102] 

[103], to the experimental data. Then, in analogy with what we did with the 

network elasticity data, we fitted Equation (4.16) to 𝜎0
′  data for different 

values of Φc falling in the identified intervals, looking for the maximization 

of R2.  

The so-obtained (di)electrically derived percolation thresholds were 

10.1% and 18.5% for the hemp- and kenaf-based systems, respectively. The 

critical scaling of 𝜎0
′  is shown in Figure 4.17. The discrepancy between the 

percolation threshold with the two types of fibers, which already emerged 

from the rheological analysis, is confirmed. This restates how difficult is the 

theoretical estimate of the percolation threshold in real composites based on 

natural fibers. More importantly, the (di)electrically computed Φc values are 
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in very good agreement with the rheologically derived ones. Since electrical 

and rheological percolation takes place at very similar filler content [104], 

we can conclude that the proposed rheological method is an effective 

method for the estimate of the percolation threshold in challenging materials 

such as green composites. We observe that dielectric measurements required 

a laborious procedure for the samples to absorb the equilibrium water 

content, with the need for continuous monitoring of sample weight and 

dielectric parameters over long experimental timescales (about three weeks) 

dictated by the characteristic diffusion time of the water in the fibers (Figure 

4.17). In contrast, a single set of simple linear viscoelastic measurements, 

analyzed in the framework of the two-phase model, is sufficient to lead to 

the same result with the same degree of accuracy. 

 

Figure 4.17 Scaling of the network elasticity as a function of Φ − Φc for the hemp- 

(a) and kenaf-based (b). 
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5   

Degradation process study of green 

composites 

5.1 Purpose and structure of the study 

In this chapter, a description of the natural fibre effect on a host 

biodegradable polymer matrix is provided. Contrary to what is commonly 

perceived, biodegradation of such materials in the natural environment can 

be a very slow process, with obvious consequences in terms of their actual 

environmental sustainability. From a chemical point of view, the 

biodegradation of polymer matrices is the result of the combined effect of 

water and microorganisms: the former induces hydrolysis of the polymer, 

while the latter digests the shortened chains and mineralizes the material. 

Natural fibres play a crucial role in this process, as they favour the access of 

water and microorganisms from the external environment, hence triggering 

the phenomenon. The best conditions to promote biodegradation are still 

debated (see Chapter 2 for more details).  

In this study, preliminary analyses after composite processing were 

carried out to assess the effect of the production process on polymer matrix 

degradation. Subsequently, the natural fibre effect on the matrix degradative 

phenomena in melt and solid states were investigated. In detail, degradation 

phenomena in the melt state were examined by rheological analysis to 

evaluate degradation over time of the green composites. Field and 

laboratory tests were instead performed to evaluate the green composite 

degradation in the solid state. The former mimic environmental conditions 

experience in real applications; the latter are useful for their short duration 

and the possibility of monitoring the progress of biodegradation. As a 

laboratory test, hydrolytic degradation in vivo was carried out to provide 

insight into degradation rates and erosion behaviour in vivo. For field tests, 

however, the samples were subjected to biodegradation tests by burial in a 

mature green compost in order to evaluate their behaviour in real conditions. 

For all the experiments considered, the degradation rate is estimated by 

evaluating physical and chemical changes in PLA and green composites. A 
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parameter usually used to monitor the degradation process is weight loss, 

though often difficult to measure since all small fragments must be collected 

and recovered once the material disintegrates. More accurate parameters to 

give indications of the degradation of the material are the variation in 

crystallinity degree, molecular weight, and mechanical performances. 

5.2 Processing effect on green composites 

Aliphatic polyesters like PLA are biodegradable polymers susceptible to 

chemical hydrolysis of the ester backbone in aqueous environments [105]. 

This characteristic makes them particularly interesting for applications in 

which biodegradability is desirable [106], but is also one of the main issues 

when these polymers are processed. Hydrolytic chain scission of ester 

linkage is in fact also the fastest and most effective degradation process 

which polyesters undergo during processing. Therefore, the presence of 

weak hydrolysable bonds makes the material sensitive to moisture and heat 

[107] [108] and thus their properties are extremely sensitive to stocking, 

processing, and use conditions [109] [110]. Given the strong dependence of 

polyesters on processing conditions, preliminary analyses of the samples 

after processing were carried out to assess the effect of the production 

process on the polymer matrix degradation.  

Differential Scanning Calorimetry was performed using a TA Instrument 

DSC Q2000 to evaluate the degradation effects on the thermal transitions 

and on the matrix crystallinity degree. The analyses were carried out under 

inert nitrogen flux (50 mL/min) on 12 ± 2 mg samples in non-hermetically 

closed aluminium pans. Three successively dynamic measurements were 

performed at 10°C/min heating/cooling rates: a first heating scan from 30 to 

200°C, a cooling scan up to 30°C, and a second heating scan up to 200°C. 

The glass transition temperature (Tg), cold crystallization temperature (Tcc), 

melting temperature (Tm), cold crystallization enthalpy (ΔHcc), and melting 

enthalpy (ΔHm) were determined from the first heating curves. Tcc and Tm 

were taken from the peak temperature of the cold crystallization and the 

melting respectively. Instead, Tcc
'  and Tm

'  refer to the onset temperature of 

the cold crystallization exotherm peak and the melting endotherm peak 

respectively. The crystallization degree (χ) was calculated from the 

thermograms measured during the first heating scan according to the 

following expression: 
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χ = (
∆Hm(t) - ∆Hcc(t)

∆Hm
0  × (1 - 

%wtfiber
100

)
)  × 100     (5.1) 

where ΔHm(t) and ΔHcc(t) are the melting and cold crystallization enthalpy 

respectively of the test sample at time t of degradation; ∆Hm
0

 is the latent 

heat of crystallization of a fully crystalline PLA (93.0 J/g [111] [107]) and 

%wtfiber is the weight percentage of fibre. To evaluate the effect of the 

manufacturing process on the neat PLA and green composites, the first 

heating scan was considered since it represents the material status after 

processing. The DSC thermograms and data of the first heating scan are 

shown in Figure 5.1 and Table 5.1 respectively.  

 

 

Figure 5.1 DSC thermograms of hemp shive (a) and kenaf bast (b) based 

composites at different volumetric fibre content after processing, first heating scan. 
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Table 5.1 DSC data on hemp shive and kenaf bast-based composites at different 

volumetric fibre content compared to the neat PLA after processing by first heating 

curves. 

The following transitions are observed along the increasing temperature 

axis: glass transition (between 50°C and 70°C), cold crystallization 

(between 90°C and 130°C), and melting process (between 130°C and 

160°C). In detail, the glass transition region allows to evaluate the 

degradation effect on the amorphous molecular chains. The results show an 

endothermic phenomenon, the structural relaxation, overlapped with the 

glass transition [112] [113]. The reason for this endothermic peak is a 

change in the kinetics of unfreezing [114]. The intensity of the structural 

relaxation peak decreases increasing the volumetric fibre content indicating 

that the natural fillers in some way changed the morphology of the 

amorphous fractions in the polymer during the cooling process [115]. The 

Tg is calculated as the temperature at the inflection point of the phenomenon 

and it is located at 61.0 ± 0.6 for all the samples. Therefore, the natural 

Φ [vol.%] Tg [°C] Tcc
'  [°C] ΔHcc [J/g] T𝐦

'  [°C] ΔHm [J/g] χ [%] 

Neat PLA 

0 61.41 100.53 24.74 143.22 26.64 2.04 

Hemp shive-based composites 

5 60.72 100.92 21.45 141.90 23.85 2.75 

10 61.39 100.01 21.91 141.44 23.82 2.33 

15 60.54 98.40 22.46 140.14 24.40 3.45 

20 60.96 98.24 20.51 138.88 25.37 6.82 

25 61.09 96.76 17.82 136.88 26.50 13.13 

30 59.78 95.06 15.82 135.57 25.72 16.21 

Kenaf bast-based composites 

10 60.71 97.30 21.62 140.28 24.83 3.94 

15 61.93 98.74 20.15 139.47 22.70 3.35 

20 61.70 97.71 18.37 139.33 21.45 4.36 

25 61.22 98.84 18.24 135.23 23.97 8.76 

30 61.29 99.08 15.87 134.50 20.75 9.75 

35 60.66 98.07 15.13 134.85 22.32 13.00 
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fibres did not cause relevant changes in the glass transition region during the 

manufacturing process. When the glass transition is overcome, the cold 

crystallization phenomenon starts. For the neat PLA, the cold crystallization 

starts at around 100°C, since the chains, which were constrained in the 

glassy state, have the condition to freely crystallize, and at around 112°C the 

exothermic peak is situated. The natural fibres addition in the polymer 

matrix causes a shift of cold crystallization peak to a lower temperature and 

a decrease in its intensity with their content increase (Figure 5.1). The slight 

reduction of Tcc
'  (Table 5.1) reveals that the natural fibres promote the 

formation of polymeric chains able to cold crystallize at lower temperatures. 

In addition, the cold crystallization enthalpy decrease suggests that the 

natural fibres did not cause degradation phenomena during the 

manufacturing process since an increase in the number of chains involved in 

cold crystallization has not been registered [113]. The last thermal transition 

is the melting process. The presence of two endotherm convoluted peaks at 

high fibre contents indicates the formation of two different crystalline 

distributions. The lowest melting temperature peak corresponds to the 

population with a lower size, and the highest peak indeed identifies the 

crystalline conformations with the larger size. The natural fibre addition 

again causes a slight reduction of the onset temperature of the melting peak 

(Table 5.1). The crystallization degree was calculated according to Equation 

5.1. Both the composite systems show an increase in the crystallization 

degree at the high fibre contents. This phenomenon can be explained by: (i) 

the presence of smaller, faster-crystallizing molecules resulting from the 

degradation of the PLA during the manufacturing process [116], (ii) the 

effect of the natural fibres that, as is well known, can act as nucleating 
agents and provide many compact nucleation sites on their fibre surface 

[117] [118] [119].  

Size Exclusion Chromatography (SEC) analyses were run to correlate the 

matrix crystallinity degree variation to degradation phenomena during the 

manufacturing process. Before injecting the solute through SEC columns, 

the samples were diluted in Chloroform and then filtered using a 0.2 mm 

Teflon filter to extract insoluble components. The pure PLA and the hemp 

shive-based composites at 10, 20, and 30 vol.% of fibres were analysed, and 

the weight average molecular weight (Mw) of the matrix after the 

manufacturing process is reported in Table 5.2. The SEC measurements 

were only conducted on the hemp shive composites since they have a higher 

water content compared to kenaf bast fibres as reported in Chapter 3 in 

Section 3.1. The water is the responsible element for the PLA hydraulic 

degradation and thus a possible increase in matrix crystallinity degree. The 
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results show a molecular weight decrease of the composites negligible 

compared to the neat matrix. Therefore, the χ increase with the fibre content 

is mainly related to the nucleation process induced by the natural fibres 

since the contribution of the matrix degradation is negligible. 

Table 5.2 Molecular weight of pure PLA and hemp shive-based composites at 10, 

20 and 30 vol.% of fibres after manufacturing process. 

Φ [vol.%] Mw [g/mol] 

0 115000 

10 112400 

20 102000 

30 110000 

The cooling scan only shows the glass transition phase not providing any 

information related to the process effect on the polymeric matrix. Finally, 

the same thermal transitions as shown in the first scan develop in the second 

heating scan as reported by the thermograms shown in Figure 5.2. An 

interesting result is observed in the crystallization degree (Table 5.3). No 

relevant variation of χ is noted with the natural fibre increase. This result 

may suggest that a controlled cooling process does not trigger the nucleating 

effect of the natural fibres.  

 

Figure 5.2 DSC thermograms of hemp shive (a) and kenaf bast (b) based 

composites at different volumetric fibre content after processing, second heating 

scan. 
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Table 5.3 DSC data on hemp shive and kenaf bast-based composites at different 

volumetric fibre content compared to the neat PLA after processing by second 

heating curves. 

To evaluate the changes in the viscoelastic properties of the neat PLA 

and composite systems, dynamic mechanical thermal analysis (DMTA) was 

performed using a Triton Technology Tritec 2000 DMA. The samples 

(30×10×3 mm3 rectangular bars) were heated from room temperature to 

105°C at a heating rate of 2°C/min in an air atmosphere. The storage 

modulus (E') and the loss factor (tanδ) were measured as a function of the 

temperature in the linear regime, which was previously evaluated for each 

composition through preliminary oscillatory tests. The measurements were 

run in a single cantilever bending mode at an oscillatory amplitude of 0.02 

mm and a frequency of 1 Hz.  

 

Φ [vol.%] Tg [°C] Tcc
'  [°C] ΔHcc [J/g] T𝐦

'  [°C] ΔHm [J/g] χ [%] 

Neat PLA 

0 59.95 104.14 25.29 144.71 26.24 1.02 

Hemp shive-based composites 

5 59.28 107.21 21.08 145.59 22.51 1.64 

10 60.17 106.59 22.28 145.50 23.18 1.10 

15 59.39 106.12 22.10 144.99 23.01 1.19 

20 59.82 106.08 20.61 145.06 21.54 1.31 

25 59.60 105.53 17.65 145.03 19.31 2.51 

30 59.56 105.40 17.90 144.92 19.03 1.85 

Kenaf bast-based composites 

10 59.35 104.83 22.34 144.74 23.47 1.39 

15 59.83 106.09 21.38 145.02 22.34 1.26 

20 59.49 106.05 18.05 145.21 19.76 2.42 

25 59.55 107.22 17.09 145.60 18.58 2.28 

30 60.11 108.67 14.62 146.19 16.22 2.65 

35 60.64 109.35 13.78 146.46 15.42 2.97 
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The typical outcome of this testing protocol is shown in Figure 5.3 for 

neat PLA.  

 

Figure 5.3 Evolution of elastic modulus E' (a) and loss factor tan(δ) (b) with 

temperature for neat PLA.  

At low temperatures, where the polymer is "frozen" in a non-equilibrium 

state and polymeric chains are mostly unable to move, the glassy region 

develops. The glassy modulus (Eg
' ), identified as the plateau value of E' at 

low temperature, assumes a value close to 4.5 · 103 MPa for the neat PLA. 

A sharp descent of E' takes place around 60°C, where the glass transition 

region is centred. The glass transition temperature (Tg) was identified as the 

peak of the loss factor. Subsequently, the rubbery region develops, which 

can be very short or even absent for low-molecular-weight PLA. In this 

region, all the amorphous phase has undergone the glassy-rubbery 

transition, and the polymeric chains have sufficient mobility to develop 

crystalline regions. A sudden increase of E' modulus, between 95°C and 

110°C, indicates the cold crystallization of the PLA causing an increase in 

polymer rigidity. As the temperature increases, the thermal energy provided 

to the material is indeed enough to let part of the polymer chains rearrange 

from an amorphous form to a crystalline form. Two important parameters 

were identified in the rubbery region: the rubbery modulus (Er
' ) and the 

length of the rubbery plateau (ΔTr). The first, equal to the minimum module 

value in the rubbery region, describes the behaviour of the materials above 

Tg. The second, equal to the length of the temperature range between the 

offset temperature of the glass transition region and the onset temperature of 

the cold crystallization region, depends on the PLA molecular weight. The 

latter can be considered as a gauge for the PLA level degradation in 
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decomposition studies [120]. The temperature dependence of the elastic 

modulus and loss factor is reported in Figure 5.4 for both composite 

systems. 

 

Figure 5.4 Temperature dependence of the elastic modulus, E', and loss factor, 

tan(δ), for hemp shives (a, b) and kenaf bast (c, d) based composites at different 

volumetric fibre content after processing. The dashed line represents the variation 

of E' and tan(δ) for the neat PLA. 

At low temperatures, the glassy modulus shows a non-monotonous increase 

in the fibre content (inset in Figure 5.4a, c). Generally, one would expect 

that increased filler content strengthens the PLA-based composite resulting 

in higher E' values. However, the glassy modulus of a composite material 

depends not only on the fibre loading but also on (i) the quality of the fibre-

matrix interaction and (ii) on the polymeric matrix crystallinity [121] [122]. 

A sharp descent of E' takes place around 60°C and identified the glass 

transition region. The glass transition temperature of the natural fibre-based 

composites was measured as the tan(δ) peak and the results are reported in 

Table 5.4. As expected, due to the difference between the two measurement 

techniques, the temperature related to the glass-rubber relaxation is higher 

than the calorimetric glass transition temperature. The Tg negligible 
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variation with the fibre content is correlated to concurrent events that occur 

in opposite directions in the glass transition phase and the particular 

morphology of PLA [120]. As a result of increasing the polymeric matrix 

crystallinity with the fibre content (Table 5.1), the tan(δ) peak amplitude 

shows a decrease as the filler quantity augments. As the crystalline phase 

becomes more important, the stiff framework within the material arrests the 

segmental motion of the polymer, and the samples gain dimensional 

stability [123] [124]. The increased rigidity of the polymer is reflected in the 

E' value which results in lower tan(δ) values. Above the glass transition 

phase, the rubbery region develops where the increase in the fibre content 

results in a growth of the rubbery modulus and a small reduction of the 

rubbery plateau length. The latter could suggest that the manufacturing 

process of the green composites affects the amorphous regions favouring the 

formation of shorter chains that crystallize at lower temperatures since the 

mobility is enhanced by the availability of more free volume [125] [113] 

[113]. However, SEC analyses (Table 5.2) detected negligible degradation 

of green composites during the manufacturing process. 

Table 5.4 Calorimetric (form first heating scan) and viscoelastic parameters related 

to the glass transition relaxation of hemp shive and kenaf bast-based composites at 

different volumetric fibre content compared to the neat PLA. 

Φ [ vol.%] Tg (DSC) [°C] Tg (DMA) [°C] 

Neat PLA 

0 61.41 72.70 

Hemp shive-based composites 

5 60.72 71.40 

10 61.39 72.26 

15 60.54 71.03 

20 60.96 71.08 

25 61.09 69.19 

30 59.78 69.08 

Kenaf bast-based composites 

10 60.71 71.61 

15 61.93 73.28 

20 61.70 72.50 

25 61.22 72.68 

30 61.29 72.88 

35 60.66 72.60 
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5.3 Degradation phenomena in the melt state 

The first step in the study of the natural fibre effect on polylactic acid 

degradation was to evaluate the degradation phenomena over time of the 

samples in the melt state through rheological analysis. The latter represents 

a powerful means of investigation to determine degradation kinetics as 

viscosity strongly depends on molecular weight distribution [126] [127] 

[128]. In detail, sequences of small amplitude oscillatory shear tests were 

carried out to monitor the degradation kinetic of composites loaded with 

micrometric natural fibres (testing conditions are reported in Chapter 4, 

Section 4.3). Figure 5.5 reports the results of the consecutive frequency scan 

on the same sample for the neat matrix and the composites at Φ = 10 vol.% 

of hemp shives and kenaf bast fibres.  

 

Figure 5.5 Complex viscosity decrease (full triangles) as collected through 

consecutive frequency scans over ~ 2 h for pure PLA (a) and hemp shive (b) and 

kenaf bast (c) based composites at 10 vol.% of fibres. The elastic and viscous 

moduli are reported as grey squares and circles, respectively. 
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The shear moduli (G', G'') and the complex viscosity (η*) progressively 

decrease while testing. The reduction is more pronounced for the composite, 

meaning that the fibres promote matrix degradation. The zero-shear 

complex viscosity (η0
∗ ), i.e., the material viscosity when it is effectively at 

rest, is correlated to the weight-average molecular weight (Mw) of a polymer 

by the following equation:  

η0
∗ = k (Mw)

3.4
      (5.2) 

where k is a constant that is specific to the polymer being assessed [116]. 

This relationship demonstrates that slight variations in molecular weight led 

to great variations in melt viscosity when this viscosity is determined at a 

very low shear rate. Therefore, the time evolution of the zero-shear complex 

viscosity can be taken as a reference to monitor the degradation 

advancement [83].  

 

Figure 5.6 (a) Graphical description of the parameters of Equation (5.3). (b) 

Decrease of the complex viscosity collected through consecutive frequency scans 

for hemp shive-based composites at 10 vol.%. The red circles represent the 

extrapolated zero-frequency complex viscosity over time. 

The simple testing procedure based on consecutive frequency scans 

allows obtaining the η0
∗  variation over time by identifying the low-frequency 

plateau of the complex viscosity. The extrapolation procedure is shown in 

Figure 5.6, where the frequency dependence of the η* is reported for 

composite at 10 vol.% of hemp shives.  
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To identify the zero-shear viscosity, the following model was fitted to the 

experimental data (5.3): 

η*(ω) = 
η

0
*

(1 + λ ω)
1-n    (5.3) 

Equation (5.3) is a simple Carreau-like equation, where η0
∗  is the zero-shear 

viscosity; λ represents the main polymer relaxation time; n, generally known 

as “flow index”, quantifies the non-Newtonian feature of the polymer. The 

graphical description of these parameters is reported in Figure 5.6a. The 

development of a continuous fibre network in the polymeric matrix results 

in a deviation of the complex viscosity trend from that predicted by 

Equation 5.3. The frequency dependence of the complex viscosity at time-

zero, η*(0), is reported in Figure 5.7 for the composite systems at different 

fibre loading.  

 

Figure 5.7 Frequency dependence of the complex viscosity (η*) at time-zero of the 

PLA-based composites filled with hemp shives (a) and kenaf bast fibres (b) at 

different volumetric fibre loadings. The solid line represents the variation of 

moduli for the neat PLA. 

The η*(0) values were obtained by combining the elastic and viscous moduli 

at time-zero extrapolated in the previous chapter (see Chapter 4 Section 4.2) 

according to the following equation: 

η*(0)= 
√(𝐺′(0))2 + (𝐺′′(0))2

𝜔
      (5.4) 
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The presence of natural fibres in the polymer reduces the effective gap 

distance available for the polymeric matrix between the particles by an 

amount proportional to the filler content. Consequently, an increase in the 

matrix deformation rate in the gap between the particles is recorded at high 

frequency, that is when the polymer governs the rheological response. This 

hydrodynamic effect is expressed in a vertical shift of the complex viscosity 

at high frequencies (Figure 5.7). 

The zero-shear viscosity extrapolation requires the identification of 

amplification factors, B(Φ) to consider the hydrodynamic effect. These 

factors, defined as the ratio between the complex modulus of the filled 

sample and that of the neat matrix in the high-frequency region, have 

already been identified in Chapter 4 Section 4.3 for the network elasticity 

extrapolation. The normalization of the complex viscosity with respect to 

B(Φ) is shown in Figure 5.8 for both composite systems. An evident 

deviation of the plateau of η* at low frequency is observed at Φ≥15% and 

Φ≥20% for hemp shive and kenaf bast-based composites respectively 

(Figure 5.8). This rheological behaviour is related to the formation of a 

continuous fibre network at Φ≥Φc, as reported in Chapter 4 (Section 4.3). In 

detail, below Φc, the rheological response is essentially Newtonian as a 

direct consequence of the relaxed state of PLA in the whole range of 

investigated frequencies. Above Φc, the arrest of the relaxation dynamics in 

composites causes an asymptotic rise of the complex viscosity at low 

frequencies. Consequently, the strong percolating effects deviate η* trend 

from that provided by the Carreau-like equation not allowing the 

identification of η0
∗ .  

 

Figure 5.8 Frequency dependence of the complex viscosity (η*) at time-zero 

divided by the amplification factor for hemp shive (a) and kenaf bast (b) based 

composites at different volumetric fibre loadings. The solid line represents the 

complex modulus for the neat PLA. 
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The time evolution of the zero-shear complex viscosity is addressed 

below for the composites at Φ<Φc. The analysed systems showed different 

values of η0
∗ (t) for t→0, i.e., when the degradation process caused by 

rheological measures has not yet started. This rheological behaviour is the 

result of (i) the degradative effects of the fibres on the polymeric matrix 

during the manufacturing process of the green composites; (ii) a non-

negligible increase of the viscoelastic functions with respect to the pure 

matrix because of the hydrodynamic interactions among the fibres [129]. 

Therefore, η0
∗ (t) was normalized with respect to its initial value to facilitate 

the comparison (Figure 5.9).  

 

Figure 5.9 Time evolution of the zero-frequency complex viscosity (η0
∗) 

normalized with respect to the initial value (η0
∗ (0)) for neat PLA and green 

composites at Φ < Φc. Lines are guide for the eye. 

The pro-degradative effect of the fibres is obvious: the higher the Φ, the 

faster and more significant the drop of η0
∗ . The strong degradation of the 

green composites can be explained by the presence of water molecules 

bound to hydroxyl groups of natural fibres which trigger the hydrolytic 

degradation of PLA [130]. From a chemical point of view, at the 

temperature considered (T=180°C), hydrolytic degradation is indeed the 

predominant degradation mechanism [131] [132]. In detail, the water 

molecules hydrolyse the ester bonds along the backbone of the PLA chain 

causing a chain cleavage reaction, according to the following reaction: 

H2O + ester ⇄ –COOH + –OH      (5.5) 
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In addition, the results revealed that the degradation process depends on the 

natural fibre type. The hemp shives have a higher degradative effect than the 

kenaf bast fibres with the same fibre content. This behaviour can be related 

to the higher absorption capacity of the hemp shive fibre. Isothermal tests 

carried out at T=110°C on water-saturated fibres revealed different water 

content of 20 wt.% (see Figure 3.1 in Chapter 3). The greater absorbency of 

the hemp shives can be attributed to the higher content of hemicellulose 

which is the element responsible for moisture absorption [12]. 

5.4 Hydrolytic degradation of PLA-based composites in 

water environment  

Hydrolytic degradation is a complex mechanism dependent on the 

interaction of living organisms with biodegradable polymers (e.g., 

polysaccharides, polyesters, and polyamides). The latter can be subject to 

different degradation mechanisms, such as thermal, mechanical, or chemical 

degradation, which can act alone or in combination [133]. However, 

hydrolysis of susceptible chemical bonds is the most important degradation 

mechanism of all, leading to chain scission and a decrease in molecular 

weight [134] [135] [136]. Environmental characteristics strongly affect the 

kinetics of the process, which is slow when it occurs in air or water at 

neutral pH. Acid, base, or enzyme catalysis is thus required to accelerate the 

first stage of degradation of biodegradable polymers. Further factors 

influencing the rate of hydrolytic degradation are parameters related to 

polymer characteristics such as polymer chain length, crystallinity, 

molecular weight distribution, sample shape, porosity, processing 

conditions, and the diffusivity of water in the polymer matrix [137] [17]  

[138] [105]. Central to the comprehension of these hydrolytic degradation 

processes, is an understanding of water fluxes in these systems. An increase 

in the crystallinity degree lowers the rate of degradation since water 

penetrates hardly into the highly ordered crystalline regions of polymers 

[139]. Furthermore, the relative rates of hydrolysis and water diffusion in 

each polymer control the hydrolytic degradation mechanism which can 

occur through a surface or bulk process. Therefore, for both of these 

processes, an understanding of water flux in polymers is important. The 

different erosion mechanisms following hydrolysis have been described by 

Viera et al. [133]. It should be noted that the term “degradation” in this case 

specifically refers to the polymer chain scission reaction, whereas “erosion” 

refers to the loss of polymer material as oligomers and monomers leave the 
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polymer [140]. Surface erosion involves a thickness reduction with a loss of 

material from the surface and occurs when the rate of hydrolysis exceeds the 

rate of diffusion of water into the bulk. This process can be due to the 

hydrophobicity of the polymer, a high glass transition temperature, a high 

crystallinity degree, and/or a very rapid hydrolysis rate [141]. Bulk erosion 

involves uniform degradation through the thickness and occurs when the 

hydrolysis rate is lower than the water diffusion rate. The bulk process is the 

dominant mechanism for polyesters such as PLA. The simplest case of mass 

erosion occurs when the diffusion speed of the hydrolytic catalyst (e.g., 

degradation products) is faster than the reaction speed. In this case, the 

degradation will occur uniformly through the thickness, with hydrolytic 

chain scissions. In this case, the degradation will occur uniformly through 

the thickness, with hydrolytic chain scissions. Typically, during bulk 

erosion, a decrease in the molecular weight of the polymer occurs before 

any mass loss is observed. The more complex situation, where bulk erosion 

occurs with autocatalysis leading to the formation of pores due to loss of the 

degraded material, typically occurs only after extensive degradation. In this 

case, the accumulation of oligomers with acidic end groups that diffuse 

more slowly out of the polymer than water leads to higher local acidity 

internally, resulting in heterogeneous degradation [142] [143]. However, if 

the thickness of the polymer is sufficiently small and the degradation 

products diffuse rapidly, then autocatalysis is largely suppressed [144]. 

Overall, it should also be noted that surface or bulk erosion modes are two 

extremes of the degradation process, and the erosion of a polymer usually 

shows characteristics of both. 

For most biodegradable materials, especially synthetic polymers like 

PLA, biodegradation is considered to consist of a sequential mechanism. 

The first step is hydrolytic degradation which reduces the molecular weight 

as a result of the hydrolysis of the ester bonds along the backbone of the 

PLA chain (Reaction 5.5). In detail, water molecules penetrate the polymer 

triggering hydrolytic degradation and converting very long polymer chains 

into shorter water-soluble fragments [145]. Only when PLA molecular 

weight reaches 10000 Da or less, the second step can start in which the 

microorganisms assimilate the small molecules produced [146]. For this 

reason, the knowledge of hydrolytic degradation is of fundamental 

importance to fully understand the biodegradation process of PLA and its 

composites. In this study, hydrolytic degradation tests were performed on 

30×10×3 mm3 rectangular bars dipped in test tubes containing 50 mL of 

water at pH 7.5. The test tubes were located in a shaker incubator (Bormarc 

Shaker SKI 4) at T=45°C and an agitation speed of 150 RPM. A test 
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temperature lower than the PLA glass transition temperature (Tg=60°C) was 

set to evaluate the sample hydrolytic degradation in very mild conditions. At 

selected periods, specimens were removed from the water and dried under 

vacuum at 30°C for about 8 days and then at 50°C until constant weight. 

This slow drying cycle was adopted to avoid changes in the materials during 

the drying phase. To evaluate the hydrolytic degradation rate of the green 

composites, different analyses were conducted on the samples before and 

after the water soaking. Differential Scanning Calorimetry (DSC) and 

Dynamic Mechanical Thermal Analysis (DMTA) experiments were used to 

monitor the extent of degradation by understanding the role of the natural 

fibres on the matrix degradation. Furthermore, the average molecular weight 

evolution was estimated by Size Exclusion Chromatography (SEC) analyses 

to validate the suitability of thermal analysis techniques for monitoring PLA 

degradation. 

Differential Scanning Calorimetry was performed to evaluate the 

hydrolytic degradation effects on the thermal properties of the green 

composites. In detail, the analyses were carried out under the same 

conditions indicated in Section 5.2 and the first heating scan was considered 

to assess the hydrolytic degradation effect on samples as it represents the 

current status of the materials. The DSC thermograms and data of the 

samples after 50 days of water soaking are shown in Figure 5.10 and 

Table 5.5 respectively.  

 

Figure 5.10 DSC thermograms of hemp shive (a) and kenaf bast (b) based 

composites at different volumetric fibre content after 50 days of water soaking, 

first heating scan. 
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Table 5.5 DSC data on hemp shive and kenaf bast-based composites at different 

volumetric fibre content compared to the neat PLA after 50 days of water soaking 

by first heating curves. 

The samples after 50 days of water soaking (Figure 5.10) show the same 

thermal transitions along the increasing temperature axis compared to the 

materials immediately after processing (Figure 5.1): glass transition 

(between 50°C and 70°C), cold crystallization (between 80°C and 120°C) 

and, melting process (between 135°C and 160°C). The variation of the 

thermal properties after 50 days of water immersion was analysed for both 

composite systems to evaluate the hydrolytic degradation process effect on 

natural fibre-based composites (from Figure 5.11 to Figure 5.15). The first 

thermal transition along the increasing temperature axis is the glass 

transition. The DSC thermograms in Figure 5.10 show the same structural 

relaxation endothermic peaks recorded before the hydrolytic degradation 

test (Figure 5.1). The glass transition temperature variation, which describes 

the thermal behaviour in this region, is reported in Figure 5.11. The results 

show a slight increase of Tg at high fibre contents which can be ascribed to 

Φ [vol.%] Tg [°C] Tcc
'  [°C] ΔHcc [J/g] T𝐦

'  [°C] ΔHm [J/g] χ [%] 

Neat PLA 

0 62.08 89.91 23.49 142.40 32.12 9.28 

Hemp shive-based composites 

5 62.25 84.47 23.43 140.06 28.80 6.15 

10 62.68 82.49 23.43 139.73 26.64 3.92 

15 61.94 85.98 22.17 140.72 24.43 2.95 

20 62.32 85.49 19.65 140.73 20.77 1.57 

25 62.83 85.70 18.09 141.40 20.65 3.87 

30 62.60 83.61 12.86 140.87 16.39 5.78 

Kenaf bast-based composites 

10 62.08 83.36 21.65 141.05 26.73 6.23 

15 61.89 81.52 20.92 140.27 24.29 4.43 

20 62.97 87.75 19.17 141.54 21.31 3.03 

25 63.69 87.55 16.23 140.95 19.89 5.60 

30 64.34 87.91 11.18 141.37 16.19 8.31 

35 64.08 88.26 10.91 142.13 14.81 7.05 
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the effect of the natural fibres on the amorphous chains during the 

hydrolytic degradation process. Nevertheless, these variations can be 

considered irrelevant as they are less than 10% after 50 days of water 

soaking. This result is due to the glass transition temperature being sensitive 

to large-scale morphological changes. 

 

Figure 5.11 Glass transition temperature of hemp shive (a) and kenaf bast (b) 

based composites at different volumetric fibre content before (full symbols) and 

after 50 days (empty symbols) of water soaking. The lines are guides for the eye. 

 

Figure 5.12 The onset temperature of the cold crystallization exotherm peak of 

hemp shive (a) and kenaf bast (b) based composites at different volumetric fibre 

content before (full symbols) and after 50 days (empty symbols) of water soaking. 

The lines are guides for the eye. 
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When the glass transition is overcome, the cold crystallization process 

starts. An important variation in the onset temperature of the exotherm peak 

was observed after the hydrolytic degradation test (Figure 5.12). In detail, 

Tcc
'  shows a decrease of 13.2 ± 2.7 °C and 12.0 ± 2.7 °C for hemp shive and 

kenaf bast-based composites respectively. This relevant variation highlights 

that the hydrolytic degradation process causes the formation of polymeric 

chains able to cold crystallize at lower temperatures. The enthalpy of cold 

crystallization, on the other hand, shows no change suggesting that the 

degradation process did not cause an increase in the number of chains 

involved in cold crystallization. 

The last thermal transition is the melting process which shows interesting 

changes in the samples after 50 days of water soaking. In detail, the onset 

temperature of the melting endotherm peak takes on an approximately 

constant value for all the samples due to an increase in Tm
'  for high-fibre 

composites (Figure 5.13). Regarding the melting enthalpy, the peak area 

shows a decrease at Φ≤10 vol.% and Φ≤15 vol.% for hemp shive and kenaf 

bast-based composites respectively, and an increase for samples at the 

higher volumetric fibre content (Figure 5.14). According to Chapter 4, 

where the percolation threshold was identified, the trend variation occurs 

when the percolation threshold is overcome. Melting enthalpy variation has 

direct effects on the crystallinity degree of green composites. 

 

Figure 5.13 The onset temperature of the melting endotherm peak of hemp shive 

(a) and kenaf bast (b) based composites at different volumetric fibre content before 

(full symbols) and after 50 days (empty symbols) of water soaking. The lines are 

guides for the eye. 
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Figure 5.14 The melting enthalpy of hemp shive (a) and kenaf bast (b) based 

composites at different volumetric fibre content before (full symbols) and after 50 

days (empty symbols) of water soaking. The lines are guides for the eye. 

Figure 5.15 report the crystallinity degree values of the green composite 

systems before and after the hydrolytic degradation test.  

 

Figure 5.15 Matrix crystallization degree of hemp shive (a) and kenaf bast (b) 

based composites at different volumetric fibre content before and after 50 days of 

water soaking. 

According to the melting enthalpy variation at the percolation threshold 

and considering the non-variation of the cold crystallization enthalpy after 

the water immersion, the crystallinity degree shows an increase at Φ<Φc and 
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a decrease at Φ>Φc. This result can be explained by a higher hydrolytic 

degradation rate of the polymeric matrix in presence of a natural fiber 

continuous network. The hydrolytic degradation process of PLA is indeed a 

two-stage mechanism [147]. In the first stage, random hydrolytic scission of 

ester bonds proceeds with the diffusion of water molecules into the 

amorphous regions. An increase in the crystallinity degree is observed in 

this phase. The χ increase is caused, at short times, by the change of some 

amorphous regions into crystals and then by the effect of the erosion of the 

amorphous parts. In the second stage, also the crystalline regions undergo 

hydrolysis with a hydrolytic attack which occurs from the edge toward the 

centre of the crystalline domains [32] [31]. The crystallinity degree decrease 

of the composites above the percolation threshold can be related to the 

trigger of hydrolytic degradation in the crystalline domains after 50 days of 

water immersion (Figure 5.15). Therefore, the formation of a natural fibre 

continuous network into the polymeric matrix produces an increase in the 

hydrolytic degradation rate. 

To evaluate the hydrolytic degradation effects on the viscoelastic 

properties of the neat PLA and its composites, dynamic mechanical thermal 

analyses were performed. In detail, the analyses were carried out under the 

same conditions indicated in Section 5.2, and the variation of the elastic 

modus and loss factor was monitored at 0, 10, 20, 30, and 50 days of water 

soaking. 

 

Figure 5.16 Temperature dependence of the elastic modulus (a), and loss factor (b) 

for composite filled with 30 vol.% kenaf bast fibres after 0, 10, 20, 30, and 50 days 

of water soaking. 



   

 

77 

 Figure 5.16 reports the typical trend of the elastic modulus and loss 

factor as the immersion time progresses for the composite at Φ = 30 vol.% 

kenaf bast fibres. The results show that the glassy and rubbery modulus (Eg
' , 

Er
' ) and the length of the rubbery plateau (ΔTr) progressively decrease while 

testing. No significant change, however, was observed for the glass 

transition temperature (Tg), identified as the peak of the loss factor, as it is 

sensitive to large-scale morphological changes. 

To assess the natural fibre effect on the elastic modulus below the glass 

transition temperature, the glassy modulus variation at different immersion 

times was analysed (Figure 5.17). The neat PLA reports an increase in 

modulus after 10 days of water soaking followed by a decrease for the next 

few days. In contrast, the composite systems show a marked decrease in Eg
'  

after only 10 days and achieve a constant value after 50 days. In addition, 

the more pronounced effect in the case of kenaf bast fibres, probably due to 

their different fibre/matrix interaction, indicates that fibre type is an 

important parameter in the process of hydrolytic degradation.  

 

Figure 5.17 Glassy modulus as a function of immersion time for hemp shive (a) 

and kenaf bast (b) based composites at different volumetric fibre content. The lines 

are guides for the eye. 

Figure 5.18 reports the glassy modulus of the samples before and after 50 

days of water immersion. Before the hydrolytic degradation test begins, the 

natural fibres reinforce the polymeric matrix (Eg
'  increases) while, after 50 

days, they cause a marked decrease of the elastic properties (Eg
'  decreases). 
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The glassy modulus variation in composite systems depends not only on the 

fibre loading but also on (i) the quality of the fibre-matrix interaction and 

(ii) on the polymeric matrix crystallinity [121] [122]. In detail, good 

interfacial adhesion and a high crystallinity degree produce better elastic 

properties. For the samples at Φ<Φc, an increase of the crystallinity degree 

was detected after 50 days of water soaking due to the hydrolytic 

degradation of the matrix amorphous regions (Figure 5.15). Therefore, the 

decrease of Eg
'  can be correlated to the fibre-matrix debonding for the water 

effect that worsens the composite properties. On the other hand, for the 

samples at Φ>Φc, the crystallinity degree decreases compared to the zero 

time (Figure 5.15). Therefore, in this case, the Eg
'  reduction is the 

consequence of the decrease in the quality of the fibre-matrix interaction 

and the polymeric matrix crystallinity. In the end, for the neat PLA, the 

absence of the natural fibre and the increase in the crystallinity degree are 

the cause of the Eg
'  increase.  

 

Figure 5.18 Glassy modulus of hemp shive (a) and kenaf bast (b) based composites 

at different volumetric fibre content before (full symbols) and after 50 days (empty 

symbols) of water soaking. The lines are guides for the eye. 

The length of the rubbery plateau at different immersion times was 

analysed in Figure 5.19 for the neat PLA and both the composite systems. 

The results show a decrease of the ΔTr with the immersion time until to 

achieve a constant value after 50 days. The rubbery plateau is narrower as 

samples are more degraded since the cold crystallization starts at lower 

temperatures. In accordance with the thermal analysis in Figure 5.12, these 
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results indicate that the effect of hydrolytic degradation on the amorphous 

regions is forming shorter chains that easily rearrange in spherulites since 

the mobility is enhanced by the availability of more free volume. 

 

Figure 5.19 Length of the rubbery plateau as a function of immersion time for 

hemp shive (a) and kenaf bast (b) based composites at different volumetric fibre 

content. The lines are guides for the eye. 

The rubbery modulus variation at different immersion times was 

analysed to evaluate the natural fibre effect on the elastic modulus above the 

glass transition temperature (Figure 5.20). Before the hydrolytic degradation 

test begins, the natural fibres reinforce the polymeric matrix (Er
'  increases) 

while, after the water immersion of the samples, they cause a marked 

decrease of the elastic properties (Er
'  decreases). In detail, the rubbery 

modulus progressively decreases over time linearly for pure PLA, hemp 

shives-based composites, and kenaf bast-based composites at Φ ≤ 10 vol.% 

and exponentially for the kenaf bast-based composites at Φ ≥ 15 vol.%. In 
addition, after 50 days of immersion in water, kenaf fibres produce a greater 

reduction in modulus. The variation rate of Er
'  over time can be related to the 

rate of the hydrolytic degradation process. In particular, the degradation 

seems to be negligible at low fibre contents (i.e., the rubbery modulus is 

nearly constant with immersion time), while it becomes relevant at high 

fibre contents. The variation rate of the rubbery modulus, expressed as 

dEr
' /dt, is reported as a function of Φ in Figure 5.21. The results confirm that 

increasing the natural fibre content accelerates the elastic modulus decrease 

over time to a greater extent for the kenaf bast fibres. In addition, the 
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influence of the percolation threshold is evident. A clear discontinuity in the 

dEr
' /dt trend is observed in correspondence with the range in which Φc has 

been identified, i.e., between 10 ≤ Φc ≤ 15 vol.% and 15 ≤ Φc ≤ 20 vol.% for 

hemp shive and kenaf bast based composite respectively (see Chapter 4). In 

agreement with the crystallinity degree variation of the green composites 

after 50 days of water soaking (Figure 5.15), the higher variation rate of the 

rubbery modulus above the percolation threshold demonstrates that the 

formation of a continuous network of natural fibres within the PLA polymer 

matrix favours the hydrolytic degradation process. 

 

Figure 5.20 Rubbery modulus as a function of immersion time for hemp shive (a) 

and kenaf bast (b) based composites at different volumetric fibre content. The lines 

are guides for the eye. 

 Figure 5.21 Variation rate of rubbery modulus of hemp shive (a) and kenaf bast 

(b) based composites at different volumetric fibre content. The lines are guides for 

the eye. 
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To assess the hydrolytic degradation entity of the green composites, SEC 

analyses were performed on the pure PLA and hemp shive-based 

composites after 50 days of water soaking. The testing conditions are given 

in Section 5.2. The weight average molar weight (Mw), number average 

molar weight (Mn) and polydispersity index (PI=Mw/Mn) of the tested 

samples are reported in Table 5.6 while Figure 5.22 compare the values of 

Mw before and after 50 days of water soaking.  

Table 5.6 Weight and number average e molecular weight and polydispersity index 

of hemp shive-based composites at different volumetric fibre content after 50 days 

of water soaking. 

Φ [vol.%] Mn [g/mol] Mw [g/mol] PI 

0 53300 86000 1.61 

5 53000 85000 1.60 

10 50400 80900 1.60 

15 49700 79600 1.60 

20 49100 78900 1.61 

25 47800 76600 1.60 

30 42600 69650 1.63 

 

Figure 5.22 Weight average molecular weight (Mw) of hemp shive-based 

composites at different volumetric fibre content before (empty symbols) and after 

50 days (full symbols) of water soaking. The lines are guides for the eye. 
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A relevant reduction in the PLA molecular weight is observed after the 

hydrolytic degradation test. The water molecules hydrolysed the ester bonds 

along the backbone of the PLA chain causing a chain cleavage reaction. The 

Mw reduction is more pronounced for the green composites, meaning that 

the fibres promote matrix degradation. In detail, the natural fibres act as a 

water vehicle that accelerates matrix hydrolysis. 

5.5 Characterization of degradation in compost of hemp 

shive-based composites 

The biodegradation process under real conditions is a complex 

mechanism to understand and predict. To date, there is no model to predict 

the lifetimes of any biodegradable polymer given the complexity of real 

environments such as soil and seawater. Several elements and mechanisms 

can indeed affect degradation under real conditions [148]. A sequence of 

steps makes up the biodegradation process. Polymers are initially 

fragmented into smaller particles and then depolymerized with the 

formation of oligomers, dimers, and monomers. The depolymerization 

products are subsequently assimilated by microorganisms and converted to 

carbon dioxide, nitrogen gas, methane, and water [17]. However, in the 

natural environment, biotic and abiotic factors frequently act synergistically 

on biodegradable polymers in a complex interplay of processes and 

chemistries. The most important aspect concerning biodegradation rates is 

therefore the direct environment of the polymer. The biodegradation of 

polyester in vitro is obviously going to be very different when compared to 

the same polymer sample in natural environments. The rate of 

biodegradation depends on several factors such as moisture content, 

temperature, pH, availability or otherwise of oxygen, the presence of 

suitable microbes, etc [149]. All these factors vary in different 

environments. Given these considerations, the necessity of degradation tests 

in natural environments is obvious. 

To evaluate the effect of the natural fibre on the PLA biodegradation rate 

in natural environments, degradation tests in compost are performed on the 

hemp shive-based composites. Homemade mature green compost was used 

for biodegradation tests and was sieved through a 2 mm mesh to remove 

coarser particles before use. Three important compost properties were 

determined before starting the biodegradation tests: the water-holding 

capacity (WHC), the moisture content, and pH. The first was measured by 

saturating a compost sample with distilled water, which was then weighed 
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to derive the saturated weight (wsat). The sample was then dried in a vacuum 

oven at 110°C to constant weight to determine the dry weight, (wdry). The 

WHC was calculated according to Equation (5.6). The moisture content was 

measured by weighting a compost sample before (wi) and after (wf) vacuum 

drying at 110°C. This parameter was calculated according to Equation (5.7). 

To determine the pH, a compost sample was mixed with distilled water 

(1:2), then left at room temperature for 1 h and the pH value of the 

supernatant was measured with a pH meter. Table 5.7 are reported the 

results of the compost properties. 

WHC(%) = 
wsat-wdry

wsat
 × 100   (5.6) 

Moisture content(%) = 
wi-wf

wi
 × 100        (5.7) 

Table 5.7 Water holding capacity, moisture content and pH of the homemade 

mature green compost.  

Compost properties Values 

WHC [%] 80 

Moisture content [%] 55 

pH 6.6 

Neat PLA matrix and hemp shive-based composites with different fibre 

content were cut in samples of 2.5x1.2x0.3 cm and buried in cylindrical 

plastic boxes (diameter 8 cm and height 16 cm) containing compost to a 

depth of about 7 cm and incubated at 55°C and 22% relative humidity. 

Containers were weighed three times a week and water loss through 

evaporation was adjusted by the water addition. At selected buried periods, 

specimens were removed from the compost and cleaned with paper towels. 

Visual inspection, Differential Scanning Calorimetry (DSC), and Size 

Exclusion Chromatography (SEC) analyses were used to monitor the extent 

of degradation by understanding the role of the natural fibres on the matrix 

degradation. The test conditions of DSC and SEC analyses are the same as 

reported in Section 5.2. 

The samples were removed periodically and subjected to visual 

inspection to evaluate the physical changes of the neat PLA and hemp 

shive-based composites with different fibre content buried in compost. Light 
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microscopy images of the surface of filled and unfilled samples at different 

buried times in compost are reported in Figure 5.23. Neat PLA and green 

composites show the same surface morphology before burial (Figure 5.23a). 

A polymer layer covers the surface and an evident texture generated by the 

contact of the molten polymer with the Teflon sheet during the hot 

moulding process is observed. A certain level of superficial erosion is 

observed in filled samples after 10 days in compost as pointed out by the 

disappearance of the initial texture and the appearance of micro-holes and 

natural fibres (Figure 5.23b). The neat PLA surface shows an evident 

erosion only after 40 days in compost while the green composites show a 

more advanced erosion state (Figure 5.23c).  

 

Figure 5.23 Light microscopy of the surface of neat PLA and hemp shive-based 

composites at 10, 20, and 30 vol.% unburied (a) and buried in compost at 55°C for 

(b) 10 and (c) 40 days. The scale bar represents 500 μm.  

Figure 5.24 reports the degradation evolution of neat PLA and green 

composites during composting exposure inspected by a digital camera.  PLA 

matrix shows a rapid transition from transparent to opaque against 

degradation time in all the samples. The opacity is a degradation 

consequence and can be correlated to different phenomena such as light 

scattering due to the presence of water and/or to the degradation products 

formed during the hydrolytic process or to the formation of holes in the bulk 

of the specimen during degradation or to the evolution in crystallinity of the 

polymer matrix [147] [150]. Indeed, as reported in Section 5.6, the 

hydrolytic degradation begins with the water molecule diffusion into the 
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amorphous regions which causes a random hydrolytic scission of ester 

bonds. The latter generates an increase in the crystallinity degree of the 

sample [151]. Surface fractures are evident after 40 days of burial, 

especially for pure polymer (Figure 5.24d).  However, after 100 days, 

fragmentation progressed rapidly in all samples, which show a reduction in 

thickness and loss of material that is largely embedded with compost 

(Figure 5.24e). The greater fragmentation of pure polymer compared to 

green composites could be explained by: (i) higher degradation rates as fibre 

content decreases, (ii) increased mechanical strength of the composites due 

to the reinforcing effect of fibres. 

 

Figure 5.24 Digital photographs of neat PLA and hemp shive-based composites 

with different volumetric fiber content unburied (a) and buried in compost at 55°C 

for 10 (b), 20 (c), 40 (d), and 100 (e) days.  

To assess the effect of degradation on the thermal properties of materials, 

all samples were subjected to differential scanning calorimetry analysis at 
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different incubation times in compost. The measurements were carried out 

under the same conditions reported in Section 5.2. Three successively 

dynamic measurements were performed at 10°C/min heating/cooling rates: 

a first heating scan from 30 to 200°C, a cooling scan up to 30°C, and a 

second heating scan up to 200°C. All the scans carried out in the samples 

having an incubation time greater than 40 days were not distinguishable 

since the baseline was not linear and the transitions were not distinctly 

visible.  

DSC thermograms and data recorded for the first heating scan of samples 

before and after 10, 20, and 40 days of burial in compost are shown in 

Figure 5.25 and Table 5.8, respectively. Before the burial test (Figure 

5.25a), three clear thermal transitions along the increasing temperature axis 

were observed: glass transition (between 50°C and 70°C), cold 

crystallization (between 80°C and 120°C), and melt process (between 135°C 

and 160°C). An evident variation of thermal behaviour was shown during 

the degradation test. The glass transition temperature is clearly visible at 

zero-day and shows an endothermic phenomenon, the structural relaxation, 

overlapped with the glass transition. During the burial test, the Tg is less 

evident until it becomes unidentifiable for the samples buried for 40 days. 

Tg values identified in the first scan (Table 5.8) show equal initial values for 

all the systems and a greater reduction over time as fibre content decreases. 

When the glass transition is overcome, the cold crystallization phenomenon 

starts. The cold crystallization peak, clearly visible before the degradation 

test, shifts to higher temperatures reducing in intensity during the burial 

until it disappears after 20 days for composites at 0, 5, 10, 15 vol.% and 40 

days for composites at 20, 25, and 30 vol.%. In detail, the onset cold 

crystallization temperature (T'cc) increased by more than 30% after 10 days 

for all the samples. The reduction of the glass transition temperature and the 

cold crystallization peak indicates a decrease in the mobile amorphous phase 

during composting [152]. The last thermal transition is the melting process. 

The onset temperature of the melting peak increase in the first 10 days at the 

high fibre content. After 20 days of burial, samples at Φ≤15 vol.% show the 

formation of two convoluted peaks. This result may be due to the formation 

of two different crystalline phases, one consists of the crystalline part of 

PLA marginally affected during the degradation, and the other one is formed 

by the crystals created during the degradation of the amorphous phase. As 

reported in Chapter 2 Section 2.5, the hydrolytic degradation of the 

amorphous regions is indeed the first phase of PLA biodegradation. The 

melting enthalpy grows with the burial time for all the samples. This 

phenomenon indicates that the degradation leads to a decrease in 

macromolecule chain length enabling secondary crystallization as a result of 
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an increase in the mobility of shorter chains and, especially, due to releasing 

the constraints in the material formed during the preparation of the testing 

specimens [152]. The crystallization degree was calculated according to 

Equation 5.1. An increase in the crystallization degree with the fibre content 

was observed at zero-day. The natural fibres provide a clear nucleating 

effect which contributes to increased crystallinity levels in non-degraded 

materials [153] [154] [155]. As a result of the burial in compost, the degree 

of crystallinity increased over time. The PLA biodegradation provides 

indeed a random hydrolytic scission phase of ester bonds in the amorphous 

regions which triggers the formation of new crystals [147]. In addition, the 

results show that the increase in χ occurs to a greater extent as the fibre 

content decreases. The higher crystallinity triggered by the fibres during the 

manufacturing process caused a slowdown of the hydrolytic degradation in 

the amorphous domains and therefore greater resistance to degradation in 

the compost of the composite systems [97]. 

 

Figure 5.25 DSC thermograms of neat PLA and hemp shive-based composites at 

different volumetric fibre content before (a) and after 10 (b), 20 (c), and 40 (d) 

days of burial in compost, first heating scan. 
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Table 5.8 DSC data on hemp-based composites with different volumetric fibre 

content before and after 10, 20, and 40 days of burial in compost obtained from the 

first heating curves. 

Φ [vol.%] Tg [°C] Tcc
'  [°C] ΔHcc [J/g] T𝐦

'  [°C] ΔHm [J/g] χ [%] 

0 days 

0 61.41 100.53 24.74 143.22 26.64 2.04 

5 60.72 100.92 21.45 141.90 23.85 2.75 

10 61.39 100.01 21.91 141.44 23.82 2.33 

15 60.54 98.40 22.46 140.14 25.10 3.45 

20 60.96 98.24 20.51 138.88 25.37 6.82 

25 61.09 96.76 17.82 136.88 26.50 13.13 

30 59.78 95.06 15.82 135.57 25.72 16.21 

10 days 

0 57.35 134.48 0.58 141.81 31.67 33.43 

5 57.83 133.56 0.88 141.58 28.01 31.05 

10 60.62 133.31 1.26 140.65 26.38 30.67 

15 60.04 135.55 0.84 143.09 23.39 29.47 

20 60.50 133.33 1.44 142.89 22.36 29.36 

25 61.42 132.45 0.85 142.90 19.56 28.30 

30 60.57 133.73 1.26 143.03 18.08 27.55 

20 days 

0 46.85 - - 129.7 41.01 44.10 

5 52.22 -  - 131.4 35.08 40.14 

10 47.23 -  - 133.2 29.05 35.47 

15 55.49 -  - 132.2 27.63 36.11 

20 57.78 135.41 0.73 143.89 24.83 33.83 

25 55.77 137.09 0.20 143.65 21.77 32.63 

30 55.57 135.24 0.60 143.51 20.38 32.39 

40 days 

0 - - - 123.03 49.35 53.06 

5 - - - 127.54 38.87 44.48 

10 - - - 128.84 35.36 43.18 

15 - - - 129.84 30.57 39.95 

20 - - - 144.51 25.15 35.29 

25 - - - 144.53 23.48 35.52 

30 - - - 144.56 18.95 31.03 
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The molecular weights of the neat PLA and the hemp shive-based 

composites a different burial times in compost were analysed by SEC 

analyses to assess the degradation entity of the samples. The testing 

conditions are given in Section 5.2.  

Figures 5.26 and 5.27 present SEC chromatograms of the green 

composites in comparison with the neat polylactic acid before and after 10, 

20, and 40 days of burial in compost. The production step, when the 

materials were mixed and then hot pressed to obtain the samples for the 

degradation test, don’t cause a relevant change in the molecular weight 

(Figure 5.26). SEC chromatograms show a narrow, unimodal, and 

moderately symmetrical distribution at day 0 for all the samples and a 

decrease of the weight average molecular weight (Mw) negligible in 

composite systems compared to the neat matrix (Table 5.8). The moisture 

absorbed by the natural fibres thus did not trigger PLA degradation during 

the manufacturing process.  

 

Figure 5.26 SEC chromatograms of pure PLA and composites at 10, 20 and 30 

vol.% before exposure to the composting environment. 
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Table 5.9 Weight and number average molecular weight and polydispersity index 

of hemp shive-based composites at different volumetric fibre content before and 

after 10, 20, and 40 days of burial in compost. 

Samples were removed from the compost at different time intervals and 

analysed to gain a greater understanding of the degradation behaviours 

observed during the burial test. A relevant variation of the molecular weight 

Φ [vol.%] Mw [g/mol] Mn [g/mol] PI 

0 days 

0 115000 71200 1.61 

10 112400 78800 1.43 

20 120000 63000 1.62 

30 110000 75700 1.45 

10 days 

0 83000 48000 1.73 

5 89000 52000 1.71 

10 84000 50000 1.68 

15 78500 46000 1.71 

20 73000 42000 1.74 

25 67000 38000 1.76 

30 65000 37000 1.76 

20 days 

0 24800 13500 1.84 

5 41100 22400 1.83 

10 53400 30600 1.75 

15 56300 33300 1.69 

20 71700 46300 1.55 

25 63600 37100 1.71 

30 70400 43100 1.63 

40 days 

0 4800 3300 1.45 

5 5150 3350 1.54 

10 5250 3200 1.64 

15 5450 2950 1.85 

20 6100 3550 1.72 

25 7350 3550 2.07 

30 14200 4250 3.34 
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was observed after 10 days of burial (Figure 5.27a). A shift to the lower 

molecular weights of the chromatograms and a relevant reduction of Mw and 

Mn values (Table 5.9) were recorded as the natural fibre content increased. 

This result illustrates how the natural fibres, acting as channels for the 

absorption of moisture from the soil, affect the level of thermal hydrolysis 

of the PLA matrix after 10 days in compost [12].  

 

Figure 5.27 SEC chromatograms of pure PLA and composites at different 

volumetric fibre content after 10 (b), 20 (c), and 40 (d) days of burial in compost. 
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An opposite trend of the degradation entity as the fibre content changed was 

observed after 20 days in compost (Figure 5.27b). High degradation rates 

were recorded in neat PLA and low-fibre content composites, while 

degradation was unchanged for high-fibre content. This behaviour can be 

related to the different crystallinity degrees of the samples before the burial 

test for the nucleating effect of the natural fibre (see Section 5.2 for more 

details). The higher crystallinity recorded at high fibre content slows down 

the hydrolytic degradation process which occurs preferentially in the 

amorphous regions of the polylactic acid [32] [31]. After 40 days, the 

molecular weight distributions show a shape variation from unimodal to 

trimodal (Figure 5.27c) and Mw values below the solubility limit of PLA 

oligomers in compost (Mwc = 35.272 g/mol) (Table 5.9) [156]. In detail, 

PLA chains must be degraded to some extent to produce water-soluble 

fragments which could be subsequently released into the external 

environment containing degrading agents. Only from this point, the 

dissolved oligomers can be assimilated and mineralized by microorganisms 

in the compost. However, although the polymer chains are reduced 

sufficiently to become soluble, they can penetrate the cell membrane of 

microorganisms only when Mw reaches 10000 Da [28]. After 40 days, the 

pure PLA and composite systems show molecular weight distributions not 

only shifted toward sufficiently low values to release water-soluble fractions 

into the compost (Mw<Mwc) but also to allow final mineralization. 

The kinetics of the hydrolytic process that represents the first step of 

PLA biodegradation can be described as an autocatalytic mechanism [157]: 

dCc

dt
=kCcCe    (5.8) 

in which k is the kinetic constant that includes the water concentration 

inside the sample, Cc is the carboxylic end-groups concentration, and Ce is 

the ester concentration. Cc and Ce are related to the molecular weight as 

follows [128]: 

Cc=
ρ

Mn
      (5.9) 

Ce=
ρ

Mn
(DP-1)       (5.10) 
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where ρ is the polymer density, and DP is the average degree of 

polymerization, defined as the ratio Mn/M in which M is the molecular 

weight of the repeating unit (M=72 g/mol for PLA). Substituting Equations 

(5.9) and (5.10) into equation (5.8) gives the following expression: 
 

dMn

dt
=-k

'
(Mn-M)   (5.11) 

in which k' = kρ/M can be considered as the kinetic constant of the 

hydrolytic process and calculated by knowing the time evolution of the 

number average molecular mass of the sample (Figure 5.28a). The k' values 

at different burial times for neat PLA and composites at 10, 20 and. 30 

vol.% of fibres are reported in Figure 5.28b. The magnitude of the constants 

is consistent with those found in the literature [158] [31]. The time evolution 

of the kinetic constant validates the slowdown of the hydrolytic process in 

the samples with a high fibre content after 20 days of burial in compost. The 

crystallinity induced in the matrix by the nucleating effect of natural fibres 

delays the hydrolytic process of PLA. 

 

Figure 5.28 Time dependence of (a) number average molecular mass and (b) 

kinetic constant of the hydrolytic process for neat PLA and composites at 10, 20 

and 30 vol.%.  
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6    
Background: environmental impact 

analysis of green composites 

6.1 The concept of Life Cycle Assessment (LCA)  

Life cycle assessment (LCA) is an analytical and systematic 

methodology for assessing environmental impacts associated with all the 

stages of the life cycle of a commercial product, process, and service [159]. 

The purpose of conducting LCA studies varies from one application to 

another. In general, the main aim of using LCA is to reduce the 

environmental impact of products by guiding the decision-making process 

toward more sustainable solutions. Given the enormous versatility of the 

LCA tool, the guideline can not specify how to carry out each individual 

step. Rather, the International Organization for Standardization (ISO) 

provides a general protocol to follow and the necessary steps to complete an 

LCA. The general protocol to perform an LCA indicates that the steps of a 

product’s life must be divided to identify each significant input and output 

of resources and energy. This rigorous procedure is vital to modify the life-

cycle stages and improve environmental effects [160]. ISO 14040 and 

14044 define the methodology of conducting a Life Cycle Analysis of a 

product. From the standards, the steps are (1) identify the goal and scope of 

the analysis, (2) compile a life cycle inventory (LCI), (3) complete a life 

cycle impact assessment (LCIA), and (4) interpret the results [161]. 

The aim of the analysis, the system boundary, and the stages of the 

product’s life cycle considered are defined in the first step. In many studies, 

the framework of applying LCA is dealing with a "cradle-to-grave 

approach" which means that it deals with the product life cycle from the 

manufacturing phase (cradle) moving through the operational phase, and 

finally to the disposal phase (grave). There are other principles that deal 

with the ¨Cradle to Cradle concept¨ which is a specific kind of cradle-to-

grave assessment, where the end-of-life disposal step for a product is a 

recycling process or in other words, an input for a new process. This kind of 

approach will lead to an open-loop study where the waste or disposed 

https://en.wikipedia.org/wiki/Environmental_impact
https://en.wikipedia.org/wiki/Product_lifecycle
https://en.wikipedia.org/wiki/Process_lifecycle
https://en.wikipedia.org/w/index.php?title=Service_lifecycle&action=edit&redlink=1
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materials will be used as raw materials for a new process. Another important 

parameter defined in the first step is the functional unit that is a set amount 

of product which is to be analysed, or some other quantity that describes 

what is being studied. By establishing a functional unit, all the input and 

output flows of all processes in a system can be compared and compiled. 

Further, a functional unit is useful for a comparative study of two different 

materials [162]. The life cycle inventory (LCI) analysis is assessed in the 

second step and consists in identifying and quantifying the resource flows 

for the system [163]. In other words, the purpose of LCI is to create an 

inventory of all inputs and outputs of materials, wastes, and natural 

resources for all processes, in relation to the functional unit [164]. In detail, 

this second step involves first the identification of the unit processes which 

are elementary steps in a product’s life, and then the quantification of input 

and output flows for each unit process. Once data collection is completed, it 

is organized into a list or “inventory table” to be further analysed in the next 

step. The assessment of life cycle impact assessment (LCIA) is carried out 

in the third step to determine and evaluate the overall environmental impacts 

within the system. In detail, the inventory analysis results are converted to 

common units within several impact categories [161]. Mandatory phases of 

LCIA are: (1) selection of impact categories, (2) selection of impact 

category indicators, (3) classification of inventory results into categories, (4) 

characterization [161] [165]. Impact categories are groupings of resource 

flows and environmental factors that cause a common and general type of 

damage that must follow the goal and scope of the study. The three broad 

impact categories are: damage to human health, ecosystem health, and 

resources. However, impact categories more specific can be used [163]. 

Once the impact categories are established, they must be defined in terms of 

the characterization model, category indicators, and characterization factors. 

Subsequently, the assigning inventory results are performed in the third 

phase. The characterization is the fourth phase which consists of assigning a 

common unit to the results of each impact category so that the numbers can 

be aggregated to get a final value for the category, called the category 

indicator result. The complete list of category indicator results is then called 

the environmental profile. The optional phases of LCIA are normalization, 

grouping, and weighting. The final step of LCA is the interpretation of the 

results in order to be able to draw conclusions and recommendations. The 

purpose of the LCA is achieved if the results meet the goal and are within 

the initial scope. If not, the LCA may have to be redefined and repeated as it 

is not complete [162]. 
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6.2 LCA of green composites 

Well-known environmental awareness in the direction of attaining 

sustainability of manufactured goods has led to the development and 

adoption of environmentally friendly green composites. Unlike conventional 

synthetic composites, green composites are made of matrices and fiber 

coming from renewable resources [166]. This promising class of materials 

can be manufactured in the same way as conventional composites [167], yet 

substantial environmental benefits are expected during both the use phase 

and the end-of-life [168] [169]. To assess the environmental impacts 

associated with this new composite material class, a life cycle assessment 

(LCA) is hence crucial, possibly splitting the contributions of matrix and 

reinforcement to enable a conscious selection of the materials for realizing 

truly sustainable green composites [170]. LCA is a valuable tool for the 

development of green composites. In detail, a 'cradle-to-gate' assessment 

allows the production phase to be evaluated, while a 'cradle-to-grave' 

analysis allows the end-of-life disposal phase to be considered, which can 

be very significant for composite synthetics [171]. The choice of impact 

categories is crucial to achieve the objective of the study. Green composites 

are typically obtained from raw materials produced by agricultural 

processes. Therefore, impact categories influenced by agriculture must be 

selected in LCA [172] [173]. 

A 'cradle-to-grave' life cycle assessment of the green composites starts at the 

production phase where the most materials and resources are used and the 

most wastes are produced. The two components, i.e. natural fibres and 

matrix, must be analysed separately before evaluating the green composite 

production. In detail, fibre production typically requires crop growth, 

harvesting, transportation, and manufacturing, while matrix production 

typically includes raw material extraction, transportation, and 

manufacturing. Like natural fibres, many green matrices are made from 

agricultural crops [171]. The analysis of green composites must thus 

consider the land use impact since the land is a resource [174]. Natural 

fibres production requires several steps, and the environmental impact of 

each phase can vary significantly between fibre types. Plowing, sowing, and 

harvesting phases require the use of agricultural machinery which exploits 

fossil fuels for power and releases pollutants into the air. The use of 

fertilizers is often required both to provide farmland with the necessary 

nutrients for crops and to protect crops during growth from invasive weeds 

and insects. Transportation must be considered in different stages such as 
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the transportation of raw materials, finished product and raw waste collected 

at the place of production. The transportation aspect is typically 

characterized by the distance travelled and estimating the type and weight of 

the vehicle, which then leads to the amount of gas used [175]. Having the 

same or similar uses as traditional composites, the green composites use 

phase is often omitted in the LCA assuming an equal use and consumption 

of resources in this phase. This assumption is not valid when the materials 

have different durability. The latter has considerable influence on 

environmental impact since longer service lives lead to less material 

maintenance and replacement. Differences between natural and synthetic 

fibre use should be noted when the product’s purpose is influenced by the 

weight of the component [176]. In fact, natural fibres have a lower density 

than synthetic fibres, which causes a reduction in the composite weight. The 

end-of-life disposal phase is the last step in the LCA of green composites. In 

this phase, natural fibre composites are potentially less impactful compared 

to synthetic fibre composites which generally end up in landfills. Landfill 

use is negative as it may not fully prevent the leaching of waste into the 

environment [177]. Incineration is an alternate option to landfill for green 

composites. Natural fibres stored carbon when harvested and retain it during 

use. When incinerated, the natural fibres release carbon in an amount 

equivalent to that sequestered by the plant from the atmosphere. Therefore, 

they do not cause an increase in emissions [178]. Another option for end-of-

life disposal of green composites is the natural decomposition in compost. 

In this case, a biodegradable matrix must be used to avoid the fibre-matrix 

separation process [177]. The end-of-life disposal method indicated above is 

unable to generate new value-added products. Alternative methods in this 

direction include recycling, reusing, and reducing [179]. 



   

 

101 

7    
Goal and methodology of LCA 

Chapter 7 and 8 refer to the original version of the scientific 

paper published by Journal of Cleaner Production in January 2023  

(Available at: https://doi.org/10.1016/j.jclepro.2023.135901) 
 

A cradle-to-gate life cycle assessment study was performed to evaluate 

the environmental footprint of poly(lactic acid) based green composites 

loaded with natural fibres derived from kenaf and pine needles to compare 

cultivated and naturally grown feedstocks. In detail, the impact of raw 

material production/harvesting, (ii) transportation, (iii) fibre production, (iv) 

melt compounding, and (v) granulation to obtain the bio-pellets was 

assessed. The goal and scope identification, and the life cycle inventory 

compilation are assessed in the following chapter. The interpretation of the 

analysis results is reported in Chapter 8. 

7.1 Selection of the raw materials 

The poly(lactic acid) PLA supplied by NatureWorks LLC, USA (Ingeo™ 

4060D, D-lactide content 12%) is selected as the matrix of the investigated 

green composites. This company's PLA was chosen for its lower 

environmental impact compared to other brands [27]. It is produced in the 
form of pellets at the manufacturing facility in Blair, Nebraska (USA), using 

corn as feedstock.  

The natural fibres to be used as filler for the green composites were 

obtained from either naturally grown or cultivated feedstocks, that is pine 

needles and kenaf bast fibres, respectively (Figure 7.1a, c). Dry pine needles 

(from Pīnŭs pīnea) were hand harvested in an area close to the Vesuvius 

National Park (Ercolano, Italy). After removing the fascicle sheath (see 

Figure 9.1a; yield ~88 wt.%), the pine needles were washed with water to 

remove residual dirt and topsoil and then dried in a vacuum oven at 45°C 

for 3 hours (Memmert Vacuum Drying Oven VO 400, VacuumbrandTM PC 

3001 VarioTM Pro). Finally, the dry fibres were ground (Retsch cutting mill 

https://doi.org/10.1016/j.jclepro.2023.135901
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SM 100) to a size of a few hundred microns with a yield of ~90 wt.%. The 

resulting natural fibres (Figure 7.1b), herein referred to as PN, were used as 

filler to prepare the green composites. Kenaf bast fibres (Hibiscus 

cannabinus) were cultivated, harvested, and cleaned by mechanical 

decortication at the Kenaf Eco Fibers Italia (KEFI) plant in Guastalla, Italy. 

After transportation to the laboratory, the fibres underwent the same 

grinding process as the pine needles to get kenaf microfibers (yield of ~90 

wt.%, Figure 7.1d), which are called KB in the following. The density of 

milled natural fibres was obtained by using a helium pycnometer (AccuPyc 

II 1340, Micromeritics—Alfatest, Italy). The measurement results are 

reported in Table 7.1.  

 

Figure 7.1 Pine needles and kenaf fibres before (a, c) and after (b, d) the grinding 

process. The arrow in a) indicates the fascicle sheath. Magnifications in b) and d) 

show the microfibers obtained after grinding that were used for producing the 

green composites. 

Table 7.1 - Density of milled natural fibres. 

Natural fibres Density [g/cm3] 

Pine needles 1.47 

Kenaf bast 1.57 
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7.2 LCA methodology 

The main goal of this study is to perform a comparative life cycle 

assessment between neat PLA and green composites containing different 

amounts of natural fibres obtained from either kenaf or pine needles. The 

LCA methodology is applied according to the ISO 14040/44 series (ISO 

14040, 2006; ISO 14044, 2006). The LCA analysis has been performed by 

using openLCA 1.10.3 (GreenDelta, GmbH, Berlin, Germany). To calculate 

the environmental burdens associated to the different production phases of 

the green composite pellets, the CML-IA [180] and Cumulative Energy 

Demand [181] have been selected as impact assessment methods. The 

chosen impact categories are global warming potential (GWP), primary 

energy of renewable and non-renewable resources (PED), acidification 

potential (AP), eutrophication potential (EP), photochemical ozone creation 

potential (POCP), and ozone depletion potential (ODP). Impacts also 

include human toxicity potential (HTP), freshwater aquatic ecotoxicity 

potential (FAETP), terrestrial ecotoxicity potential (TETP), and marine 

aquatic ecotoxicity potential (MAETP). The LCA analysis considers an 

impact assessment between the short- and the long-term time horizon [182] 

[183], which is identified in 25 years for the ODP and by 100 years for all 

the other categories.  

7.3 Declared unit and system boundaries 

The declared unit of the present study is 1 kg of bio-pellets of PLA filled 

with pine needle or kenaf bast fibre. The composite samples are classified as 

xKB and xPN, with x indicating the percentage volume fraction of 

microfibers. In the present study, x was varied between 10% and 40%. Pros 

and cons due to the presence of the lignocellulosic microfibers were 

assessed by using unfilled PLA as benchmark. A cradle-to-gate life cycle 

analysis was carried out, considering the following three processes: a) 

production of the microfibers; b) production of the PLA; c) manufacturing 

of the bio-pellets (Figure 7.2). The transport is considered in processes a 

and b, and it refers to the transfer of raw materials to the manufacturing 

centre (research laboratory). It is assumed that the production of the bio-

pellets is performed in the same place where the fibres are ground (i.e., the 

transport phase is negligible for process c). The wastes deriving from the 

production of KB and PN (e.g., scraps produced during the manual cleaning 

prior the grinding and residues of the grinding process) are left outside the 
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system boundaries and are not included in the LCA analysis. It is important 

to observe that such biomasses are not harmful, and their use to produce 

peat could result in an environmental credit if a composting process was 

planned [184]. 

 

Figure 7.2 System boundary (cradle-to-gate life cycle). The process is divided into 

three sub-processes: a) production of the microfibers; b) production of the PLA; c) 

manufacturing of the bio-pellets. 

7.4 Life cycle inventory and data quality 

The data of the life cycle inventory (LCI) included primary data collected 

at laboratory scale, and data from the ecoinvent database 3.7.1 [185], from 

the literature, and from manufacturer specifications. In the following, the 

inventory data are briefly presented with reference to the three sub-

processes schematically reported in Figure 7.2.  

LCI for production of the microfibers 

Inventory data for kenaf cultivation, harvesting and cleaning stages were 

taken from the literature [186] and reviewed with industry experts, who 

provided useful indication on the commercial availability of the employed 

chemicals and fertilizers and their current use. In detail, chemicals and 

fertilizer assumed for kenaf cultivation are: P2O5, K2O, CaCO3, and urea 

ammonium nitrate mix (ecoinvent 3.7.1). Fertilizer production data have 

been selected according to the following order of priority: Italian market, 

European market, and global market if none of the abovementioned was 
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available. The harvesting phase was enriched with contributions deriving 

from the use of agricultural machinery, generally not considered in LCA 

studies although they account for a non-negligible fraction of the impacts. 

According to the agricultural guidelines by ecoinvent, the use of agricultural 

machinery for the harvesting phase of kenaf fibres is considered as a 

material input flow to the process. Knowing the average amount of kenaf 

grown per hectare (ha), equal to 15 t/ha [187], the amount of machinery 

(AM, in kg/WU) was estimated as: 

𝐴𝑀 = 𝑊 ∙
𝑂𝑇

𝑀𝐿
      (9.1) 

where W is the weight of the machinery, OT is the operation time (i.e., how 

long the machinery is used for the process, in hours/WU), and ML is the 

machinery lifetime (in hours). The operation time to collect the reference 

amount of feedstock (working unit (WU), set to 3.9 kg of plant fibre) 

needed to produce 1 kg of KB was assumed to be the same as reported by 

Berhongaray et al. [188] for non-woody crops such as kenaf. Other soil 

management operations (tillage, sowing, etc.) and machinery use (seeder, 

tractors) are not included in the LCA model due to a lack of data. The Italian 

market for electricity at high voltage (market for electricity, high voltage | 

Cut-off, S – IT, ecoinvent 3.7.1) was considered for mechanical 

decortication of kenaf fibres, which carried out at the industrial scale.  

The transport of the pine needles from the harvesting area to the research 

laboratory (ca. 26 km) was carried out using a light commercial vehicle 

(transport, freight, light commercial vehicle | Cutoff, S – Europe without 

Switzerland, ecoinvent 3.7.1). Regarding the kenaf bast fibres produced at 

the KEFI plant, we assumed that they come from the same area of pine 

needles. Such an assumption, which is plausible since also the area is 

suitable for the cultivation of kenaf (Kenaf Eco Fibers Italia), allows a 

comparison of the two kinds of fibres without considering external factors, 

such as the impact of transportation from different sites. In this way, the 

differences in the environmental impact only reflect the fibre nature and, 

above all, the use of fertilizers needed in the case of kenaf.  

Starting from the kenaf fibres by KEFI and the harvested pine needles, 

microfibers were obtained at the laboratory scale through a grinding 

process. Only for pine needles, a preliminary cleaning was carried out, as 

described in Section 7.1. The inventory data of the treatment of non-

polluting waters resulting from the washing of pine needles was taken from 
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the ecoinvent database. The energy consumption of the machinery involved 

for drying pine needles after the washing step, and for the grinding process 

was monitored with a wattmeter. The recorded data were then factored with 

respect to the capacities of the appliances, supplied by the manufacturers, so 

as to define consumption regardless of mass and volume. For laboratory 

scale processes, the Italian market for electricity at medium voltage (market 

for electricity, medium voltage | Cut-off, S – IT, ecoinvent 3.7.1) was 

considered for the energy input flow in the LCA model. It is assumed that 

100% of the electricity consumed is converted to waste heat, which is fully 

released to the air. 

LCI for PLA production  

The PLA production data are specific of the selected matrix and fully 

meet the quality requirements set by the standard [189]. Two transportation 

routes, named “cargo aircraft” and “container ship” were considered for the 

transportation of PLA from the NatureWorks LLC manufacturing facility 

located in Blair, Nebraska (USA) to the research laboratory in Naples (Italy) 

where the green composites were produced. The total distance of the cargo 

aircraft route is about 9181 km, 89% of which is covered by air and 11% by 

road. The details of the “cargo aircraft” transportation step are shown below 

(see schematic representation in Figure 7.3): 

▪ Transport from NatureWorks LLC manufacturing facility to Blair 

Municipal Airport by 3.5-7.5t truck (19 km); 

▪ Transport from Blair municipal airport to the Eindhoven airport, the 

Netherlands, by direct freight flight (7211 km); 

▪ Transfer from Eindhoven airport to Ravago Distribution Center (NV 

Moerenstraat 85A, Arendonk, Belgium). According to company 

information [190], NatureWorks relies on Resinex, a company based in 

Arendonk, Belgium, for the distribution of IngeoTM polymer in Europe. 

The transportation is done by 3.5-7.5 tonne truck (41 km); 

▪ Transfer from Ravago Distribution Center to the Eindhoven airport. It 

has been deemed necessary to consider this route again for logistical 

reasons (41 km); 

▪ Freight flight from Eindhoven airport to Bergamo airport, Italy (1000 

km); 

▪ Transport by 3.5-7.5t truck from Bergamo airport to the Resinex Italian 

headquarters [191] (18 km); 
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▪ Transport from the Italian headquarters of Resinex to the research 

laboratory in Naples, Italy, by light commercial vehicle (850 km). 

 

Figure 7.3 Schematic overview of the main transportation steps of PLA with cargo 

aircraft. 

Instead, the total distance of the container ship route is about 11260 km, 

64% of which is accomplished by container ship, 22% by road and 14% by 

railway. The details of the “container ship” transportation step are shown 

below (see schematic representation in Figure 7.4): 

▪ Transport from NatureWorks LLC manufacturing facility to the port of 

New York, USA, (about 2000 km). Considering the Freight Rail map by 

the U.S. Department of Transportation [192], it is estimated that 1400 km 

occur by freight train and 600 km by 3.5-7.5 tonne truck; 

▪ Transport from the port of New York to the port of Rotterdam, the 

Netherlands, by container ship (7260 km); 

▪ PLA is then transported from Rotterdam port to Ravago Distribution 

Center (Moerenstraat 85A Arendonk, Belgium) by 3.5-7 tonne truck (100 

km); 

▪ Transport from Ravago Distribution Center to the Resinex Italian 

headquarters in Bergamo, Italy (about 1050 km). Considering the report 

of the European Union Agency for Railways [193], it has been estimated 

that about 180 km are covered by rail and 870 km by 3.5-7.5 tonne truck. 

▪ Transport from the Resinex Italian headquarters to the research 

laboratory in Naples, Italy, by light commercial vehicle (850 km). 



108 

 

Figure 7.4 Schematic overview of the main transportation steps of PLA with 

container ship. 

LCI for manufacturing of bio-pellets  

The melt mixing process to produce the bio-pellets of PLA filled with either 

PN or KB was modeled by averaging energy consumption data provided by 

different machinery manufacturers. Table 7.2 reports the data of different 

extruders used for the inventory phase of the production of the bio-pellets.  

Table 7.2 Inventory data of twin-screw extruders considered for the production of 

green composites. 

Extruder model 
Flow rate (average) 

[kg/h] 

Energy consumption 

[MJ/kg] 

MILACRON TP 75-26 430 1.13 

XINDA PSHJ-65 250 2.78 

MEIZLON MTX-65 400 1.67 

MEAN 360 1.86 

Only twin-screw extruders were considered for data collection as their 

widespread use is justified by better dispersion of fibre and matrix [194]. 

The computed average of the energy consumption for the extrusion process 

(1.86 MJ/kg) is comparable to values reported in literature (2 MJ/kg). The 

energy consumption accounts for the use of the driving power motor, the 

heating elements, and the pressure control system. Lubricant consumption 



   

 

109 

and system maintenance interventions were also considered in the designed 

LCA process by extracting data from the ecoinvent database and adapting 

them to the present study. At the end of the extrusion process, the extrudate 

is granulated using a cutting machine to get pellets of green composite. An 

energy consumption of 80 kJ per kg of pellets was estimated for the 

granulation phase from manufacturer specifications sheets. 
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8    
LCA result interpretation of the PLA-

based composites filled with pine needles 

and kenaf fibres 

8.1 Environmental impact of microfibers – Naturally grown 

vs. cultivated feedstocks 

The first step in the life cycle assessment of green composites is the 

evaluation of the environmental footprint of the single phases: fibres and 

matrix. Table 8.1 shows the environmental impact parameters related to the 

production phase of 1 kg of pine needles (PN) and kenaf bast (KB). Since 

the transport and grinding phases are the same for the two kinds of fibres, 

the electricity required for washing and drying the pine needles and the 

fertilizers and other chemicals used to cultivate the kenaf are the factors that 

lead to differences in their environmental impact. To highlight the 

differences between fillers derived from naturally grown and cultivated 

feedstocks, the contributions related to electricity for microfiber production 

(vacuum drying and grinding), cultivation (irrigation water, chemicals and 

fertilizers, agricultural machinery), and other sources are shown in Figure 

8.1 for each of the environmental impact parameters of Table 8.1 (see 

Appendix A.1 for the detailed allocations). The net GWP indicators are 

negative, meaning that both feedstocks absorb more CO2 during the growth 

phase than they release in the environment when transformed into fillers for 

green composites. CO2 emissions and sequestration data are specified in 

Table 1 for both fibres. The CO2 uptakes were calculated by following the 

biomaterial storage approach [195], assuming an average C content of 50% 

for pine needles [196] [197] and of around 52% for kenaf fibres [198]. 

Surprisingly, despite the absence of the cultivation step, the comparison is 

only slightly favourable to the PN (+8% of net CO2 uptake). Similarly, only 

a moderate advantage emerges in terms of PED (9.2% reduction). Such mild 

environmental gains in terms of greenhouse gas emissions and energy 

demand indicate that the advantage deriving from the absence of cultivation 

step for the PN are almost completely compensated by the electric energy 



   

 

 

used for vacuum drying the pine needles before grinding. In fact, as shown 

in Figure 8.1 electricity is the main contributor to the environmental impact 

of the PN production. The advantage of using pine needles could increase in 

case of scale up from laboratory to industrial scale production. The impact 

of cultivation more clearly emerges when looking at other environmental 

indicators. Dealing with a natural feedstock such as pine needles is clearly 

preferable in terms of human toxicity and ecotoxicity, whose impact 

indicators are from 47.9% to 63.8% lower than in case of KB. This is mostly 

due to the use of fertilizers and other chemicals to grow the plants from 

which kenaf fibres are obtained at industrial scale.  

Table 8.1 Environmental impact potentials for the production of 1 kg of PN and 

KB at the gate (CML-IA and Cumulative Energy Demand impact assessment 

methods). 

Impact category 
Pine 

needles 

Kenaf 

bast 
Unit 

PN over KB 

environmental 

benefit [%] 

GWP 

CO2 

emission 
9.60·10-1 1.10·100 

kg CO2 eq./kg 

fibres 

8.0 

(net GWP) 
CO2 

sequestration 
-1.83·100 -1.90·100 

Total -8.70·10-1 -8.01·10-1 

PED 1.86·101 2.05·101 MJ eq/kg fibres 9.2 

AP 3.62·10-3 5.01·10-3 
kg SO2 eq./kg 

fibres 
27.7 

EP 9.70·10-4 1.38·10-3 
kg PO4 eq./kg 

fibres 
29.7 

HTP 1.69·10-1 3.50·10-1 
kg 1,4-DCB 

eq./kg fibres 
51.7 

FAETP 2.70·10-1 5.36·10-1 
kg 1,4-DCB 

eq./kg fibres 
49.5 

TETP 1.70·10-4 4.70·10-4 
kg 1,4-DCB 

eq./kg fibres 
63.8 

MAETP 9.70·10-1 1.85·100 
kg 1,4-DCB 

eq./kg fibres 
47.9 

POCP 1.90·10-4 2.10·10-4 
kg ethylene 

eq./kg fibres 
9.5 

ODP 1.57·10-7 1.65·10-7 
kg CFC-

11 eq./kg fibres 
4.7 
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Figure 8.1 Percentage contributions to the impact categories of Table 8.1 deriving 

from electricity for microfibers production, cultivation, and other impact sources 

used to produce pine needles (a) and kenaf bast (b). 

For the ozone-related indicators, instead, the environmental gains are 

only marginal. Overall, the results in Table 8.1 point out that the use of 

fibres obtained from naturally occurring feedstocks is a winning choice for 

lowering the environmental impact of green composites production. More in 

general, similar considerations can be potentially extended also to green 

garden and park wastes, which have been recently investigated as resource 

for the production of fillers for composites [199]. 

8.2 Environmental impact of PLA 

The environmental impact parameters for the production and transport 

phases of PLA are reported in Table 8.2. Two routes were hypothesized to 

carry out the transportation of the polymer from the manufacturing company 

to the research laboratory: the “cargo aircraft” route uses both freight 

aircraft and road transport; the “container ship” route uses the railway 



   

 

 

network, a container ship, and road transport (see Chapter 7 Section 7.4 for 

details).  

Table 8.2 Environmental impact potentials for the production and transport phases 

of PLA (CML-IA and Cumulative Energy Demand impact assessment methods). 

Impact 

category 
Production 

Transportation 

Unit Cargo 

aircraft 

Container 

ship 

GWP 6.20·10-1 a 5.18·100 2.53·100 kg CO2 eq./kg PLA 

PED 
NREU 4.01·101 7.92·101 3.98·101 MJ eq./ kg PLA 

REU 2.66·101 8.10·10-1 8.80·10-1 MJ eq./ kg PLA 

AP 7.26·10-3 2.38·10-2 1.33·10-2 kg SO2 eq./ kg PLA 

EP 1.38·10-3 4.49·10-3 2.87·10-3 kg PO4 eq./ kg PLA 

HTP 1.12·100 b 6.80·10-1 6.30·10-1 kg 1,4-DCB eq./kg PLA 

TETP 4.14·10-3 b 8.0·10-4 6.8·10-4 kg 1,4-DCB eq./kg PLA 

MAETP 5.11·100 b 3.49·100 3.63·100 kg 1,4-DCB eq./kg PLA 

FAETP 2.01·100 b 9.30·10-1 1.00·100 kg 1,4-DCB eq./kg PLA 

POCP 6.00·10-4 8.80·10-4 7.30·10-4 kg ethylene eq./ kg PLA 

ODP 3.99·10-13 8.09·10-7 3.77·10-7 kg CFC-11 eq./kg PLA 

a. Net GWP value, i.e., the value obtained subtracting the biogenic carbon sequestration of 

corn feedstock (1.83 kg CO2) to the total GHG emissions. 

b. Indicator values based on a different dataset (polylactide production | Cut-off, S – GLO, 

ecoinvent 3.7.1), which may be overestimated since it considers the energy mix of 

Continental Europe (UCTE grid mix). 

The production phase mainly contributes to the toxicity-related indicators 

(HTP, TETP, FAETP, MAETP). The latter, which reflect the use of 

chemicals and fertilizers to grow the crops PLA, were estimated from a 

dataset (polylactide production | Cut-off, S – GLO, ecoinvent 3.7.1) that 

refers to the energy mix of Continental Europe (UCTE grid mix) and could 

be overestimated. The plant-specific energy mix was instead considered for 

the other environmental indicators. Comparing the two transportation 

routes, the cargo aircraft pathway has about twice the impacts compared to 

the container ship pathway as far as the GWP, NREU, REU and ODP 

indicators are concerned, while the difference is less prominent in the 

remaining impact categories. Even in the “best case” of container ship, 

transportation is responsible for about 80% of the greenhouse gas emissions 
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and 50% of the primary energy from non-renewable resources. Looking at 

the other indicators, transportation accounts for about 65% of the 

acidification and eutrophication potential, more than half of the 

photochemical ozone creation potential, and essentially the entire ozone 

depletion potential. A conscious selection of raw material suppliers and 

shipping method is, hence, crucial to make truly sustainable green 

composites. More in general, it clearly emerges that the supply chain plays a 

major role in determining the overall sustainability of composite materials, 

even when they are obtained from green feedstocks such those addressed in 

the present study. 

8.3 Environmental impact of bio-pellets at different fibre 

content 

Once the impacts of PLA and microfibers have been separately assessed, 

the environmental impact of the green composites has been computed by 

assuming a simple additivity rule and adding the contribution of the 

manufacturing (phase “c” in Figure 7.2, reported in Table 8.3). The results 

of this procedure are shown in Figure 8.2, in which the environmental 

gains/losses of bio-pellets compared to pure PLA pellets are shown for 

different fibre content. 

Table 8.3 Environmental impact potentials for the manufacturing of 1 kg of bio-

pellets (CML-IA and Cumulative Energy Demand impact assessment methods). 

Impact category Manufacturing Unit 

GWP 2.40·10-1 kg CO2 eq./kg bio-pellets 

PED 
NREU 3.92·100 MJ eq./kg bio-pellets 

REU 7.40·10-1 MJ eq./kg bio-pellets 

AP 8.90·10-4 kg SO2 eq./kg bio-pellets 

EP 2.30·10-4 kg PO4 eq./kg bio-pellets 

HTP 3.32·10-2 kg 1,4-DCB eq./kg bio-pellets 

FAETP 6.22·10-2 kg 1,4-DCB eq./kg bio-pellets 

TETP 3.37·10-5 kg 1,4-DCB eq./kg bio-pellets 

MAETP 2.20·10-1 kg 1,4-DCB eq./kg bio-pellets 

POCP 4.32·10-5 kg ethylene eq./kg bio-pellets 

ODP 3.96·10-8 kg CFC-11 eq./kg bio-pellets 



   

 

 

 

Figure 8.2 Percentage change in the environmental impacts of xPN and xKB bio-

pellets with respect to pure PLA pellets. 

Notably, all deviations are negative, meaning that green composites are 

preferable with respect to the pure PLA from the environmental point of 

view. This result reflects the clear predominance of the impacts of PLA 

compared to those of the microfibers (Table 8.1 and 8.2). Because of such a 

disparity, realizing green composites means replacing a fraction of “highly 

impacting” PLA with an essentially “neutral” phase, i.e., natural fibres 

having a negligible impact. The only exception is represented by the ODP 

indicator of the composites containing 10% of natural fibres, for which the 

addition of the contribution related to the manufacturing step is not 

counterbalanced by the benefits associated to the presence of the fibres. 
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Nonetheless, environmental advantages of substituting PLA emerge at 

higher fibre contents. Similar conclusions were also drawn for coffee jar lids 

in which PLA is replaced with banana fibres (Rodríguez et al., 2020). More 

in general, the polymer production step was found to constitute the largest 

contributor to the impact of biocomposites, and thus the maximum filler 

content should be increased to gain environmental benefits [200].  

The results reported in Figure 4 also highlight that negligible differences 

can be noticed between PN- and KB-based composites. Overall, the 

percentage environmental gains ensured by the fibres (whatever they are) 

are of the same order of magnitude of the percentage of fibres in the 

composite. As an example, a green composite containing 20% of 

microfibers is expected to exhibit around a 20% reduction of most of the 

impact indicators with respect to pure PLA. A positive deviation from this 

simple rule regards the greenhouse gas emissions, which benefit from the 

CO2 credits of the fibres (see Table 8.1). The environmental gains of the 

green composites are, instead, less pronounced when looking at the PED, 

AP and EP indicators. This means that PN and KB contribute to some extent 

to such impact categories. Finally, the rule is respected, i.e., the percentage 

benefits reflect the percentage amounts of fibres, when considering the 

toxicity-related indicators HTP, FAETP, TETP and MAET. In this regard, 

the dominance of the PLA contribution almost nullifies the advantage 

related to microfibers obtained starting from naturally grown feedstocks 

(PN) instead of cultivated ones (KB). This conclusion only marginally 

depends on the energy mix selected for computing the toxicity-related 

indicators of PLA. Assuming a drastic cut by 50% of the impact of the 

electric energy indeed results in differences between PN- and KB-based 

composites of 8% at most. The preferability of naturally grown feedstocks 

could emerge more clearly in case of optimized production processes. As far 

as our PN are concerned, the drying process of the pine needles after 

washing and cleaning proved to be the hot spot of the lab scale treatment. 

8.4 Functionality-based LCA – Preliminary investigation of 

the mechanical performance of the green composites 

Green composites often find application as semi-structural components in 

industrial sectors such as automotive, construction, and packaging [201] 

[202] [203] [204]. To obtain an effective reinforcing action, cellulose-rich 

fibres should be preferred, and surface treatments should be performed to 

enhance the quality of fibre-matrix interactions [205]. None of these 



   

 

 

approaches have been pursued here, as we were mainly interested in 

quantifying the environmental advantages of green composites. 

Nonetheless, the selected fibres are expected to improve to some extent the 

performance of the studied materials. This has an indirect consequence on 

the overall sustainability of the composites since enhanced performances 

potentially allow for material savings [206]. For this reason, we estimated 

the mechanical performances of our samples and converted them into 

weight reductions. The detailed procedure is based on the concept of 

“material index” and can be found in [207].  

Here we consider the design of a rectangular panel of green composite 

material subjected to bending during its lifecycle. The following expression 

is obtained for the mass m of the panel: 

𝑚 = 𝑘 
𝜌

𝐸1/3     (8.1) 

In Equation (8.1), k is a function of panel geometry and bending stiffness, 

ρ is the material density, and E is the flexural modulus. To produce panels 

with the same geometry and bending stiffness made of different materials, k 

must be set as a constant, and the mass of the panels will only depend on the 

material index ρ E-1/3. This means that the lower the density and the higher 

the modulus, the lower the mass of the panel for a given bending stiffness. 

The density of the composites can be obtained as the weighted average of 

the density of polymer and fibres. The flexural modulus was measured 

through 3-point bending tests on samples in form of rectangular bars 

(50×12×3 mm3) obtained by compression molding of bio-pellets. The 

analyses were carried out at room temperature with a span length of 30 mm 

and at a constant crosshead speed of 0.5 mm/min (ASTM D790). Figure 

8.3a show the flexural modulus for the two series of green composites as a 

function of fibre content. The presence of the microfibers determines a 

monotonic increase in the flexural modulus, the effect being much more 

pronounced for the KB-based composites. Using Equation (8.1), the 

percentage weight reductions with respect to a pure PLA panel were easily 

obtained and are shown in Figure 8.3 for composites at different fibre 

content.  

Although the density of both fibres is higher than that of PLA (1.57 and 

1.47 g cm-3 for KB and PN, respectively, vs. 1.24 g cm-3 for PLA [208] all 
green composites benefit from the enhanced flexural modulus and 
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eventually ensure the same bending stiffness of a PLA panel at reduced 

weight. The gain is higher for the KB samples, with a weight reduction of 

about 8% at 30% of fibres. No further improvements seem achievable above 

this threshold for this fibre. The maximum weight reduction for PN-based 

composites is lower, reaching about 3% at 40% of fibres. 

 

Figure 8.3 a) Flexural modulus of green composite samples as function of the 

fibre content. (dashed lines are guides for the eye). b) Percentage weight reduction 

achievable using green composites at different fibre content to realize a rectangular 

panel at fixed bending stiffness. 

In the framework of a functionality-based LCA, the differences between 

the environmental indicators of PN- and KB-based composites should be 

recomputed to account for the need of less material at equal (flexural) 

performance in the case of KB. This might reduce and, in some cases, 

nullify the advantages of starting from non-cultivated raw materials such as 

pine needles. Although this conclusion cannot be generalized to other 

systems, it clearly emerges the importance of functionality-based LCA 

approaches, which should always be adopted when dealing with new 

materials/formulations or when redesigning products or components
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9  
Background: geometries, characteristics, 

and manufacturing of auxetic mechanical 

metamaterials 

9.1 What is an auxetic mechanical metamaterials? 

The behaviour of a material subject to external mechanical stresses 

depends on Poisson's ratio (ν) which is defined as the negative ratio of the 

transverse strain to the axial strain in the direction of loading [209]. The 

materials are usually characterized by a positive Poisson's ratio, that is, they 

contract transversely under uniaxial extension and expand laterally when 

compressed in one direction. However, this common knowledge has been 

challenged by the auxetic mechanical metamaterials which have negative 

Poisson's ratios, i.e., they become wider when stretched and narrower when 

squashed [210] [211] [212]. According to the classical elasticity theory, the 

variation range of ν is from -1 to 0.5 for three dimensional (3D) isotropic 

materials and from -1 to 1 for two dimensional (2D) isotropic systems [213] 

[214] [215]. A larger variation range can be identified for the anisotropic 

materials [216]. The variation scopes of ν clearly show that the auxetic 

effects are allowable in linear elastic and thermodynamically correct 

materials. The unusual mechanical response under deformation has made 

the auxetic materials subject to numerous research [217] [218] [219]. In 

detail, extensive studies have been done to understand the origin of the 

auxetic behaviour and to compare the response of the auxetic materials to 

conventional materials. It has been found that auxeticity can be described in 

terms of the particular geometry of the material system and the deformation 

mechanism when loaded [220]. The negative Poisson’s ratio is a scale 

independent property [221], that is, the auxetic behaviour can be achieved at 

a macroscopic or microstructural level, or even at the mesoscopic and 

molecular levels. To date, a variety of auxetic materials and structures have 

been discovered, fabricated, or synthesized ranging from the macroscopic 

down to the molecular levels. Over the past decades, different auxetic 

structures are proposed and identified. Among the most important classes 

are chiral structures [222] [223] [224], re-entrant structures [225] [226] 
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[227] and rotating rigid structures [220] [228] [229] (Figure 9.1). The study 

of these geometrical structures can help researchers to understand how new 

auxetic structures can be designed as well as how their properties can be 

optimized and predicted. 

 

Figure 9.2 Example of chiral structure (a), re-entrant structure (b) and rotating 

rigid structure (c). 

The chirality concept, introduced by Kelvin [230], indicates a structure 

not superimposable on its mirror image. The chiral structures are made up of 

basic chiral units which are obtained by connecting straight ligaments (ribs) 

to central nodes in different geometric shapes (i.e., circles, rectangles, or 

others). The combination of different basic chiral units generates the overall 

structure (Figure 9.1a). The auxetic effects of these structures are achieved 

through the wrapping or unwrapping of the ligaments around the nodes in 

response to an applied force [231]. Another typical auxetic structure is the 

re-entrant structure consisting of periodical connected re-entrant polygonal 

units (Figure 9.1b). The interior angles of the polygon with values more 

than 180° are defined as negative angles. By changing the number of 

polygonal edges and negative angles, several other 2D re-entrant structures 

evolve. The auxetic effect of the re-entrant structures can be described as the 

following: when a uniaxial tensile load is applied, the re-entrant edges are 

subjected to bending and pulling simultaneously, leading to volume 

expansion in both axial direction and transversal directions [232]. The 

rotating rigid structures are another type of auxetic structure that are formed 

by rigid geometric units connected by hinges in their corners (Figure 9.1c). 

When stretching, the geometries rotate around the hinges, generating 

expansion in both axial and transversal directions, namely auxetic response. 

The shape of the rotating unit changes the value of Poisson’s ratio. 
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Compared to conventional positive Poisson's ratio structures, the unusual 

behaviour of auxetic structures gives the material special mechanical 

characteristics and deformation modes that makes them superior for use in 

automotive, aerospace, sports, and marine applications [233] [234] [235] 

[236]. 

9.2 General properties of negative Poisson's ratio materials  

Poisson's ratio of the auxetic structures assumes a negative value when 

stressed. Considering a re-entrant cell (Figure 9.2), its geometrical 

parameters can change the sign of Poisson's ratio from negative to positive 

when auxetic honeycombs bear a Y-direction tensile loading or an X-

direction compressive loading. In detail, at high strain, the magnitude of 

Poisson’s ratio decreases when the auxetic honeycomb is compressed in 𝑋-

direction loading or stretched in 𝑌-direction loading, while it increases when 

the auxetic honeycomb is stretched in 𝑋-direction loading or is compressed 

in 𝑌- direction loading [209].  

 

Figure 9.2 Cell deformation by inclined cell member bending, loaded in X –

 direction (left), loaded in Y – direction (right). 

Auxetic structures have attracted considerable interest not only for their 

unconventional behaviour under deformation but also because a negative 

Poisson’s ratio gives material improved mechanical performance. According 

to classical elasticity theory, an auxetic character results in mechanical 

properties improvement compared to conventional materials such as 

increased indentation resistance, shear modulus, fracture toughness, energy 

absorption, and synclastic curvature [237]. These properties make auxetics 
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superior to conventional materials for many practical applications [228]. 

The behaviour of a material under impact deformation can be used to 

explain the improvement of the properties. Considering ad nonauxetic 

structures, the material immediately below the impact flows away in the 

lateral direction, leading to a reduction in density, unlike in an auxetic 

structure, material flows into the vicinity of the impact as a result of lateral 

contraction accompanying the longitudinal compression due to the 

impacting object (Figure 9.3). In other words, an auxetic material densifies 

under the impact, leading to increased indentation resistance compared to 

conventional materials [238]. In detail, indentation resistance is closely 

related to material hardness (H), and the relationship between hardness and 

Poisson’s ratio (ν) can be expressed as [239]: 

H ∝ [
E

1 − ν2
]

r

       (9.1) 

From Equation (9.1), the indentation resistance tends to infinity, with the 

value of ν approaching -1. The characteristic of indentation resistance can 

be broadly applied in protective devices, such as bulletproof and impact 

resistance equipment. 

  

Figure 9.3 Indentation resistance of nonauxetic (a) and auxetic (b) materials. 

Shear strength improvement represents another important property of 

auxetic structures [240]. In the classical theory of elasticity for 3D isotropic 

materials, elastic behaviour can be described by two of four mechanical 

parameters: Young’s modulus (E), shear modulus (G), bulk modulus (K), 

and Poisson’s ratio (ν). The relationships are given by: 

G = 
3K(1−2ν)

2(1 + ν)
       (9.2) 
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G = 
E

2(1 + ν)
       (9.3) 

From Equation (9.3), the shear modulus increases with the decreasing 

Poisson’s ratio. Thus, decreasing the Poisson’s ratio is an effective way to 

enhance shear resistance. If the Poisson’s ratio is close to -1, the shear 

modulus will tend to infinity, indicating that the material is easily 

compressed, but almost no shear deformation occurs. Fracture resistance is 

another property enhanced by auxetic behaviour. Under tensile load, the 

material expands suppressing the crack propagation [241]. Due to the 

porosity and counterintuitive deformation mechanism, auxetic structures 

have outstanding superiority in energy absorption and impact resistance, 

which can be designed for vibration reduction and isolation equipment 

[242]. 

9.3 Additive Manufacturing: the optimal manufacturing 

method for auxetic structures 

The identification of optimal manufacturing methods to realize auxetic 

structures is a critical point for experimental validation of the otherwise 

theoretical predictions. In the recent past, additive manufacturing (AM) 

emerged as a viable means to produce relatively more complex shapes with 

a variety of materials, including metals and polymers [243] [244] [245]. AM 

techniques are known to cater to a wide variety of specifics that subtractive 

manufacturing techniques fail to provide. These include lower wastages, 

faster fabrication, fabrication of complex and precise geometries, 

considerable energy savings, consolidated part fabrication, and easier design 

iterations, among many others. Therefore, additive manufacturing holds the 

potential to help fabricate and develop auxetic structures with improved 

properties and multifunctional capabilities. As opposed to conventional 

processes such as braiding, moulding, sintering, and spinning, AM indeed 

offers substantial flexibility and versatility to produce these structures.  

Fused deposition modeling (FDM) is an additive manufacturing 

technique of polymers that has attracted attention over the last years due to 

its potential for reinventing the design process. A thermoplastic material 

filament is heated at a temperature close to the melting point and deposited 

through a nozzle on a surface in a layer-by-layer mode [246] [247]. This 

technique can be used to fabricate geometrically complex parts and 

prototypes with the benefit to reduce the cycle time and cost compared to 
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the traditional manufacturing process [248]. This AM technique has been 

used extensively in realizing polymer and polymer composite parts. 

However, modern printers have advanced to include the printing of metallic 

structures as well. Numerous studies have demonstrated the possibility to 

create structures with auxetic behaviour using the FDM technique [249]. In 

particular, the improvement of the auxetic behaviour is possible through 

process parameter optimizations and defects and geometric inconsistencies 

minimizations [250]. 
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10  
Design of rotating rigid structures: flat vs. 

curved surfaces 

10.1 Concept and design 

The rotating rigid structures based on squares [228], triangles [251], 

cubes [252], and others are one of the most important classes of auxetic 

structures due to the relative ease and simplicity through which these 

systems may be produced. Specific perforation patterns in a conventional or 

positive Poisson’s ratio material [253] allow to obtain rotating rigid 

structures of different geometry with the potential to exhibit auxetic 

behaviour. The common characteristic of the perforation patterns resulting 

in “rotating quadrilaterals” proposed so far is that each large segment of 

material is surrounded by four cuts placed in such a manner as to achieve a 

rotational symmetry and thus form a rotating unit. Hence, all these systems 

are made up of an alternating pattern of perforations with each cut having a 

certain orientation to the one directly next to it. The material at the region 

connecting the square units together acts as a ‘joint’. These regions absorb 

the bulk of stress concentrations within the system whilst allowing the 

rotating units to rotate in a quasi-rigid manner, and therefore, besides the 

shape of the rotating unit, the effectiveness of the mechanism is also 

determined by the dimensions of this region. The dimensions and orientation 

variation of the perforations produces systems with rotating rigid units of 

different geometry. For example, square units are obtained using equal 

perforations perpendicularly arranged to one another. Removing the 

congruence constraint and using two perforations of unequal size, the 

remaining material takes a rectangular shape. On the other hand, if the 

perpendicularity constraint is removed and the orientation angle is varied, 

the rotating units formed have a rhombic shape. Finally, if both geometric 

constraints are removed, the resultant system is made up of two sets of 

unevenly sized parallelogram units [254]. The design versatility of the 

rotating rigid structures can lead to a wide number of auxetic geometries 

with the potential to exhibit a wide range of mechanical properties.  
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The mechanical properties of rotating rigid structures were analysed in 

numerous studies focusing on perforated flat surfaces with different 

perforation patterns. To assess the potential auxetic behaviour of perforated 

curved surfaces, rotating rigid structures with flat and curved surfaces were 

compared in this chapter. The profile of the perforated curved slab is formed 

by two equal and opposite consecutive circular arcs with an amplitude of 

90°, inner radius r2, and outer radius r1 (Figure 10.1a). The complete profile 

is obtained by repeating the geometry described above symmetrically. The 

perforated flat slab is characterized by a thickness t equal to the difference 

of the two radium, t = r1-r2 (Figure 10.1b). Equal diamond perforations 

perpendicularly arranged to one another were used as a perforated pattern to 

obtain rotating rigid square units. The geometric dimensions of these 

systems may be defined in terms of the perforation dimensions as shown in 

Figure 10.1c. These include the side of diamond perforations (l), the angle 

between the side and the minor diagonal of the diamond perforations (θ), 

and the length of the spacing between the corners of two adjacent 

perforations (s). The geometric parameters of the curved slab can be 

described as a function of the perforation pattern parameters and the 

thickness t, according to the following expressions: 

r2= 
l cos θ+l sin θ+s−t

2
    (10.1) 

r1= 
l cos θ+l sin θ+s+t

2
    (10.2) 

 

Figure 10.1 Profile of the (a) curved and (b) flat slab in x- and y-directions. 

Parameters used to define the diamond perforated systems studied (c). 
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10.2 Methodology 

The mechanical properties of the perforated systems described in Section 

10.1 were analysed by performing a range of finite-element simulations 

using the ANSYS 13 software [255]. SOLID187 element under plane-stress 

conditions was used to mesh the structures. In detail, SOLID187 is a higher 

order 3D, 10-node element having a quadratic displacement behaviour and 

three degrees of freedom at each node (translations in the nodal x, y, and z 

directions). It is well suited to modeling irregular meshes. The two systems 

were simulated as 1×1 unit cells (Figure 10.1c) using periodic boundary 

conditions. As one can see from Figure 10.1c, the 1×1 unit cell used for the 

perforated systems studied here is designed in such a manner that the four 

sides of the cell contain four rotating square units. According to the method 

described by Mizzi et al. [256], the boundary conditions were set using 

displacement constraint equations on the nodes at the edges of the unit cell. 

The Poisson's rations and Young's moduli of the analysed systems were 

found by applying a tensile force on the edge nodes in x- and z-directions 

separately and measuring the resultant displacement of these nodes. These 

constraints and loading conditions ensure that the systems can deform freely 

without undergoing rigid-body motion whilst retaining their periodicity and 

unit cell alignment. The mesh size used to study the systems was identified 

by performing mesh convergence testing. The mesh level and depth were set 

equal to 3 for the curved system and equal to 2 for the flat system. The 

material properties of the system were set considering the mechanical 

behaviour of a 3D-printed PLA sample under tensile stress: Poisson's ratio 

equal to 0.45 and Young’s modulus equal to 1600 MPa. In order to 

investigate the mechanical properties of the curved and flat systems, a range 

of perforated diamond patterns with the parameters shown in Table 10.1, 

whenever physically realisable, were considered and then simulated under 

the effects of an applied tensile force.  

Table 10.1 Parameters of the perforated diamond pattern. 

Parameters Values 

l [mm] 20, 40, 60, 80, 100, 120, 140 

t [mm] 5, 10, 15 

s [mm] 0.5, 1, 2 

θ 20°, 30°, 40° 
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In detail, l values must respect the following relation in order to have a 

positive r2 value: 

l >
𝑡−s

cosθ+sinθ
       (10.3) 

After this initial set of linear simulations which were used to elucidate the 

mechanical properties of these systems under small strain conditions, further 

simulations using nonlinear geometric analysis were performed on the two 

structures in order to determine whether the properties obtained for the 

linear simulations are retained over significant strain ranges. 

10.3 Linear FE analysis 

The linear mechanical properties of the analysed systems were evaluated by 

separately applying a tensile force in x- and z-directions. In detail, Young's 

modulus and Poisson's ratios of the samples at different thicknesses were 

evaluated by varying the geometric dimensions of the perforation pattern. 

The application of a tensile load in xz-plane submits the analysed systems to 

the deformation shown schematically in Figure 10.2. This deformation 

mechanism can be described as a “rotating units” mechanism [254]. 

 

Figure 10.2 Schematic representation of the deformation mechanism in the xz-

plane of the analysed structures. 
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The linear simulation results of the systems subjected to tensile force in 

the x-direction are summarised in Figure 10.3 for the flat system and Figures 

10.4 and 10.5 for the curved system. The linear mechanical properties of the 

flat system show a significant dependence on the geometric parameters of 

the perforation pattern (Figure 10.3), while no change was noticed with the 

structure thickness variation. In detail, Young’s modulus, Ex, decreases with 

l and grows by increasing the separation length and the angle of the 

diamonds. The Poisson's ratio, νxz, is generally constant to -1 and shows 

relevant variation only for θ=40°. In the latter case, the smallest values of νxz 

are recorded when the l increases and s decreases. Lastly, νxy does not 

change with the geometric parameters and remains constant at 0. 

 

Figure 10.3 Variation of Ex and νxz with the side of diamond perforations, l, for the 

flat system at t=10 mm. Different separation lengths (s=0.5 mm (■), s=1 mm (●), 

and s=2 mm (▲)) and angles (θ=20° (a, d, g), θ=30° (b, e, h), and θ=40° (c, f, i)) of 

the perforation pattern are considered. The lines are guides for the eye. 

The linear mechanical properties of the curved system show a relevant 

dependence on both the geometric parameters of the perforation pattern 
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(Figure 10.4) and the structure thickness (Figure 10.5). Young’s modulus, 

Ex, reveals a decreasing trend with l and a negligible dependence on the s 

and θ parameters. On the contrary, Poisson's ratios, νxz and νxy, show a 

growing trend with the diamond perforation side and tend to a constant 

value for high l values (i.e., 0 in xz-plane and 0.8 in xy-plane). In addition, 

the separation length increase causes a vertical shift of the Poisson's ratios in 

systems with θ=20° and 30°. A relevant effect of thickness is recorded for 

the curved system. The change in linear mechanical properties at different 

values of t is summarized in Figure 10.5 for s=0.5 and θ=20°. The results 

show that increasing thickness causes an increase in stiffness and a decrease 

in Poisson’s ratios of the structure. 

 

Figure 10.4 Variation of Ex, νxz and νxy with the side of diamond perforations, l, for 

the curved system at t=10 mm. Different separation lengths (s=0.5 mm (■), s=1 

mm (●), and s=2 mm (▲)) and angles (θ=20° (a, d, g), θ=30° (b, e, h), and θ=40° 

(c, f, i)) of the perforation pattern are considered. The lines are guides for the eye. 
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Figure 10.5 Variation of Ex (a), νxz (b) and νxy (c) with the side of diamond 

perforations, l, for the curved system with different separation values: t=5 mm (♦), 

t=10 mm (■) and t=15 mm (►).  Angle θ=20° and separation length s=0.5 are 

considered. The lines are guides for the eye. 

Relevant differences can be observed by comparing the two systems. 

Young's modulus Ex reaches significantly lower values in curved systems 

than in flat systems. For example, Ex goes from 4.7 MPa in the flat system 

to 0.3 MPa in the curved system for geometric parameter values of t=5 mm, 

l=20 mm, s=0.5, and θ=20°. Instead, both the systems exhibit a negative 

Poisson’s ratio in the xz-plane, but only the flat structure reaches the 

minimum value of −1. As expected, the curvature presence generates a 

reduction in the stiffness and auxeticity of the analysed structure.  

The tensile force application in the z-direction generates a different 

mechanical behaviour only for the curved system while equal results in both 

directions were recorded for the flat system as a consequence of structural 

symmetry. Figure 10.6 shows the linear mechanical properties of the curved 

system subjected to tensile force in the z-direction. Young's modulus, Ey, 

decreases with l and shows a relevant dependence on s and θ whose increase 

causes an improvement in the structure stiffness. The Poisson ratios, νzx and 

νzy, show an increasing and a decreasing trend respectively with l. In both 

cases, negative values of the Poisson's ratio are recorded, which indicate an 

auxetic behaviour in both xy and xz-planes when the structure is loaded 

along y-direction. 

In conclusion, the linear simulation showed that both systems assume an 

auxetic behaviour in the xz-plane, i.e., where the rotating rigid units were 

built, while along the xy-plane this behaviour was detected only for the 

curved structure subjected to tensile force in the z-direction. 
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Figure 10.6 Variation of Ez, νzx and νzy with the side of diamond perforations, l, for 

the curved system at t=10 mm. Different separation lengths (s=0.5 mm (■), s=1 

mm (●), and s=2 mm (▲)) and angles (θ=20° (a, d, g), θ=30° (b, e, h), and θ=40° 

(c, f, i)) of the perforation pattern are considered. The lines are guides for the eye. 

10.4 Nonlinear FE analysis 

The results obtained from the linear simulations indicate that the two 

systems have the potential to exhibit negative Poisson’s ratios, one may 

argue that these values may not necessarily be retained over a significant 

strain range. Moreover, rotating unit systems typically have a threshold 

above which they cannot deform any longer via rotation upon the 

application of strain. Thus, it is important to obtain an indication of the 

nonlinear geometric behaviour of these systems over large strains in order to 

assess the extent to which the auxetic characteristics of the system remain 

present during deformation. In view of this, additional simulations using 

nonlinear geometric analysis were performed on the two analysed systems. 

In detail, the structure thickness and the geometric parameters of the 
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perforation pattern have been selected considering their possible printability 

with 3D printing techniques. 

In Figure 10.7, the changes in Poisson’s ratio with increasing engineering 

strain are presented for flat and curved systems at t=20 mm, s=0.7 mm, t=5 

mm, and θ=20°. These results are presented in terms of the instantaneous 

Poisson’s ratio which takes into account the changes in strains in terms of 

increments rather than relative to the initial dimensions of the system only 

[8]. As a result of this, any changes in the deformation mechanism and/or 

sign switching of the Poisson’s ratio may be more easily detected from the 

plot [9] [10]. 

 

Figure 10.7 Results of the nonlinear analysis for flat (blue) and curved (green) 

systems with the parameters t=20 mm, s=0.7 mm, t=5 mm, and θ=20°. 

As can be seen from Figure 10.7, the nonlinear FE analysis suggests that the 

two systems have the potential to maintain their auxeticity up to 

considerable strains. In fact, the flat system retains a Poisson's ratio of ca. -1 

while the curved system retains a Poisson's ratio of ca. -0.3 for up to a 

tensile strain of 10%. Therefore, some combinations of parameters generate 

systems that exhibit highly auxetic behaviour maintained at high stresses. 
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10.5 Fabrication of an auxetic sample prototype by 3D 

printing 

To validate the results obtained with the nonlinear FE analysis, a 

prototype sample of the curved system was produced and subjected to 

experimental investigations. A 3D printing process, Fused Filament 

Fabrication (FFF), was used to fabricate the experimental specimens. FFF is 

an additive manufacturing technique through which physical components 

are fabricated layer–by–layer. In this printing technology, thermoplastic 

filaments for both model and support are fed into the heated extrusion print 

head, enabling three-dimensional (3D) dispensing of the resulting polymer 

melts on a platform, which is lowered step-by-step once each object’s layer 

is completed. Layer by layer, the object is then printed. The printing process 

is controlled by many parameters, which range from material filament type 

to several machine settings. 

A 3x3 unit cell prototype of the curved auxetic structure at t=20 mm, 

s=0.7 mm, t=5 mm, and θ=20° was designed and manufactured using 

polylactic acid as material (Figure 10.8). A supporting material was used to 

ensure a good printing result. The printed sample for mechanical testing was 

obtained using the Ultimaker S5 printer with the optimized printing 

parameters reported in Table 10.2. 

 

Figure 10.8 3x3 unit cell prototype of the curved auxetic structure: (a) 3D view 

and (b) frontal perspective. 
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Table 10.2 Ultimaker S5 printing parameters for the PLA auxetic sample. 

Printing parameter Value Unit 

Nozzle diameter 0.25 mm 

Wall thickness 0.8 mm 

Wall line count 2 - 

Layer thickness 1 mm 

Infill 100 % 

Raster angles 60 deg 

Printing temperature 200 °C 

Plate temperature 60 °C 

Print speed 70 mm/s 

Fan speed 100 % 

10.6 Experimental mechanical testing of 3D printed auxetic 

structures 

The sample prototype created with 3D printing were experimentally 

tested under tensile loading to investigate their auxetic response. The sample 

was characterized using an Instron 5985 universal testing machine (Instron, 

Milan, Italy) equipped with a 10 kN load cell, in strain control mode at a 

speed of 1 μm min–1. Figure 10.9 shows the experimental setup. The 

mechanical test was repeated three times to ensure the repeatability of the 

recorded measurements.  

 

Figure 10.9 Experimental setup. The 1x1 unit cell analysed is reported in the 

square.  
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To validate the nonlinear FE analysis results, Poisson's ratio νxz of the 

central 1x1 unit cell of the sample prototype (see the yellow square in 

Figure 10.9) was measured. The successive increments of the displacements 

during the mechanical test were captured by a digital camera and the images 

were analysed using an image processing software (ImageJ). Before the test, 

a set of black markers were painted at the ends of the 1x1 unit cell to 

facilitate their identification. The strain is defined to be ε = L(t)/L0, where 

L(t) is the change in displacement of the 1x1 unit cell ends, and L0 is the 

original length of the cell. To evaluate the Poisson's ratio νxz, the strain of 

the central 1x1 unit cell was calculated in the direction of the load (εx) and 

in the direction perpendicular to the load (εz). 

The comparison of the experimental test and nonlinear FE analysis 

results for the curved sample at t=20 mm, s=0.7 mm, t=5 mm, and θ=20° are 

summarized in Figure 10.6. The experimental measurements of transversal 

strain and Poisson’s ratio are in reasonable agreement with the predictions 

of nonlinear FE analysis.  

 

Figure 10.6 Transversal strain εz (a) and Poisson’s ratio νxz (b) variation as a 

function of applied strain εx obtained by the experimental analysis (circles) and 

nonlinear FE analysis (line). 
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Conclusions 

Biopolymers have gained an increasing interest during the past decade as 

a possible solution to reduce the dependence on non-renewable (or not 

totally renewable) materials. The inherent advantage of this polymer class is 

that they can be produced from renewable resources and, more important, 

they can be biodegradable or compostable. The latter point is highly 

desirable, but the kinetics of the degradation in the natural environment 

must be fast to ensure actual environmental sustainability. In this context, 

the first goal of the research activity was the study of the pro-degradative 

effects of short natural fibers on a host biodegradable polyester matrix, i.e., 

polylactic acid, to speed up biodegradation while preserving the material 

eco-friendly nature.  

The polylactic acid biodegradation phenomenon involves the hydrolysis 

of the ester groups in the main chain of the polymer prior to mineralization 

by microorganisms. Due to their inherent hygroscopic features, natural 

fibers play a crucial role in this process favoring the access of water 

molecules from the external environment. Several fiber-related parameters 

concur in defining the biodegradation kinetics of these green composites 

such as fiber composition, geometry, and volume fraction. Particular 

attention was placed on the fiber content since the pro-degradative effect is 

expected to increase when the percolation threshold (Φc) is exceeded, i.e., 

when the fibers touch each other offering easy access for water and other 

pro-degradative species to enter from the host environment and reach the 

inner parts of the composite. In the first part of the study, the percolation 

threshold of short hemp shive and kenaf bast fibers was assessed in PLA-

based composites by means of (i) theoretical calculations grounded on the 

excluded volume percolation theory, (ii) linear viscoelastic analyses in the 

melt state, and (iii) dielectric spectroscopy, and the efficacy of the three 

methods were compared. Excluded volume percolation theory requires 

accurate knowledge of fiber geometry (size, shape, aspect ratio) and space 

orientation. Both parameters are difficult to estimate in practical cases. As a 

result, only a (wide) range of possible values of Φc was derived by this 

theoretical approach. Regarding the rheological estimate of Φc, a previously 
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derived viscoelastic model for polymer nanocomposites was extended to the 

studied systems, validating it through the building of a master curve of the 

elastic modulus of samples above percolation. The latter made it possible to 

narrow the range in which looking for Φc, which was finally identified by 

invoking the percolation theory. The procedure led to Φc ~ 10.1 and 19.5 

vol.% for the hemp- and kenaf-based composite, respectively. Lastly, the 

results were confirmed by means of dielectric spectroscopy analyses.  

After identifying the percolation threshold, the degradation process of the 

PLA-based composites loaded with hemp shive and kenaf bast fibres was 

estimated under different conditions: (i) degradation phenomena in melt 

state, (ii) hydrolytic degradation in water, and (iii) biodegradation in 

compost. The degradation phenomena in the melt state were studied through 

a simple rheometric protocol consisting of repeated frequency scans. This 

method allowed to monitor the degradation kinetics by observing changes in 

the rheological functions. The zero-frequency complex viscosity reflects the 

reduction of the average molecular weight of the polymer. By monitoring 

the time evolution of this parameter, it was founded that the fibres 

significantly speed up degradation in the melt state. The pro-degradative 

effect of the natural fibres can be associated with the presence of water 

molecules bound to hydroxyl groups of natural fibres which trigger the 

hydrolytic degradation of PLA. The evaluation of the degradation in the 

melt state was possible only for the samples below Φc since the formation of 

a continuous fibre network deviates the complex viscosity trend from that 

provided by the Carreau-like equation. The hydrolytic degradation tests 

performed by water soaking at 45°C of samples at different natural fibre 

contents revealed the effect of the percolation threshold on the degradation 

process of PLA-based green composites. The PLA hydrolytic process is a 

two-stage mechanism. In the first stage, the water molecules attack ester 

groups in amorphous regions triggering a crystallinity degree increase. In 

the second stage, also the crystalline regions undergo hydrolysis, and the 

crystallinity degree decrease is recorded. A reduction of the matrix 

crystallinity degree was only observed in samples above the percolation 

threshold after 50 days of immersion in water. The formation of a 

hygroscopic fibre network into the polymeric matrix produces an increase in 

the hydrolytic degradation rate. The results were confirmed by means of 

dynamic mechanical thermal analyses. The fiber content increase triggers a 

greater loss of viscoelastic properties during the water soaking with an 

increase in the variation rate of the rubbery modulus above the percolation 

threshold. To validate the results obtained, the matrix molecular weight after 

50 days in water was evaluated and the pro-degradative effect of the natural 

fibres was confirmed. The biodegradation process in compost of PLA-based 
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composites loaded with hemp shives fibres was evaluated to estimate the 

green composites behaviour in real conditions. The nucleating effect of 

natural fibres led to an increase in matrix crystallinity degree during the 

manufacturing process. The higher crystallinity of the green composites 

caused a slowdown of the biodegradation process after 10 days in compost. 

After 40 days, the pure PLA and composite systems showed molecular 

weight distributions not only shifted toward sufficiently low values to 

release water-soluble fractions into the compost but also to allow final 

mineralization. 

A cradle-to-gate life cycle assessment study of PLA loaded with natural 

fibres derived from naturally grown pine needles or cultivated kenaf 

feedstocks was performed to validate the eco-friendly nature of the green 

composites. The environmental impact of the composites, derived by 

combining the impacts of polymer and fillers and adding the contribution of 

the melt mixing process, is far lower than that of neat PLA. The higher the 

fibre content, the higher the benefits. The reason is that the fibres have a 

negligible environmental burden compared to the polymer matrix, hence 

replacing “high-impact” PLA with “low-impact” natural fibres is always 

preferable. Further environmental benefits come from the enhanced 

properties with respect to neat PLA. A stiffness-limited design of a panel 

proves that using green composites instead of neat PLA leads to a material 

saving up to 8%.  

In the last part of the dissertation, the potential of auxetic mechanical 

metamaterials was explored to generate biodegradable materials with 

innovative mechanical characteristics. The auxetic behaviour of diamond 

perforated systems with flat and curved surfaces were investigated using a 

fine element approach. The results obtained showed that both systems have 

the potential to exhibit negative values of the Poisson’s ratios which were 

retained over a significant tensile strain range. In the end, a prototype of the 

curved system created with 3D printing was experimentally tested under 

tensile loading to investigate their auxetic response. The experimental 

measurements of Poisson’s ratio are in reasonable agreement with the 

predictions of nonlinear FE analysis. 
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Appendix 

A.1 Human toxicity and ecotoxicity potentials for PN and KB 

production 

Fertilizers and agricultural facilities such as diesel are among the main 

contributors to the environmental impact for the human toxicity and eco-

toxicity categories for kenaf fibre, while the electric energy use has the 

highest relative contribution for pine needles in the same indicators. 

 

Figure A.1 Relative contributions to 100-year human toxicity potential (HTP) for 

pine needles (left) and kenaf fibres (right) production at the gate. 

 Nitrogen fertilizer accounts for 16% of the Human toxicity indicator 

(Figure A.1), while K2O is responsible for 18%, reaching a total 

contribution of 34% at least. The effects of the soil pH raising agent (about 

1%) have been aggregated under the “Other” label, as well as the other 

emissions whose value is less than the smallest of the reported main 

contributors. A similar result can also be observed in the remaining eco-

toxicity categories, although the relative weights for each fertilizer can vary 

depending on the impact factor assigned to the targeted chemical agent 
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towards the impact category under analysis. As an example, as far as the 

terrestrial ecotoxicity potential (Figure A.2) is concerned, the K2O fertilizer 

accounts for 40% of the total impact, while P2O5 and urea ammonium 

nitrate account for 26% and 5% respectively.  

 

Figure A.2 Relative contributions to 100-year terrestrial ecotoxicity potential 

(TETP) for pine needles (left) and kenaf fibres (right) production at the gate. 

The impact categories of ecotoxicity have shown to be dependent on the use 

of agricultural machinery: as for marine aquatic ecotoxicity potential 

(Figure A.3) and freshwater aquatic ecotoxicity (Figure A.4), its 

contribution is equal to 8% for each of the indicators. 

 

Figure A.3 Relative contributions to 100-year marine aquatic ecotoxicity 

(MAETP) for pine needles (left) and kenaf fibres (right) production at the gate. 
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Figure A.4 Relative contributions to 100-year freshwater aquatic ecotoxicity 

(FAETP) for pine needles (left) and kenaf fibres (right) production at the gate. 

The electricity used for processing kenaf fibre contributes to the human 

toxicity and eco-toxicity categories for percentages between 17 and 27%, 

while it is the greatest source of environmental impact for pine needles. 

Indeed, it represents the 69% of the human toxicity potential (Figure A.1), 

the 74% of the terrestrial ecotoxicity potential (Figure A.2) and 

approximately 80% of the marine aquatic ecotoxicity potential (Figure A.3). 

Therefore, the toxicity of this alternative natural fibre is highly dependent 

on the energy efficiency of the process and appears to have better room for 

improvement over kenaf or any other natural fibre, as it is free from the use 

of chemicals, irrigation water and other resources used for sowing and 

cutting the crops. 
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