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Abstract 

 

On the basis of the environmental sensitivity and the waste materials problems, the new industrial 

products must reduce the environmental impact. If the attention is focused on composite materials, 

the environmental issue is relevant due to the large use of synthetic and petroleum fibres. In this 

context, is possible to consider the use of natural fibres as reinforcement of composite materials but, 

even if they show good specific properties, natural fibre laminates are not able to offer mechanical 

performances comparable with traditional composite materials. 

In order to overcome the employing limit of natural fibres composites related to their mechanical 

performances, there is need to investigate the possible use of hemp fibre in hybrid composite 

laminates and in sandwich structures as core solution in primary structural applications. 

Therefore, on the basis of these issues, this PhD thesis has been focused on the manufacturing 

technologies of lightweight bio-based composite materials, and on the quasi-static and dynamic 

characterisation of hybrid carbon/hemp-based composite structures. Moreover, in all application in 

which these hybrid composite structures are subjected to tribological loads, additional wear tests are 

required on bio-based composite structures. 

The thesis work is then organised in five chapters. 

In the first, after a brief overview on the historical use of bio-based composite materials, the state of 

art of bio-based hybrid composite structures and the wear behaviour of natural fibre laminates is 

analysed. Therefore, on the basis of this overview, is expressed the need to investigate on the possible 

use of hemp fibres in hybrid composite laminates and sandwich structures. Moreover, in case of 

hybrid bio-based composite with hemp fibres on the external ply subjected to tribological loads, a 

wear characterisation of these materials is required. 

In the second chapter are reported a detailed overview on natural fibre concerning their classifications, 

their advantage compared to traditional fibres and their disadvantages, thermoplastic and thermoset 

matrix usually used and then the traditional production technologies. 

The third chapter is focused on the materials and methods employed in the research topics, in detail: 

the production of a new geometry of lightweight hemp core for sandwich structures; a quasi-static 

and dynamic behaviour of bio-based hybrid laminates and sandwich structures; a study on the wear 

behaviour of hemp fibres. After a detailed overview on reinforcements and matrix employed in the 

experimental campaign, a detailed description of the research topics and of the production techniques 

are presented. Moreover, in order to make the structure of the thesis better arranged, the experimental 

campaign sections were divided in five parts each one of these is dedicated to a specific research 

topic. 
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As well as the third chapter, in order to make more fluent the reading, the fourth chapter is divided in 

four parts (from part 2 to part 5) in which is described the experimental set-up and are discussed the 

relative results. 

The fifth chapter close the thesis work in which the main results of each research topic are discussed.  



 
1 

 

Chapter 1: Introduction and State of Art 

 

1.1 Introduction 

 

Because of the environmental sensitivity, waste material problems, reduction of petroleum 

resources and the introduction of new orders by the legislative authorities, the new industrial 

products must reduce the environmental impact. The environmental protection concept is 

connected with an efficient waste management, an intelligent use of energy resources and 

materials, with the use of production technologies and materials with less environmental 

impact. If the attention is focused on composite manufacturing field, the environmental issue is 

relevant because petroleum and synthetic fibres are still widely used. Nowadays numerous 

industrial fields such as automotive and aeronautic industry, but in general the transportation 

industries in which the drive for weight and costs saving is greatest, are focusing their research 

on lightweight composite structures. The materials required from these fields should be as light 

as possible as well as cheap, and must be characterised by high mechanical properties. In this 

contest, is possible to take into account the use of bio-based materials in order to increase their 

engineering application fields, their usage matches with the environmental issue, costs and 

lightweight requirements. These aspects, in addition with the advantage and opportunities 

related with low costs, high specific properties and their availability as renewable resource, 

have attracted more and more interests [1–3], so numerous research works are focused on the 

study of recyclable composite materials reinforced by natural fibres such as jute, oil palm, 

coconut, flax, hemp and kenaf [4–13]. Between a large number of natural fibres, hemp is one 

of the most interesting plant because it can grow easily around the word, moreover it is 

characterised by low cost, low density, high specific strength if compared to glass or aramid 

fibres. Hemp plant is also characterised by the ability of extracting heavy metals from the soil, 

but the most important aspect is that it is available as renewable source. 

Looking at the historical use of hemp fibre, it was widely used in applications in which a high 

tensile strength was required i.e. the use for roping, but its employ declined due to legislative 

rules related with the drug production [14]. After a few decades of oblivion, thanks to the 

availability of new variety of plants with low tetrahydro-cannabinoids (THCs) content, the 

hemp production resumed [15].  

The bio-based fibres are employed in composite structures coupling both with thermoplastic 

and thermoset matrix, but its selection is restricted by the glass transition temperature that 
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deteriorate the natural fibres properties. A large part of natural fibres used as reinforcement in 

composite materials, are thermally instable around 200 °C, but in some conditions it is possible 

to operate them at higher temperature for a brief period [3]. For these reasons, only 

thermoplastic matrix with a glass transition temperature below this limit and thermoset 

polymers can be used as matrix [16]. The great potential obtained by coupling natural fibres 

with thermoplastic matrix is the recycling process, this composite material could be 

continuously softened by heat application, formed and then hardened by cooling. A better 

emphasis of the fibres mechanical properties is obtained by using thermoset polymers as matrix 

because they are characterised by reactive functional groups that make them compatible with 

the hydrophilic fibre surface [17]. 

However, even though synthetic fibres composite materials are characterised by very 

interesting in plane mechanical properties, justified by their wide use in different industrial 

applications, the out of plane brittle behaviour limits their use in all applications in which the 

impact resistance is required. For these reasons, a new challenge is the hybridisation of synthetic 

fibres with natural fibres both in laminate and sandwiches structures, combining the ductility 

of bio-based fibres with the strength of synthetic ones, in order to design a hybrid system 

characterised by improved flexural properties and impact resistance. 

 

 

1.2 Literature review 

 

The use of natural fibre in some industrial fields such as buildings and automotive is growing, 

this because in these application fields, the challenge is the cost reduction and the decrease of 

the total energy consumption during the manufacturing process [18–22]. 

Referring to the automotive field, during the last years, the natural fibres has begun to employ 

in the production of both external and internal parts in order to reduce the total weight of 

vehicles, to optimise the fuel consumption and increase the sustainability [23]. Numerous car 

manufacturers such as Mercedes Benz, Volkswagen group, Fiat group, Toyota and Honda have 

introduced composite materials reinforced by flax, sisal and hemp fibres in door cladding, 

seatbacks, underbody panels and dashboards [24]. Other car industries, like Jaguar and Land 

Rover, have experimented new thermoplastic composite car door [25]. The results at the end of 

the experimental campaign showed the same performances compared to the current part, but a 

weight reduction around the 60% compared to the steel part in case of Land Rover, while a 
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weight reduction around 35% compared to a glass reinforced polypropylene in case of Jaguar. 

This is just an example of study carried out on natural fibre reinforced composites. During the 

last years, numerous research works have been focused on bio-based composite materials 

concluding that, if correctly designed, these materials offer analogous mechanical properties 

compared to the conventional composite materials. Mallaiah et al. [26] studied sandwich 

structures by comparing the mechanical properties of bio-based and synthetic based fibre 

composites. The results showed that the hybridisation of bamboo and glass fibres presents 

higher values of core shear stress and face bending stress than that of sandwiches produced with 

pure glass and pure bamboo fibres. 

As above mentioned, lightweight composite materials are largely used as interiors in 

automotive, aeronautic and building sectors. In these applications, a possible damage of the 

manufactured surface or wear load conditions could represent a risk for the human health 

causing the synthetic fibre exposition, and then irritant contact dermatitis due to the penetration 

into the skin of fragmented fibres. In this circumstance, could be interesting the synthetic fibres 

replacing with natural ones, and then a study on the wear behaviour of bio-based composite 

materials. Chin and Yousif [27] used kenaf fibres as reinforcement for bearing application and 

concluded that the bio-based composites showed a better wear behaviour when the fibre 

orientation is normal to the sliding direction. Xsin et al. [28] studied the sisal fibre reinforced 

composite with different fibre content for brake application. At the end of the experimental 

campaign, they concluded that the sisal fibre could be a good substitute of asbestos fibres in 

brake pads applications. 

On the basis of these conclusions, is clear that there is need to investigate on the wear behaviour 

of natural fibres in order to extend their use in all applications where a wear load acts on the 

composite surface. 

Recently, composite materials have seen a crucial rising use in aerospace and aeronautic fields 

as structural parts, where the guideline are high mechanical properties and weight saving. 

Moreover, the high level of tailorability of composite materials permits to incorporate in the 

same system, two or more fibre typologies in order to combine their characteristics and obtain 

a final composite structure with unique properties. The materials resulting from this 

hybridisation are known as fibre-hybrid composites (FHCs), they are characterised by a 

synergic effect that leads to properties that neither of the constituents possess [29–33]. Several 

works are focused on the hybridisation effects of composite materials, Kretsis [34] proved that 

the tensile module is generally in agreement with the rule of mixture. Zhang et al. [35] 
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concluded that the stacking sequence didn’t influence the tensile properties of the laminate, but 

influenced significantly the flexural and compressive properties. However, due to the 

environmental sensitivity, a very interesting approach is the use of new materials that minimise 

the environmental impact and the design freedom of composite materials, then the substitution 

of synthetic fibres with natural ones both in laminate and in sandwich structures. Many research 

works are focused on composite materials hybridised with natural fibres, i.e. Sarasini et al. [36] 

proved that flax/carbon hybrid composites show improved mechanical properties and enhanced 

impact absorption performance if compared with traditional carbon fibres laminates. They also 

studied the post-impact performances, observing that the hybridisation process can lead to an 

improvement of damage tolerance if compared to the configuration with carbon fibres 

maintaining satisfactory residual flexural strength and stiffness. Le Guen et al. [37] pointed out 

that the damping coefficient of carbon/flax hybrid composites, was 4 times higher than 

composites reinforced with carbon fibres when natural fibres are localised on the external part 

of the laminate. Other researcher focalised their attention on sandwich structures, it is known 

that these structures are composed by a thick core which is characterised by a low strength and 

two stiffer and stronger skins. Zuhri et al. [23] studied different geometry of core honeycomb 

constituted by polypropylene and polylactide polymers reinforced by flax fibres. Rao et al. [38] 

studied the energy absorption capability and the core-skin bond strength of sandwich structures 

made from polypropylene reinforced by chopped sisal fibres and pine sawdust. 

On the basis of this overview, it is clear that a large part of research word is concentred on the 

study of flax fibres and their application, whilst few articles are focused on hemp fibres. Then, 

to fill this gap and further extend the use of natural fibres in primary structural applications, 

there is need to investigate the possible use of hemp fibres in hybrid composite laminates and 

in sandwich structures as core solution. 

 

 

1.3 Sandwich composite structures 

 

It is known that a sandwich structure is characterised by a lightweight core that separates the 

skins and transfers loads from one skin to the other, two thin strong skins and an adhesive film 

in order to transmit the shear stress and the axial loads to and from the core. In fig.1 is reported 

a schematic representation of the sandwich structure. 
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a) b) 

 

Fig.1: Schematisation of a sandwich structure: disassembled (a) and assembled (b). 

 

The separation of the two skins from the neutral plane of the laminate, increases the moment of 

inertia of the sandwich material with a little improvement of the total weight. This skins 

separation produces an improvement of the bending and buckling loads resistance of the 

composite material. 

 

  

a) b) 

 

Fig.2: Sandwich beam subjected to a four-point bending (a) and three-point bending (b). 

 

Figs.2a and 2b, show a sandwich beam subjected to a four-point and three-point bending. The 

sandwich structure is characterised by a uniform width b, skins of thickness t perfectly bonded 

to a core of thickness c. In both loading cases, l is the span between the supports and H is the 

overhang distance beyond the inner supports. In both cases it is possible to evaluate the 

maximum flexural moment aging on the structure, the longitudinal bending stress and the elastic 

deflection of the top support on the top skin. Taking into a count the maximum moment aging 

on the sandwich structures, it is given by the following equations. 
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𝑀 =
𝐹 𝑙

4
       eq.1 

 

In case of the three-point bending solicitation. 

 

𝑀 =
𝐹 (l−s)

4
       eq.2 

 

In case of the four-point bending solicitation, s represents the distance between the loading 

supports. 

The longitudinal bending stresses of the skin and the core in case of three-point and four-point 

bending are given by the following equations. 

 

𝜎𝑠 =
𝑀 𝐸𝑠

(𝐸𝐼)𝑠
 𝑦      eq.3 

 

𝜎𝑐 =
𝑀 𝐸𝑐

(𝐸𝐼)𝑐
 𝑦      eq.4 

 

Where M is the flexural moment at the distance y from the neutral axis, Es and Ec are the elastic 

modulus of the skin and core respectively and EIs and EIc are the moment of inertia of the skin 

and core respectively. 

The elastic deflection δ of the top support on the upper skin both in case of three-point and four-

point bending, is the sum of the flexural and shear deflection and it is given by the following 

equations [39]. 

 

𝛿 =
𝐹 𝑙3

48(𝐸𝐼)𝑒𝑞
+  

𝐹𝑙

4(𝐴𝐺)𝑒𝑞
      eq.5 

 

𝛿 =
𝐹 (𝑙−𝑠)2(𝑙−2𝑠)

48(𝐸𝐼)𝑒𝑞
+  

𝐹 (𝑙−𝑠)

4(𝐴𝐺)𝑒𝑞
     eq.6 

 

Where EIeq is the equivalent flexural rigidity and AGeq is the equivalent shear rigidity of the 

sandwich material. 



 
7 

 

It is known that there are different failure mechanisms of sandwich structures that involve skins 

failure, core failure or both of them. In the next paragraph, each failure mechanism will be 

investigated in detail. 

 

 

1.3.1 Skin failure 

 

The skin failure takes place when the face sheets are made with a material characterised by a 

low strength, with more detail the skin failure starts when the maximum tensile or compressive 

stress caused by bending, reaches the maximum yield strength. The failure load is determined 

by the following equation in case of three-point bending conditions. 

 

𝐹 =  
4𝑏𝑡(𝑐+𝑡)

𝑙
 𝜎𝑦

𝑠 +  
𝑏𝑐2

𝑙
 𝜎𝑦

𝑐      eq.7 

 

Where b is the width of the sandwich material, t is the thickness of the skin, c is the thickness 

of the core, l is the span between the lower supports, 𝜎𝑦
𝑠 and 𝜎𝑦

𝑐 are the flexural stresses of the 

skin and core respectively. 

 

 

1.3.2 Indentation 

 

The indentation failure mechanism showed in fig.3, involves the collapse of the upper skin 

under the loading support, at the same time causes the compressive yielding of the core [40]. 

 

 

 

Fig.3: Sandwich structure indentation failure in case of three-point bending test. 
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Considering two segments on the damaged skin region with a length λ rotated through a small 

angle θ by the indentation, the failure force can be evaluated by using the following equation. 

 

𝐹 =  
4𝑀

𝜆
+ (𝑎 +  𝜆)𝑏𝜎𝑦

𝑐
      eq.8 

 

Where M is the maximum moment on the face sheet section, λ is the length of the two segments, 

b is the width of the sandwich structure, a is the section of the loading support and 𝜎𝑦
𝑐 is the 

compressive strength of the core. 

 

 

1.3.3 Core shear 

 

The core shear is a failure mechanism that occurs when a sandwich structure is subjected to a 

shear force. This solicitation is carried by the core that collapse when the maximum stress is 

reached. Two main core shear mechanism can be identified in case of three-point bending 

solicitation. 

 

  

a) b) 

 

Fig.4: Sandwich structure core shear failure: curvature of the middle span mode (a), double curvature mode (b). 

 

The first one (fig.4a), comprises a curvature in the mid-span of the sandwich panel, whilst the 

second one (fig.4b) causes a double curvature localised both in the mid-span of the sandwich 

and at the outer supports. Considering the first mechanism, the failure force is given by the eq. 

9. 

 

𝐹 =  
2𝑏𝑡2

𝑙
𝜎𝑦

𝑠 + 2𝑏𝑐𝜏𝑦
𝑐 (1 +  

2𝐻

𝑙
)    eq.9 
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Where b is the width of the sandwich plate, l is the span between the supports, c is the thickness 

of the core, H is the overhang length, 𝜎𝑦
𝑠 is the stress of the skin and 𝜏𝑦

𝑐  is the shear strength of 

the core. The failure force referred to the second collapse mechanism is evaluated by the eq.10. 

 

𝐹 =  
4𝑏𝑡2

𝑙
𝜎𝑦

𝑠 + 2𝑏𝑐𝜏𝑦
𝑐      eq.10 

 

In this case, the core undergoes simple shear over the span length, with more detail on the 

overhang region. Therefore, is possible to conclude that the first or the second core shear failure 

mechanism depends on the overhang dimension. The first one is activated by a small length of 

the overhang and is characterised by a higher value of the failure force, whilst the second one 

is activated by a large length of the overhang and characterised by a lower value of the failure 

force. 

 

 

 

Fig.5: Failure map for sandwich structures. 

 

All these failure mechanisms can be shown in failure maps (fig.5) by plotting a non-dimensional 

value of the failure force. These charts are characterised by a-dimensional axes obtained by the 

ratio between the core thickness and the support span c/l for the x-axis and between the skin 

and core thickness t/c for the y-axis. In this way it is possible to predict the failure mechanism 

that occur, knowing the geometry of the composite material and the loading conditions.  

Usually, a sandwich panel cores are made of balsa-wood, foamed polymers, glue bonded 

aluminium honeycomb or Nomex honeycomb are characterised by various dimensions and 

shapes (fig.6). 
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Fig.6: sandwich core structures classification. 

 

Some of these widely used core materials such as polymer foams, even if are characterised by 

a low density, possess low shear strength and low out of plane compression properties. 

Moreover, they are expensive due to the production technology complexity, especially when 

the design requires curved panels. These drawbacks could be improved by using natural fibres 

as core in sandwich structures. Since bio-based fabrics are characterised by a large mesh, they 

can be used as core in sandwich panels in order to produce porous structures. The drapeability 

that characterises bio-based fabrics with a large mesh, allows to a major level of design, this 

aspect permits the production of more complex geometries. Moreover, the lower cost of natural 

fibres and the simplicity of the production systems, allow to a reduction of the total cost of the 

composite material. 

 

 

1.4 Wear behaviour of composite materials 

 

Composite structures are employed in numerous application fields, often these materials are 

involved in contacts with components that cause abrasive wear [41–43]. Then, the improvement 

of their application in practical situation requires a study of their wear behaviour. 
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During an abrasive wear in which two bodies are in contact each other, a progressive loss of 

material is involved due to the relative movement between the surfaces. There are different 

typologies of wear, i.e. abrasive, adhesive, fretting, fatigue and erosion wear, but the most 

important mechanism is the abrasive one because it is responsible of almost the 60% of the total 

cost of wear [41,44]. This process can be distinguished in two main mechanism (fig.7): a three-

body and a two-body wear. 

 

  

a) b) 

 

Fig.7: two-body wear mechanism (a), three body wear mechanism (b). 

 

Both cases are characterised by a relative motion between the two surfaces in contact, but in a 

three-body wear mechanism, some particles are trapped between the surfaces and are free to 

roll and slide. Usually, the wear mechanism of composite materials is influenced by the load 

condition, and the three or two body wear process take place if the reinforcement is damaged 

or not. The two-body wear track (fig.7a) appearance is smooth, and it is characterised by small 

cracks that are perpendicular to the sliding direction. These cracks derive from patches of matrix 

teared from the surface and redeposited along the wear track, indeed sometimes the 

reinforcement is covered with a resin film deriving from the resin regions. When the failure of 

the reinforcement occurs, a three-body wear mechanism (fig.7b) takes place. In that case, the 

broken fibres are the third body and improve the wear rate of the composite material, this aspect 

is demonstrated by the following equation [41,43]. 

 

Ws,c = Ws,s(Vf) + Ws,fci(Vf)      eq.11 

 

Where Ws,c and Ws,s are the wear rate of the composite structure and of the sliding process 

respectively, Ws,fci is the additional wear rate that depends by a combination of fibre breakage 

and pull-out mechanism, Vf is the fibre volume fraction. 
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1.4.1 Testing procedure 

 

The wear test can be carried out by using a block-on-ring or pin-on-disk tribo test machines. 

The first one is characterised by a pin pressed with a defined normal load against a rotating 

cylinder, the machine schematisation is visible in fig.8 [41,43]. 

 

 

 

Fig.8: Schematisation of the Block-on-ring testing machine apparatus. 

 

Initially, the contact between the pin and the ring is a line but as the test proceeds, the contact 

line becomes an area that increases with the test time. In that case, in order to evaluate the 

friction force and then the coefficient of friction, it is important to take into account the contact 

area variation [41,43]. 

The other testing machine is the pin-on-disk and its schematisation is shown in fig.9. 

 

 

 

Fig.9: Schematisation of the Pin-on-disk testing machine apparatus. 
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In this case, a 10 x 10 mm2 square specimen is pressed against a rotating disk by means of a 

specimen holder harm with a defined normal load [45]. For both the testing machines, wear is 

measured by means of a position transducer and the friction force by using a piezoelectric load 

cell connected to the specimen holding apparatus. 

At the end of the test, the wear behaviour is characterised by the a-dimensional wear rate ratio 

defined in the following equation [41,43]. 

 

𝑊 =
𝛥𝑉

𝐴𝐿
       eq.12 

 

Where 𝛥𝑉 is the volume loss during the tribological test, A is the apparent contact area and L 

is the sliding distance. As said before, the contact area is a critical parameter to take into account 

during a tribological test, especially when the pin-on-ring machine is used, this because the 

contact area evolves during the tribological test, then the wear conditions evolve continuously 

during the test. Sometimes the wear rate is evaluated using the mass loss of the sample, in these 

cases the specimen weight is measured before and after the tribological test, then, knowing the 

material density, the volume loss is evaluated as: 

 

𝛥𝑉 =
𝛥𝑚

𝜌
       eq.13 

 

Moreover, the sliding distance can be expressed by the product between the velocity and the 

test duration: 

 

𝐿 = 𝑣𝑡       eq.14 

 

With these simplifications, the wear rate can be expressed in terms of parameters 

experimentally measured by the following equation. 

 

𝛥𝑉 =
𝛥𝑚

𝜌𝐴𝑣𝑡
       eq.15 
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The tribological behaviour is not represented only by the wear rate, often the coefficient of 

friction is measured because it gives a good interpretation of the friction level between the two 

surfaces in contact each other. This a-dimensional parameter is evaluated by the ratio between 

the tangential friction force in Newton and the applied load: 

 

µ =  
𝐹𝑡

𝑔 𝑃
       eq.16 

 

Where µ is the coefficient of friction, 𝐹𝑡 is the tangential friction force measured by the 

piezoelectric load cell, g is the acceleration of gravity and P is the normal load applied. The 

contact area is not considered in eq.16 because, in case of the pin-on-disk machine, it is the 

same for all the tribological test duration and then neglected. 

 

 

1.5 Aim of the thesis 

 

After an overview on the state of art of bio-based composite materials in this chapter, it has 

been demonstrated that there is the necessity of a more detailed study on these materials in order 

to extend their application fields. With more detail, a study on a more eco-friendly composite 

materials and on cheaper manufacturing processes easily to introduce in an industrial reality to 

produce low-density natural composite materials, are required. A study on the wear behaviour 

of natural fibre composite materials, is mandatory in all applications in which traditional 

synthetic reinforced composite materials are subjected to tribological loads, and the fibre 

exposition could be dangerous for the human health.  

Therefore, the thesis work has been focused on the manufacturing process used to produce a 

new geometry of lightweight hemp/epoxy core for their use in sandwich structures in 

application as interiors in automotive, aeronautic and transportation fields. Moreover, some 

manufacturing technologies were used in order to produce lightweight hemp/epoxy core with 

different densities and thin core for sandwich structures, then the mechanical properties of these 

composite materials were widely investigated. Therefore, in case of application of composite 

materials as structural part, a quasi-static and dynamic mechanical properties of hybrid bio-

based composite laminates were investigated. Finally, in case of tribological load on structural 

composite laminates, the idea was to replace the external layers of synthetic fibres with natural 

ones especially in case of human contact. For these reasons, the tribological behaviour of hemp 
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fibre reinforced composite was studied and was compared with the wear behaviour of the 

widely used synthetic reinforced polymer materials. 
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Chapter 2: Bio-composite materials 

 

2.1 Bio-composite characteristics 

 

Fibre reinforced polymer (FRP) composite industry was born in the middle of the 20th century, 

when glass fibres were coupled with polyester polymers for the first time [1], it started to grow 

because the demand for composite materials increased as a consequence of  the extension of 

the application fields. These materials were attractive due to their tailorable design and their 

capacity to combine the mechanical properties of various materials in order to produce a 

composite material characterised by high performance. Up to now, glass fibres are the most 

common reinforcement in polymer composite materials, this because these fibres are relatively 

easy to produce and are characterised by a lower price if compared with the other common 

synthetic reinforcements such as carbon fibres. Other advantages of this fibre typology are the 

high tensile strength, the high chemical stability and chemical resistance. However, on the other 

hand, glass fibres are characterised by some weakness. They have low yield modulus if i.e. they 

are compared with carbon fibres, high specific weight among the other synthetic fibres, are 

characterised by a low fatigue resistance, are sensitivity to abrasion and their high hardness is 

responsible of wear phenomenon on moulding dies and machining tools [2]. The biggest 

problem that characterises glass and the other common fibres is related to the non-

biodegradable nature, their recycling process and disposal issue [3,4].  

During the last years, governative laws such as Energy Policy Act of 2005, Biomass Research 

and Development Act of 2000, the Farm Security and Rural Investment Act of 2002 were 

established due to the growing attention on the depletion of petroleum resources and an 

increased sensitivity on the environmental pollution caused by the production, use and 

disposing of synthetic materials [1]. These regulations incentive an investigation on bio-

composites or other renewable materials as good alternatives to synthetic composites. The use 

of natural fibres as reinforcement in polymer matrix composites, is currently receiving an 

improving attention due to the above mentioned issues. These annual agriculture crops are 

characterised by higher mechanical strength if compared with the most commonly wood based 

fibres i.e. wood flour and wood fibres. Some research works on annual crop, conclude that these 

materials could be potentially employed as reinforcement for both thermoset and thermoplastic 

matrix. Among the bio-based fibres, even if hemp and flax show higher mechanical properties 

if compared to the other natural fibres, are the least used due to many problems associated with 
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the fibre incorporation into the matrix. The first issue is related to the poor compatibility 

between the hydrophilic fibre nature and the hydrophobic matrix nature that is traduced into a 

poor fibre-matrix interface, and then into poor mechanical properties of composite materials 

[5]. Poor thermal stability and a high moisture absorption of bio-based fibres that results in a 

dimensional composite instability and a reduction of mechanical properties. 

Considering the polymer typology used, these natural fibres can be coupled with bio-based 

matrix in order to obtain a totally biodegradable composite material, this class of bio-materials 

are affected by an issue related to a long term durability and then further studies are still required 

on this subject. However, natural fibres are widely coupled with thermoset and thermoplastic 

matrix still considering these composite as Bio-composite materials, indeed it is so defined a 

composite material when one or more phases derive from renewable sources [6]. So, Bio-

composite are characterised by a widely range of environmental friendliness, depending from 

the materials employed for their production and their ability to biodegrade. A schematisation 

of these class of materials is shown in fig.10. 

 

 

 

Fig.10: Schematisation of the main natural fibres. 

 

As above discussed, natural fibres are usually coupled with thermoplastic and thermoset resins. 

Numerous research works are focused on polymers that derive from natural resource of plant 

origin, from natural monomers like PLA or polymers that derive from microbial monomers like 
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PHB in order to use these materials ad matrix in thermoplastic composite materials [7,8]. In 

this way it is possible to obtain an eco-friendly material that is recyclable, characterised by low 

processing cost and have the ability to be remoulded into complex part. 

Studies on reinforced natural fibres PLA are very limited [9,10], but Bodros et al. [11] studied 

the tensile strength of PLA/flax composite material, this study demonstrates that their 

mechanical properties are higher than PP/flax composite materials and that the specific 

properties of PLA/flax are very close to that of glass/ polyester composite. Then, in order to 

make natural fibre able to compete with synthetic ones, an improvement of the mechanical 

properties is required, this goal can be reached by obtaining a better adhesion between fibre and 

matrix. For this motivation, up to now, natural fibres are coupled with thermoset resin in all 

applications in which higher mechanical properties are required. Thermoset matrices are 

characterised by cross functional groups that permit a development of a better interface between 

fibre and matrix, this because when an epoxy resin is employed, the functional groups form 

covalent bonds with the plant cell walls through -OH groups [12]. It is also known that 

thermoset composites are characterised by a higher thermal stability and a moisture absorption 

that is lower than thermoplastic composite materials. Moreover, thermoset resin can be cured 

at room temperature and this aspect does not reduce the mechanical properties of natural fibres. 

Focusing the attention on the total cost of composite materials, it is known that synthetic fibres 

are expensive, but the manufacturing process is well developed, and this aspect reduces the total 

cost of composite material. If the attention is focused on bio-based composite, is possible to 

assess that some materials are more expensive than petroleum-based polymers, but it is 

expected that the low cost of the natural reinforcement with a technological development and 

the increasing of the demand, can help to reduce the total composite material cost. This cost 

reduction is given in part from the reduced energy required for the natural fibre production. 

Many researchers demonstrate that the energy consumption required to produce a natural fibre 

is almost 9,7 MJ/kg and includes cultivation, harvesting and fibre production. This value is 

around the 18% of the total energy required for the glass fibre production that is around 55 

MJ/kg [13]. Moreover, a large part of natural fibres is characterised by a density that is around 

the 40% lower than that of grass fibre, this aspect allows to additional cost reduction when these 

bio-based composites are employed in application fields such as automotive or transportation. 

This because they permit a better efficiency in fuel consumption. Taking into account these 

aspects it is clear that bio-composites can offer many potential advantages if compared to the 

traditional composite materials. 
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2.2 Historical application of natural fibres composites 

 

The production and use of composite materials can be founded in the early human existence, 

these materials were employed in order to produce refuges, generic tools, clothes and weapons. 

Traces of composite materials reinforced by natural fibres in building application have been 

found almost 3000 years ago during the Egyptian period. Straw was used as reinforcement of 

clay bricks for buildings application. 

Successively, the introduction of new materials such as ceramics or stainless steel for structural 

application led natural fibres in a period of oblivion. It was during the first middle of the 1900 

that composite materials began to be widely used when a salesman of the Owens Corning 

Fibreglass Company started to sell glass fibres in the Unites States. However, it was during the 

second World War that composite materials assumed a growing attention. The Unite States 

government became to be worried about the availability of metal replacement parts for aircraft, 

so the engineers were invited to redesign and produce these parts with composite materials by 

using the current best production practices. However, it was in the early 1960 that composite 

materials became a large scale products with the introduction of carbon and boron fibres. These 

materials were employed as reinforcement both in thermoplastic and thermoset matrix in some 

application such as automotive or aeronautic fields [14]. 

However, it is during the last years that bio-based composite materials have attracted the 

attention as replacement of synthetic fibres, this happen due to the increasing of the 

environmental sensitivity and sustainability. Moreover, natural fibres are characterised by a 

lower cost than the synthetic ones and are also easily renewable. They are characterised by a 

lower density, and then by specific mechanical properties that are comparable with the most 

commonly employed synthetic materials like glass fibres. 

Initially, natural fibres were used only in textile and building application, successively there 

was an extension of the bio-based composite materials in automotive application field as 

interior components [15–17]. This because of their low density, mechanical properties that are 

appropriate in these applications and the low processing costs. 

It was in the 1941 that natural fibres composite materials were massive used in automotive 

application with Henry Ford. In this year was presented the famous Hemp Body Car, known 

also as Ford Cannabis. This car was characterised by a steel body frame and panels produced 

with soybeans and hemp fibres, the reasons of this choice must be founded in the low metal 
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availability during the second World War. Henry Ford justified the use of this typology of fibre 

with these worlds: 

 

 

 

Fig.11: Henry Ford with the famous Hemp Body Car. 

 

“why use up the forest which were centuries in the making and the mines which required ages 

to lay down, if we can get the equivalent of forest and mineral products in the annual growth 

of the hemp fields?” 

 

This car was lighter but also stronger than the other car used in that period, moreover, its 

lightness leads to a more efficient fuel consumption than a normal steel body car. The Hemp 

Body Car was also designed to run with biofuel, so this car was a real eco-friendly product of 

the car history. From this moment natural fibres composites failed in a new period of oblivion, 

especially hemp fibres due to the anti-drug laws. 

However, during the last years of the 1900, natural fibres were widely employed in automotive 

application by Mercedes-Benz in non-structural parts as interiors and door panels. From this 

moment, numerous car production companies began to use these materials leading to a growing 

of the market of natural fibres [18]. It is demonstrated that German car industries improved the 

use of bio-composite materials starting from an use of around 4000 tons in 1996, to 18000 tons 

in 2003 with an almost linear increasing rate of 10 to 20% from 1996 to 2002 [19]. 

Mercedes-Benz was a pioneer car industry in the use of bio-based composite materials, 

nowadays, numerous companies such as Audi group, BMW, Volkswagen group, Ford, Opel 

and FCA group use natural fibres composites in some application as interior components such 

as door panels or dashboard. For example, the door panels of the Audi A2 model derives from 
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a hybrid polyurethane matrix reinforced by flax/sisal and the Alfa Romeo Giulia dashboard 

(fig.12) derives from bio-based composite material. 

 

 

 

Fig.12: Hemp dashboard of the Alfa Romeo Giulia. 

 

All these components provide to a global vehicle weight reduction, and then to an improved 

fuel consumption saving that is proportional to the total weight lost [20]. 

Furthermore, as it is possible to see in fig.13, bio-based composites are employed in several 

applications such as in buildings and construction as door frame, wall or windows. These 

materials can be used also in packaging, for example boxes production and food trays, 

electronic device such as external cover for mobile phones, inner fenders and bumper in railroad 

and automotive applications, toys and generally in all applications in which are not required 

very high mechanical properties but a cost reduction [21–24]. 

 

  

a) b) 
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c) d) 

 

Fig.13: Some application fields of natural fibre composites: interiors in automotive field (a); dishes (b); mobile 

phone cover (c); baggage (d). 

 

Bio-based composite materials have been employed also in car roof structures (fig.14). 

However, studies were carried out on roof production in building application, these bio-based 

materials were manufactured from soy oil-based resin reinforced by cellulose fibres in paper 

sheets form made from recycled cardboard boxes [25]. 

 

 

 

Fig.14: Application of natural fibres as roof in automotive field. 

 

Other research works are oriented on the substitution of asbestos fibres in roof employing with 

pulp of sisal and coco fibres and from eucalyptus recycled fibres [26]. 

Remaining in building theme, particular attention must be dedicated to the temporary house. 

These housing are usually made of wood plastic composites and are installed when a 
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catastrophe occurs. This context could be an interesting application field for bio-based 

recyclable materials. Usually, these temporary houses are dismissed at the end of their usage 

and are put into landfills, then, in order to reduce this waste problem, bio-composite materials 

can be used because they can be composed or recycled at the end of their service life [24]. 

 

 

2.3 Natural fibres sources 

 

The table 1, shows an overview on natural fibres, these can be obtained by mineral, plants and 

animal origins. 

 

Table 1: Overview on natural fibres 

 

 

 

Plant fibres are a renewable source and are characterised by the ability to be recycled, these 

fibres are usually employed as reinforcement of polymeric matrices. A schematic classification 

of natural fibres is showed in table 2 [27]. 
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Table 2: Overview on natural fibres as reinforcement in composite materials 

 

 

 

The guideline to the substitution of glass fibres with natural ones is that these fibres are 

renewable and eco-friendly, but if they are burned for disposal, natural fibres come back to the 

atmosphere less carbon dioxide than that absorbed during the plant growing. Another 

motivation is given by the lower price that characterises natural fibres if compared for example 

to glass fibres. These ones are more expensive than natural fibres, their prise is around 1,96 

€/kg whilst the price of bio-based fibres varies from 0,2 to 0,5 €/kg. Furthermore, if the 

mechanical properties of natural fibres are compared with that of glass ones, these are 

characterised by lower values of the tensile stress and Young modulus. However, if the specific 

properties are considered, natural fibre shows a specific Young modulus that is comparable or 

higher than glass fibre. This because natural fibres have a density that varies between 1,2 and 

1,5 g/cm3 while glass fibre has a higher density that is equal to 2,5 g/cm3. These aspects, with 

the possibility of material cost saving and the advantage of being non-abrasive on the moulding 

dies, make these fibre typologies an existing alternative to conventional fibres in many 

application fields. 

 

 

2.4 Natural fibres comparison 

 

There are several factors that can be used to classify natural fibres and choose for their use as 

reinforcement in polymer matrix. These factors are identified in chemical composition, possible 

structural defects, surface characteristics, strength, stiffness and cost. This last parameter 

depends by the above mentioned properties of natural fibres, but also supply, quality and 

demand of natural fibres [27]. It is clear that wood fibres are the cheapest natural fibres because 
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of their availability and extended use in pulp and paper industries [28]. However, other natural 

fibres such as hemp, flax, jute and kenaf are improving their status in composite production due 

to their better strength and stiffness among the other natural fibres. In table 3 are listed the 

commercially available cellulose fibres [29]. 

 

Table 3: Available fibre typologies and their production amount 

 

Source Species 
World production 

(10
3
 tonnes) 

Origin 

Wood (>10’000 species) 1’750’000 Stem 

Bamboo (>1’250 species) 10’000 Stem 

Cotton Lint Gossypium sp. 18’450 Fruit 

Jute Corchorus sp. 2’300 Stem 

Kenaf Hibiscus cannabinus 970 Stem 

Flax Linum usitatissimum 830 Stem 

Sisal Agave sisilana 378 Leaf 

Roselle Hibiscus sabdariffa 250 Stem 

Hemp Cannabis sativa 214 Stem 

Coir Cocos nucifera 100 Fruit 

Ramie Boehmeria nivea 100 Stem 

Abaca Musa textiles 70 Leaf 

Sunn Hemp Crorolaria juncea 70 Stem 

 

Hemp, jute, flax and kenaf fibres are often recognised as blast fibres because they derived from 

the inner bark of the stem of dicotyledonous plants, some geometrical characteristics of these 

materials are listed in table 4 [30]. 

 

Table 4: Geometrical characteristics of the widely used natural fibres 

 

Fibre 

typology 

Length of the 

textile fibre (mm) 

length of the 

ultimate fibre (mm) 

Diameter 

(μm) 

Weight per 

length  

Density 

(g/cm
3
) 

Hemp  1300 – 3000 5 – 55 16 – 50 3,20 1,40 

Flax 300 – 900 13 – 60 12 – 30 1,70 – 17,80 1,40 

Jute 150 – 360 0,80 – 6 5 – 25 13,27 1,40 

Sisal 600 – 1000 0,80 – 8 100 – 400 9 – 400 1,20 – 1,45 

Ramie 1500 40 – 250 16 – 125 4,60 – 6,40 1,40 

Kenaf 900 – 1800 1,50 – 11 14 - 33 50 - 
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All these fibre typologies are characterised by a similar morphology, with more detail, cellulose, 

hemicellulose and lignin are the principal fibre constituents and are responsible of the 

mechanical and geometrical properties of these reinforcements. Gassan and Bledzki [28] 

concluded that these three constituents and pectin cell walls vary in composition and in their 

structure as function of the age of the plants and the climatic conditions. In the following table 

5, are reported the natural fibres as function of their principal constituents and water absorption 

[29]. 

 

Table 5: Natural fibres and their principal constituents 

 

Fibre 

type 

Cellulose Hemicellulose Lignin Pectin Water 

solubles 

Fat and 

wax 

moisture 

Hemp  67,00 16,10 3,30 0,80 2,10 0,70 10,00 

Flax 64,10 16,70 2,00 1,80 3,90 1,50 10,00 

Jute 64,40 12,00 11,90 0,20 1,10 0,50 10,00 

Sisal 65,80 12,00 9,90 0,80 1,20 0,30 10,00 

Ramie 68,60 13,10 0,60 1,90 5,50 0,30 10,00 

Sunn  67,80 16,60 3,50 0,30 1,40 0,40 10,00 

Abaca  63,20 19,60 5,10 0,50 1,40 0,20 10,00 

 

From this table is possible to assert that the chemical constituents of these fibres are very 

important, this because their composition influences their choice and then their utilisation, 

Robson [29] confirmed that the chemical constituent have a specific function in the cell wall. 

Indeed, cellulosic microfibrils form crystalline parts that give high stress and stiffness to the 

fibres, hemicellulose and cellulose form semi-crystalline structure that gives flexibility and the 

amorphous lignin part contributes to the rigidity and causes the hydrophilic behaviour of these 

categories of fibres [30]. 

 

 

2.5 Advantages and disadvantages of natural fibres 

 

It is known that natural fibres have been widely used in many application fields, the high 

strength of these fibre typology was utilised to produce ropes, textiles products and tools. 

Another application of natural fibres is in building field, but these are just some of the past and 

present application of natural fibres over other materials typology. But, even if bio-based 
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materials are characterised by advantages that allow to their use over traditional materials, there 

are some disadvantages that characterise these materials. 

 

 

2.5.1 Advantages 

 

Some research works demonstrated that bio-based materials possess interesting mechanical 

properties, but there are other interesting qualities that make natural fibre very interesting. 

These fibres are typically obtained from annual and renewable plants, these aspects make 

natural fibres cheaper and much less sensitively subjected to economic fluctuation. 

Furthermore, their cultivation reduces the environmental awareness linked to the depletion of 

natural resources. In addition, these fibres are characterised by a density that is lower than 

synthetic fibre such as carbon and around a half of the most commonly used fibres like glass 

[31]. This aspect makes the resulting bio-based composite material lighter than the traditional 

ones allowing to reduced costs when employed in transportation field. Natural fibres are also 

characterised by a non-toxicity and this feature allows to a safe utilisation [32–34]. On the other 

hand, synthetic fibres reinforced polymers such as fibre glass composites, produces particles 

during the processing phase or during the life cycle, that can cause allergic reaction, skin 

irritation or irritation to the respiratory system if these fibre particles are inhaled [35,36].  

Natural fibre composites are also characterised by an upgraded life cycle assessment, this 

because natural reinforcement requires less energy for growing and production phases, these 

aspects reduce the carbon footprint if compared with carbon or glass fibre production. The 

improved life cycle assessment can be in attributed to the fact that when natural fibres are 

dismissed and then burned or subjected to degradation, give back the same amount of carbon 

dioxide that absorbed during their growing phase defining these plants as a carbon neutral 

material. Moreover, the energy used for the production of natural fibres is estimate around 9,7 

MJ/kg. This amount of energy includes cultivation, harvesting and fibre maceration and it is 

demonstrated that is less than a quarter of the total energy spent for the production of glass fibre 

that is almost 56 MJ/kg [13]. Sustainable et al. [37] performed life cycle assessments (LCAs) 

for some bio-based materials, they concluded that these materials possess an interesting 

potential for the environmental benefits and can be a valid contribution to a more 

environmentally friendly and sustainable world. Joshi et al. [17] carried out a study referred to 

guidelines for improved environmental performance of natural fibres composites compared 

with glass fibres composites in automotive application. These guidelines established a lower 
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environmental impact for natural fibres production, substitution of based polymer parts with a 

higher volume of natural fibres and credits for carbon emission or energy production deriving 

from the incineration at the end of the life cycle. At the end of this research work, they 

concluded that natural fibre composites are environmentally friendly more than glass fibre 

composites. 

In the following table 6 [33] all the aspects treated in this section are resumed and a comparison 

between natural fibres and glass fibres is made. 

 

Table 6: Comparison between natural and glass fibre 

 

 Natural fibres Glass fibres 

Density  low Twice than NF 

Cost  Low Low, but higher than NF 

Energy consumption Low High  

CO2 neutral Yes No 

Health risk when inhaled No Yes 

Renewability Yes No 

Disposal  Biodegradable Not biodegradable 

Recyclability Yes  No  

 

 

2.5.2 Disadvantages 

 

Even if natural fibres have many advantages on synthetic materials, some weakness inhibit their 

application as substitution of traditional composite materials. In this section some 

disadvantages are presented and analysed in detail. 

The first issue that characterises the bio-based fibres is the mechanical properties variation. It 

is known that the production process of these plant fibres differs from that of traditional ones. 

Conventional fibres can be produced in a defined range of properties with particular accuracy, 

conversely natural fibres are subjected to a wide range of variation of properties when produced. 

Indeed, a large variation of mechanical properties of natural fibres is found. This aspect is a 

complication for the widespread natural fibre employ improvement. 

The mechanical properties of natural fibres are influenced by numerous aspects such as the 

moisture content, the type of fibres and their form i.e. mat, fabric and type of fabric, yarn or 

chopped. Moreover, these properties are affected by environmental factors such as the place 
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where the fibres are grown, cultivation conditions, the growing and harvesting period, the 

production process and the part of the plant that is used for their production. Furthermore, the 

mechanical properties are influenced by the fibre orientation, and these categories of materials 

are particularly affected by this aspect. Usually natural fibre composites are produced with 

random and oriented fibres. It is clear that there is a large variation of the mechanical properties 

when oriented or random fibres are employed, but it was found that the tensile strength of these 

composites decreased about four time when the angle between the fibre orientation and the test 

direction increases to around 26°. It was found that the Young modulus is less affected by the 

fibre orientation and decreases by around two times. 

An important issue related to natural fibre is the fibre-matrix interfacial bonding. An inefficient 

wetting of the reinforcement causes a poor adhesion and then an ineffective interface between 

fibre and matrix. This is an important issue that characterises bio-based composite materials, 

because a good adhesion between matrix and fibres permits an efficient stress transmission 

from matrix to the reinforcement and then good mechanical properties. Most thermoplastic 

polymers such as polypropylene and polyethylene are hydrophobic (non-polar), this aspect 

makes these polymers incompatible with the reinforcement and leads to a poor interface with 

natural fibres that are hydrophilic (polar). Conversely, thermoset matrix such as epoxy or 

phenolic are characterised by polymeric chain on which there are active groups that are able to 

form covalent cross-links with the -OH groups of the fibre cell walls. However, natural fibre 

composites are performed below their capability due to the presence of unstable hemicellulose 

and lignin components. Then, in order to increase the long-term stability of these composites, 

and in order to improve the wettability of the reinforcement, some chemical treatments are 

carried out on untreated fibres. Some of these treatments are alkalisation, acetylation and silane 

treatment. Usually, the alkalisation is the most widely used process in which natural fibres are 

wet with sodium hydroxide (NaOH), this because it has a good efficiency and is a cheap process 

[38,39]. 

Natural fibres are also characterised by a low thermal stability, with more detail with the 

temperature increasing, there is a cellulosic degradation and the production of volatile 

substances that affect the mechanical properties. For these reasons, the processing temperatures 

are limited around to 200 °C, even if natural fibres can be processed at higher temperature for 

a brief period and under defined production conditions [40]. This weakness limits the 

thermoplastic matrix typologies that can be used with bio-based fibres, and then reduces the 

application fields of these categories of composite materials to low temperature work 

conditions. 
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Natural fibres are also affected by the moisture. This is an important aspect to take into account 

when these composite materials are produced, indeed if there is water on the external surface 

of the fibre, it can be as a separation film between fibre and matrix during the matrix-fibre 

interface formation. Then, in order to avoid this issue, natural fibres are often dried before the 

composite production. In this way it is possible to prevent the evaporation of water particles 

during composite production over 100 °C, and then the most undesirable defect of composite 

material is reduced such as the presence of voids that reduce the mechanical properties of the 

laminate. Bledzki et al. [41] studied the effect of the drying process of natural fibres on the 

mechanical properties. They concluded that this process leads to an increase of the tensile 

strength and of the Young modulus about 10% and 20% respectively. But bio-based composites 

are also affected by the moisture absorption during their service life. This issue causes the fibre 

swelling and then micro cracks that affect the mechanical properties of the composite material. 

Joseph et al. [5] carried out a study on the moisture absorption, and concluded that this 

phenomenon can be reduced by improving the interfacial adhesion through chemical treatments 

of the reinforcement. The water absorption with environmental agents can cause the natural 

fibres degradation. This aspect could be a good feature that justify the sustainability of these 

composite materials typology and the sensitivity to the environmental awareness, but it can be 

an important aspect to consider when bio-based materials are employed in outdoor applications 

and are subjected to environmental agents. Then, in order to improve the life cycle for several 

years, some chemical treatments are executed in order to modify the cell walls chemistry and 

then reduces the natural degradation. These chemical treatments act on the -OH groups limiting 

the overall capability of water absorption and then reducing the fibre swelling and the biological 

degradation. 

 

 

2.6 Natural fibre composites matrices 

 

The matrix phase is fundamentally significant in a composite structure. This because it is 

responsible of the load transferring to the fibres, it is a sort of barrier against the environmental 

agents and protects the fibres from mechanical abrasion. Usually, both thermoplastic and 

thermoset matrices are used whit natural fibres, but the use of the first one is limited from the 

production temperature at which natural fibres degrade [42]. As mentioned above, natural fibres 

are unstable at 200 °C and this aspect limits the thermoplastic matrix choice [43]. 
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2.6.1 Thermoplastic matrices from bio sources 

 

Natural fibres are widely coupled with conventional thermoplastic polymers such as 

Polypropylene and Polyethylene because of the availability at low cost of these materials [40]. 

It is about the last two decades that the bio-based matrices are growing their attention due to 

the environmental concerns and the awareness that petroleum resources are limited [44]. 

Globally, polymers that derive from renewable sources can be distinguished by natural 

polymers such as protein and cellulose, synthetic polymers that derive from natural monomers 

such as PLA and polymers from biological fermentation such as polyhydroxy butyrate (PHB). 

The development of synthetic polymers that derive from natural monomers like PLA, has been 

a driving force for the progress of bio-based polymers from renewable sources. Up to now, PLA 

matrix is the most interesting polymer between the bio-derivable polymers [45]. This because 

its mechanical properties are better than the widely employed polymers such as Polypropylene 

[46]. If the degradation process is considered, it can be assessed that when PLA degrades, it 

does not emit carbon dioxide in the atmosphere like other biodegradable materials. The 

degradation of PLA occurs by a hydrolysis process to lactic acid that is metabolised by micro-

organisms in water and carbon dioxide. Then, the degradation of PLA material can occur in a 

pair of weeks and its wastes can disappear in a month. The PLA polymer consists of a linear 

aliphatic polyester of lactic acid that can be obtained from renewable agricultural materials 

fermentation, these materials are corn, sugarcane and sugar beets [45]. To date, the major 

applications of PLA polymer is in household objects, such as waste bags, barrier for sanitary 

products, cups and plates. However, the driving force is the production of a totally bio 

composite material by using biodegradable polymers coupled with natural fibres [44,46]. Keller 

et al. [47] studied a composite material produced with PLA matrix reinforced by natural fibres, 

they concluded that these composite materials can be used as light weight construction 

materials. Oskman et al. [46] studied a bio-composite material obtained by coupling PLA 

matrix with flax fibres. They concluded that the bio-composites shows a strength that was about 

50% higher than polypropylene matrix reinforced by flax fibres. Then, the increasing interest 

for natural fibre reinforced composites in automotive or building fields combined with the 

increasing interest of environmentally friendly materials, can be an interesting research area for 

fully biodegradable composites. 
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2.6.2 Thermoplastic matrices 

 

Even if the guideline is the implementation of the application fields for totally bio-composite, 

to date natural fibres are widely coupled with traditional thermoplastic polymers. But, as above 

mentioned, the choice of these materials is limited by the thermal instability of natural 

fibres[48]. Due to this limitation, only thermoplastic polymers with a low glass transition 

temperature can be used such as polyethylene, polypropylene, polyvinylchloride and 

polystyrene as matrix [40]. Moreover, it was found that, due to the different natures of these 

matrices (hydrophobic) and natural fibres (hydrophilic), a poor interface adhesion established 

between the two phases, and then the composite material is characterised by low mechanical 

properties. For these reasons, to date natural fibres are mostly coupled with thermoset matrices, 

but an important aspect is that thermoset polymers are capable of being repeatedly softened by 

heat application and then hardened by cooling, then these polymers have the potential to be 

easily recycled [49]. 

 

 

2.6.3 Thermoset matrices 

 

During the last years, there has been a growing interest in using natural fibres in automotive 

application. But, in order to obtain good mechanical properties, a good adhesion between fibre 

and matrix is required. Epoxy and phenolic resin are able to form an interfacial adhesion that is 

stronger than that of thermoplastic matrices with natural fibres, this because thermoset matrices 

are able to form covalent cross links with fibres -OH groups [12,50]. These resins have the 

peculiarity to polymerise at room temperature and not produce volatile products, then their use 

avoid the thermal instability that characterise the bio-based fibres and reduce the possibility to 

have voids into the laminate. Both these aspects reduce the mechanical properties of the 

composite material. 
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2.7 Production technologies 

 

Usually, bio-based composite materials are produced by using the same production techniques 

customised for traditional composite materials. These production technologies include 

production systems both in case of thermoplastic and thermoset matrices composites and can 

be distinguished in resin transfer moulding (RTM), vacuum bag infusion process, extrusion, 

compression moulding and injection moulding. These technologies are well experienced with 

the production of traditional composite materials and permit the production of laminate with a 

controllable quality [51]. However, there are still some issues related to the production of 

natural fibres composites due to the materials employed, with more detail because of their 

thermal instability, their geometry and structural properties. Indeed, in order to improve the 

adhesion between fibre and matrix, some chemical treatments are required because of the 

hydrophilic nature of the natural fibres and the hydrophobic nature of matrix phase. 

Then, in order to select the most appropriate production technology of bio-based composites, 

design and manufacturing engineers focused their attention on some selection criteria. These 

selection criteria are the size and shape of the product, desired mechanical properties, speed and 

manufacturing costs and so on. 

If the size and shape is considered, in case of small or medium dimension of the laminate, 

injection and compression moulding are chosen due to the simplicity of the production process 

and velocity. However, in case of large size composites, are preferred open moulding and 

autoclave process techniques. 

If the performance of composites is considered, some aspects must be taken into account such 

as the length and the dimeter of the fibres, their orientation and the volumetric content of fibre. 

The interface adhesion plays an important role on the composite material performance, but it 

does not depend from the production technology used. Indeed, to ensure a good interfacial 

bonding some chemical treatments are performed on the natural fibres before the production 

phase in order to remove surface coatings in case of silk or coir fibres and prepare the surface 

of the fibre in case of hemp fibres. 

Some production technologies such as Resin Transfer Moulding, Injection Moulding, 

Compression Moulding, Extrusion and Pultrusion are the most used production technologies. 

Some of these, in detail Compression Moulding and Pultrusion have been used with good 

results to produce flax fibres weaved with polypropylene yarns coupled with thermoset matrix 

[52,53]. The Extrusion technique is used for thermoplastic composite materials, the matrix 
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usually in form of pellets is heated and mixed with the fibres into a chamber, then by means of 

one or two rotating screws, the composite material is forced out from the chamber at a steady 

rate through a die. Usually, when this production technology is used, attention must be placed 

on the extrusion velocity. A fasted production process means a higher temperature for the 

matrix softening, moreover it causes air entrapment and possible fibre breakage [40]. 

Conversely, low production velocity can cause low mixing process and insufficient fibre 

wetting. It has been shown that the extrusion by means of two screws leads to a better chopped 

fibre dispersion into the matrix, and then better mechanical properties [54]. Usually this 

production technique is used to produce precursors for the Injection Moulding process. 

Moreover, the Extrusion process is characterised by a fibre orientation variation through the 

cross section of the composite material. With more detail, close to the die walls it is possible to 

observe a fibre alignment along the composite filament axis due to a shear flow caused by the 

friction along the walls of the die, whilst fibres transverse aligned to the material flow direction 

at the centre of the composite material [49,55]. Another process technique is the Injection 

Moulding, but due to the fibre friction with the die and the viscosity of the material, the fibre 

volume percentage is almost 40%. 

Compression Moulding process is commonly used for thermoplastic polymers. Usually, fibre 

and matrix layers are stacked alternating plies of fibres with layer of matrix in form of sheet. 

For a good quality laminate, it is important to control the matrix viscosity, holding time, 

pressure and temperature [55]. A critical parameter is the matrix viscosity linked to the 

moulding temperature, this parameter must be controlled with attention, especially in case of 

thick laminates in order to ensure that the matrix fully penetrate the fibre structure. 

Temperature must be carefully controlled during the Compression Moulding especially when 

there is a little difference between the melting point temperature of the matrix and that of fibre 

degradation. It was found in literature that, in case of compression moulding with natural fibres, 

a strength reduction occurs at temperatures both at 150 °C and 200 °C [49]. However, a study 

carried out on flax reinforced polyester amide polymer demonstrates that there is a compromise 

between a good fibre wetting and the fibre degradation avoiding. The optimum was found for 

a temperature of 150 °C, flexural properties of these composites below this threshold 

temperature were not influenced, whilst reduce for higher temperature [56]. Another study 

carried out on jute yarn and bacterial copolyester bipol, individualised an optimum for the 

compression temperature at 180 °C [49]. The highest strength was found at 200 °C in case of 

polypropylene matrix reinforced with natural fibre mat [56]. 
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With the Resin Transfer Moulding process, a liquid thermoset resin is injected through a fibre 

preform placed in a mould. Some parameters must be controlled during a RTM process, with 

more detail the resin and mould temperature, the resin viscosity, injection pressure and the 

preform architecture. The most important advantage obtained by using this production 

technique, is the lower production temperature that avoid the fibre degradation [57]. 

Conversely, the use of natural fibres in the RTM allows to a fibre volume percentage that is 

lower than the glass fibre composites due to the geometry of natural fibres. Moreover, a lower 

degree of fibre alignment is obtained with this technique due to the resin flow through the 

reinforcement, but on the other hand, good component strength can be obtained with this 

process. 
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Chapter 3: Materials and Methods 

 

3.1 Materials employed 

 

Even if the use of natural fibre composites is increasing due to the environmental awareness, 

their use is still limited to some application fields due to their low mechanical properties if 

compared with traditional composite materials. Then, as mentioned in the introduction to 

composite materials, the aim of this thesis is the production of new geometries of core structure 

for sandwich composites, new hybrid sandwich structures and hybrid laminates in order to 

characterise the quasi-static and dynamic properties of these materials. Then an additional 

tribological characterisation of hybrid materials was executed. This research was carried out in 

order to have a better interpretation of the properties of bio-based materials in applications such 

as automotive and aeronautic fields. 

Among the cellulosic fibres, hemp was chosen in this study because it is characterised by some 

aspects that make this fibre typology very interesting. Hemp derives from renewable source, it 

is obtained from the Cannabis sativa annual plant and is highly available thanks to the ability 

to be easily grown around the World. It has also the ability to extract heavy metals from the soil 

and is characterised by low cost. Moreover, the hemp fibres show low density and high specific 

strength if compared to synthetic materials such as glass and aramid fibres. 

Hemp fibre had a significant history, thanks to the high stiffness this material was employed as 

roping in naval application and as reinforcement in building field [1]. Then, due to anti-drug 

laws, these fibres went through a period of oblivion but the availability of plants with low 

tetrahydro-cannabinoids (THCs) content, allows to a renewed increase of their usage [2]. 

As matrix an epoxy resin was chosen because it is the most commonly used matrix for high 

performance composites. Moreover, it is characterised by high resistance from the 

environmental agents and low curing temperature. These properties avoid hemp fibre 

degradation due to environmental agents and moisture absorption and reduce the fibre 

degradation as consequence of the production temperature. 
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3.2 Historical hemp applications 

 

The historical use of hemp fibres in the modern era began in the early 1900 as result of the 

environmental sensitivity and the depletion of the petroleum resources. One of the most 

interesting application field of this fibre typology was the automotive, indeed in 1941 Henry 

Ford produced a car prototype, in which a large number of body and interiors part were 

manufactured with composite materials reinforced by natural fibres. These body parts 

demonstrated improved impact properties around ten times than the equivalent metal parts. 

However, this car did not enter in the mass production due to economic limitations. 

During the last years of the 1900, German factories were at the vanguard in using composite 

materials reinforced by natural fibres in the automotive field. A recent investigation 

demonstrated that natural fibres employing doubled from almost 9000 tons during the 1999 to 

around 19000 tons in the 2005 [4,5]. At the same manner, the natural fibre used in automotive 

application doubled from around 15000 to 30000 tons during the same time duration, indeed is 

estimated that almost 5,5 million cars produced in the 2005 used 4 kg of natural fibres 

composite per car. Over time, the use of these category of composite material in automotive 

application increased, indeed the Lotus company presented a green version of Elise named 

“Elise Eco” (fig.15a) [3]. This car uses natural fibres as hemp, wood and sisal to produce 

internal parts such as roof, seat cover, door panels and hard top. As well as Lotus, in 2018 the 

Tesla car producer revealed the race version of the “Tesla P100DL” model (fig.15b) [4]. 

 

  

a) b) 

 

Fig.15: Natural fibres Lotus Elise Eco (a); Natural fibres Tesla P100DL race car (b). 
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It is 500 kg lighter than the road version thanks to the use of natural fibres reinforced panels 

both for external body parts as internal ones. The use of these materials combines high 

performances with low weight and safer crash behaviour. However, hemp fibres are not used 

only in automotive field, but are also employed in some applications such as sport goods, music 

industry and home furniture. Examples of sports goods are “Artengo” tennis racket, “ArcWin” 

arc and “Le Ventolux” bike produced by combining some natural fibres such as flax and hemp 

ones. All these natural fibres applications are shown in the fig.16 [5]. 

 

 
 

a) b) 

 

 

c)  

 

Fig.16: some natural fibres applications: “Le Ventolux” bike (a); natural fibre speakers (b); natural fibre guitar 

(c). 

 

Hemp fibres are also used in the sound industry (fig.16b and fig.16c) in order to produce a new 

product in which the good mechanical properties are combined with the good acoustic 

insulation that characterises the hemp fibres. Moreover, hybrid flax-glass speaker cone was 

produced for the automotive sound system, in this way a homogeneous sound is reached in a 

richer range of frequencies. As above mentioned, hemp fibres are also used for home furniture 
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i.e. chair production, fig.17 shows some examples of hemp chairs produced by Werner 

Aisslinger and by Canvas Mariposa [6,7]. 

 

  

a) b) 

 

Fig.17: hemp chairs: Werner Aissinger (a); Canvas Mariposa (b). 

 

 

3.3 Hemp for industrial applications 

 

Hemp plant is one of the oldest annual crops known, there are some evidences of its use that 

date back to around 600 – 800 before Christ. There are evidences of its use in form of rope, 

canvas and cordage. Often, these plants are confused with marijuana plants due to their aspect 

but, although these plants are similar to each other, industrial cannabis sativa is characterised 

by a low value of THCs content. Hemp plant aspect is like that of flax, kenaf, jute and ramie 

plant. It is characterised by long and slender primary fibres that compose the plant bast, these 

fibres are attached to the core fibres with a pectin soluble gelatinous carbohydrate. The primary 

fibres can be employed for roping and textile and pulp production. The internal fibres with a 

wood like aspects can be used to produce building materials and biofuel. Moreover, the seeds 

have an amount of 25 – 35 % of oil in weight that contain essential acids that is demonstrated 

to be necessary for the human health [8]. 
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3.4 Hemp diffusion around the World 

 

The production of hemp fibre for the commercialisation come from Central Asia but it was 

planted in all the European continent. Successively, in 1645, hemp fibres were introduced in 

the United States and in New England as fibre for the house textile employing. 

Then, New England exported hemp fibres in the Australian hemisphere at the end of the 18th 

century, with more detail in Australia and New Zealand because these places were considered 

as ideal for hemp production and because the scope was the independency from the Russian 

hemp. However, this fibre typology use starts to fall due to the introduction of cheaper materials 

such as jute and sisal fibres from India, Bangladesh and China at the beginning of the 19th 

century. These materials were also more readily available than hemp fibre and this aspect 

improved the hemp fibre decline. This period of oblivion of hemp fibres continued in the 20th 

century due to the rise of petrochemical industries that improved the competition with bio-based 

materials. An additional contribute to the hemp fibre decline was the introduction of anti-drugs 

laws in the United States in the middle of the 1900. These legislative roles, required the 

registration and licensing of all hemp producer to the federal government in order to reduce the 

marijuana production. With the United States many other nations followed these regulations, 

and this procedure made the hemp production and detention illegal. The cultivation of hemp 

plants raised up during the second World War, in this period natural fibre composite materials 

raised up due to the non-availability of metal parts. It was in the 1992 that some countries 

officially passed the anti-drug laws and began to produce hemp with low THCs content. At the 

end of the 2001 new legislative laws permitted the cultivation of hemp plants with a THCs 

content under the 0,3%. Then, in this scenario a new improve of hemp production is required 

in all countries where it is again legal. 

 

 

3.5 Hemp diffusion in Italy 

 

The hemp cultivation in Italy goes back in the 1500. Italian hemp (cannabis sativa) was 

considered the best in the World considering the fibre quality, indeed, the Italian hemp 

production was second after Russia, that was the major hemp producer. For many years the 

hemp cultivation was the main crop in Italy, and more than hundred thousand hectares were 

employed for hemp production. But even though Italy was famous for hemp cultivation, during 
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the 20th century there was a regression of the production. The reason of this decline is attributed 

to economic crisis that affect this country in the middle of 1900. During these years, the hemp 

crop became less profitable, and farmers were forced to switch on other crops to survive. 

Moreover, this deflection of the hemp production was unavoidably referred to the cannabinoids 

content. Unfortunately, this crop restriction, caused the loss of germplasm of some Italian 

variegations and the stop of the development of new machine for the cultivation and production 

of hemp fibres [9]. In the last decade of the 1900, some eco-friendly movements promoted the 

production of hemp plants, but some anti-drug laws by the European Community, established 

a limit of the THC content of 0,2% lower than 0,3% of the previous regulation. Considering 

that the lower THC limit to consider a substance as drug is almost 10%, then these new rules 

seemed to be unnecessary and discouraged hemp producer to cultivate these plants. 

 

 

3.6 Hemp plant structure 

 

Hemp plants are separated in male and female plants, fig.18 shows an example of this plant 

typology [10]. Moreover, it is possible to obtain monoecious plant variety by breeding and plant 

selection. Hemp plant are sensitive to the environmental condition, with more detail they are 

sensitive to the day length and get the maturation when the days become shorter. Then, for these 

reasons, it is easy to understand that the growing session of hemp plant is from the middle of 

April until the middle of September. 

 

  

a) b) 

 

Fig.18: Hemp plants (a) and parts (b). 

 



52 
 

If the cross section of hemp steam is considered, it is orbicular at the bottom of the plant whilst 

it is angular at the top. The hemp plant is usually 1,5 – 2,5 meters tall, and the stem is almost 4 

-10 millimetres thick. The cross section of the stem can be seen in fig. 19 were a hollow inner 

part is observed, this part is surrounded by a wood core cell called hurd. These fibres are thin 

and shorter than the outer fibres, usually these fibres are used to make paper or fuel, but are not 

considered for the composite production. The outer part of the stem is characterised by the 

presence of long fibres commonly used for the composite production. Hemp seeds are usually 

3 – 6 millimetres long and are composed for the 29 – 34% of oil. This oil is beneficial for the 

human health and it is composed by three different fatty acids like linoleic (54 – 60%), linolenic 

(15 – 20%) and oleic (11 – 13%). 

 

  

a) b) 

 

Fig.19: Cross section of industrial hemp stalk. 

 

The main advantage of hemp plant is the capability to grow in a large soil variegation, but it 

does the best in well drained loam soils with a large amount of organic materials. Hemp plants 

also require abundant moisture especially during the first six weeks of growing. Hemp illness 

occur occasionally, and it is caused by fungi that develops on seeds or soil, this issue can be 

controlled by seed treatments before planting. Usually, under favourable conditions, these 

treatments are not required because hemp plant is very competitive with unwanted plants. 

Taking into account the hemp fibre, it is composed by three main elements, in detail cellulose 

microfibrils in amorphous materials like hemicellulose and lignin. Generally, the hemp fibre 

structure is characterised by a primary cell wall that is a thin layer and consist of lignin, pectin 

and cellulose, the second cell wall is thicker twice or more than the primary cell wall and 

consists of cellulose microfibrils and amorphous cellulose. Considering the hemp plant stem, 
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the technical fibre is a part of the bast fibre bundle, and the elementary fibre is a single fibre of 

the technical one. The fig.20 below shows this fibre distinguish. 

 

 

 

Fig.20: Structure of hemp stem. 

 

 

3.7 Hemp fibre elements 

 

The main elements that characterise the hemp fibre are cellulose, hemicellulose, lignin and 

pectin. Their amount depends on some factors such as the place where the plant is grown, the 

plant variety and the maturity when the plant is harvested. The main constituent variations are 

reported in the table 7 below [11]. 

 

Table 7: Chemical composition of hemp fibres 

 

Cellulose 

[% W/W] 

Hemicellulose 

[% W/W] 

Lignin  

[% W/W] 

Pectin  

[% W/W] 

Residuals 

[% W/W] 

64,40 14,40 3,40 7,30 10,50 

73,80 11,80 5,00 2,50 6,90 

72,40 13,80 4,90 4,00 4,90 

78,40 13,00 2,40 1,90 4,30 

65,90 14,90 4,60 4,00 10,60 

63,70 17,30 4,10 4,20 10,70 

73,40 14,60 4,30 2,40 5,30 
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As above mentioned, the hemp fibres have a cell wall structure. In fig.21 is represented the fibre 

structure, as it is possible to appreciate from the scheme, there are a primary and a secondary 

wall, the second wall is composed by three distinct layers: S1, S2 and S3. these layers are 

composed by cellulose, hemicellulose and lignin with amounts that depend from the 

microfibrils. Usually, the S2 layer is the thicker one and is responsible of the mechanical 

properties of the hemp fibre. 

In this paragraph each of the main constituent of hemp fibre is treated in detail. 

 

 

 

Fig.21: Inner structure of hemp fibre. 

 

 

3.7.1 Cellulose 

 

The cellulose is the constituent of the long thin crystalline microfibrils of the second wall, this 

material is the responsible of the mechanical properties of these fibres [12]. This material 

consists of a linear polymeric chain (fig.22) where monomers are linked each other by β-1,4-

glycosidic linkages with the elimination of one water molecule between the -OH groups. 

 

 



55 
 

 

 

Fig.22: Cellulose structure of natural fibres. 

 

The monomers in the cellulose structure, are able to form hydrogen bonds within the principal 

chain forming the elementary fibril, but are also able to form intermolecular hydrogen linkage 

forming microfibrils. Then, these linkage lead to a formation of a linear crystalline structure, 

that gives high strength to the fibre. In the amorphous region, the -OH groups are not used at 

all, then these groups are able to form linkage with water molecules and are responsible of the 

hydrophilic behaviour of hemp fibres. Therefore, there are some free -OH groups in the 

crystalline region where the cellulose structure of the fibrils is characterised by tightly packed 

chains. Then, in order to reduce the hydrophilic behaviour of this fibre, only strong acids and 

alkali solutions can penetrate into the crystalline structure and modify the cellulose surface. 

 

 

3.7.2 Hemicellulose 

 

This constituent in hemp fibre is composed by polysaccharides linked together in short chains 

highly branched. Hemicellulose differs from the cellulose by different aspects, first of all unlike 

cellulose it contains numerous saccharides; it is characterised by short chains but highly 

branched whilst cellulose is a linear and not to branched chain; finally the degree of 

polymerisation of cellulose is hundred times higher than that of hemicellulose, moreover, 

unlikely cellulose the constituents of this material varies plant to plant. 

Due to the high chain breaching of hemicellulose and then to its high linking ability, the 

hemicellulose chain can deteriorate leading to the disintegration of the fibres into cellulosic 

microfibrils resulting in lower fibre bundles strength [13]. Moreover, the acid residues linked 

to the hemicellulose structure, make it highly hydrophilic, then increase the water absorption 

causing a rising of the risk of fibre degradation. Moreover, it has been found that hemicellulose 
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is characterised by a lower temperature resistance than cellulose, indeed it thermally degrade 

around 150 – 180 °C whilst cellulose degrade around 200 – 230 °C. 

 

 

3.7.3 Lignin 

 

The lignin with the cellulose is the most important component of natural fibres. It is responsible 

of the compression strength of these fibres, this because it links all fibres together in order to 

obtain a stiffer structure. This is the reason why trees 100 meters tall such as coniferous and 

heavy trees such as oaks are able to remain upright. Lignin is a disordered and cross-linked 

polymer deriving from the polymerisation of more monomers structurally related to 

phenylpropane [14]. Then, it is possible to asses that the lignin matrix is characterised by a 

structure that is similar to a thermoset matrix in traditional composite materials. It was found 

that under ultraviolet exposition, lignin suffers the photochemical degradation [15]. Moreover, 

the treatment of hemp fibres with the p-radiata-cell leads the degradation of lignin and pectin 

causing a slight reduction of the fibre bundle tensile strength. Then, as above mentioned, a 

parallelism can be done between lignin and thermoset matrix in composite materials, because 

this constituent of natural fibres transfers stress to the microfibrils as well as a matrix transfers 

the load stresses to the fibres. 

 

 

3.7.4 Pectin 

 

Pectin is a particularly branched structure composed by acidic polysaccharides found in bast 

fibres. This component is characterised by linear chains of α-(1-4)-D-galacturonic acid and 

some backbone of α-(1-2)-L-rhamnose- α-(1-4)-D-galacturonic sections that contains some 

neutral chains of D-galactose, L-arabinose and D-xylose. 

Pectin constituent is the most hydrophilic component of natural fibres due to the presence of 

carboxylic acid groups, for this reason it is easily deteriorated by fungi attach [12]. Some tests 

carried out on hemp fibres by using pectinase enzymes, demonstrated that there is a pectin 

degradation that leads to a slightly reduction of the fibre strength. 
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3.8 Influence of the mechanical properties of hemp fibres 

 

The mechanical properties of hemp fibres are influenced by some aspects such as the presence 

of defects localised in the fibre structure, the degree of crystallinity and amorphousness or the 

orientation of the polymer chains of the fibrils. There are also chemical reasons that influenced 

the mechanical strength of natural fibres, such as the chemical composition or the presence of 

imperfections due to the growing condition and the harvesting process. There are also many 

factors such as the plant maturity, the type of soil and the environmental condition at which a 

plant grows. Indeed, as largely mentioned, the mechanical strength of natural fibres varies from 

a plant to another and varies if changes the part of the plant employed. The crystallinity of the 

natural fibres makes that strong to tensile stresses, but a high degree of crystallinity can causes 

the presence of internal nodes that affect the mechanical properties of the fibres [16]. In tables 

8 and 9 are reported respectively the main properties and tensile properties of hemp fibres 

reported by different authors [3]. 

 

Table 8: Main properties of hemp fibres [3] 

 

Properties Value 

Ultimate length [mm] 8,30 – 14 

Ultimate diameter [mm] 17 – 23  

Aspect ratio [length/diameter] 549 

Specific apparent density 1500 

Micro-fibrils angle [°] 6,20 

Moisture content [%] 12 

Cellulose content [%] 90 

Tensile strength [MPa] 310 – 750 

Specific tensile strength [MPa/ρ] 210 – 750 

Young’s modulus [GPa] 30 – 60  

Specific Young’s modulus [GPa/ ρ] 20 – 41  

Failure strain [%] 2 – 4 
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Table 9: Mean tensile properties of hemp fibres [3] 

 

Tensile strength 

[MPa] 

Tensile modulus 

[GPa] 

Elongation at break 

[%] 

690 - 1,60  

1235 - 4,20 

310 – 750  30 – 60 2 – 4  

550 – 900  70 1,60 

690 - 1,60 

895 25 - 

500 – 1040  32 – 70 1,60 

920 70 - 

690 – 1000 50 1,00 – 1,60  

920 70 1,70 

270 – 900  20 – 70 1,60 

 

From the tables it is possible to observe that these fibres are characterised by high values of 

tensile properties, these aspects in addition with the low weight and then low density, make 

hemp fibres suitable for using in composite materials. Therefore, some disadvantages limit their 

use in composites as well as large part of the other natural fibres, these negative aspects are 

identified in a variability of the mechanical properties, water absorption and then the fibre 

deterioration. 

 

 

3.8.1 Hemp growing conditions 

 

The growing conditions are responsible of the variation of the mechanical properties, but it is 

an interesting crop because it is easily to cultivate. Generally, this plant grows in a wide range 

of soils but it matures best in temperate zone, on soils non-acid and well drained characterised 

by a large amount of organic materials. These plants are distinguished in male and female and 

flourished from June up to October. Hemp plant is a very resistant culture, indeed it does not 

require pesticides to protect the plant from parasites, fungi and undesired weeds. An extensive 

culture of hemp plants leads to further advantages, these plants are able to limit the soil erosion, 

extract heavy metal from the soil and are also identified as carbon dioxide consumer. During 

their growing, hemp plants absorb carbon dioxide from the atmosphere and, at the end of their 

life cycle, these plants give back less carbon dioxide than that absorbed during their growing 
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phase. Moreover, an intensive crop is possible because these plants grow with a density of 150 

plants per square meter and reach a height between two and five meters during the three months 

of growing. 

 

 

3.8.2 Harvesting 

 

Hemp harvesting can take place at different time as function of the final product. When the goal 

is the production of high quality fibres, the stem of hemp plant must be harvested as the plant 

flourished whilst for the production of seeds and stalks, the harvest must occur four or six weeks 

after the plant flowering [17]. If the goal is the production of hemp for pulp or textile, the harvest 

must be done with appropriate equipment as the flowers are produced and before the seed 

formation. Some research works were carried out on the influence of the harvesting period for 

the hemp fibre production. Liu et al. [18] concluded that the harvest of hemp plant during the 

flour formation is beneficial for the production of high strength fibres. This because the fibre 

bundles are close to the epidermis during this stage and results in a single large fibre. The 

reduction of mechanical properties attributed to the bast fibre harvested after the plant 

flowering, then in the plant maturity, is attributed to the reduction of the cellulose amount and 

to the develop of secondary fibres that cause the deterioration of the primary fibres. It is known 

that the secondary fibres are totally different from the primary ones both regarding the chemical 

composition as the morphology. Another important aspect to take into account is the moisture 

amount. During the harvesting phase it is important that the moisture is around the 54% and 

during the storage this value must be less than 15% in order to avoid the fibre degradation due 

to microorganisms. 

At the end of the harvest, hemp plants are leaved to macerate on the soil in order to obtain the 

fibres. During this phase, a large part of the absorbed matters is released on the soil and ready 

for the new crop. 

On the basis of these considerations, highly lignified fibres are not desirable for retting, this 

because these fibres are characterised by a low value of cellulose and then low mechanical 

properties. Then hemp harvested at the beginning of the plant flowering is recommended for 

the production of fibres with high mechanical properties and then the production of strong 

composite materials. 
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3.9 Hemp fibres as reinforcement 

 

In order to produce lightweight core for sandwich composite structures, and to characterise the 

dynamic behaviour of hybrid bio-based laminates, two different hemp fabrics were employed. 

These two textiles are shown in fig. 23a and fig.23b, they differ each other by the areal density, 

the thickness and mesh. 

 

  

a) b) 

 

Fig.23: Hemp tissues: Maeko fabric (a); Fidia fabric (b). 

 

To date, long fibres in form of fabric are the most used reinforcement, this because these fibre 

organisation permits a good fibre orientation along the load direction. This is the reason why in 

this thesis hemp fibres were employed in form of fabric. Moreover, the choice of a larger mesh 

fabric is linked to the possibility to take advantage of the large mesh to produce porous core for 

sandwich structures. These reinforcements are supplied by Maeko S.r.l. [19] and Fidia S.r.l. 

[20], their properties are reported in tables 10 and 11. 
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Table 10: Maeko fibres properties [19] 

 

Single un-impregnated yarn 

Tensile strength [MPa] 507 

Tensile modulus [GPa] 18,40 

Elongation at break [%] 3,27 

Density [g/cm3] 1,50 

Fabric 

Tex [g/km] 40 

Grams per meter square [g/m2] 160 

 

Table 11: Fidia fibres properties [20] 

 

Single un-impregnated yarn 

Tensile strength [MPa] 507 

Tensile modulus [GPa] 18,40 

Elongation at break [%] 3,27 

Density [g/cm3] 1,50 

Fabric 

Tex [g/km] 334 

Grams per meter square [g/m2] 320 

 

 

3.10 Carbon fibres as reinforcement 

 

A carbon fibre was used for the quasi-static and dynamic characterisation of hybrid laminate 

composites. These carbon fibres in form of fabric are coupled with hemp fibres and are 

characterised by a similar areal density and thickness. These characteristics have been chosen 

in order to avoid a geometrical influence on the mechanical behaviour of the laminates. The 

carbon fibres are supplied by Toray International S.r.l. [21] and their properties are reported in 

table 12. 
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Table 12: Main properties of Toray carbon fabric [21] 

 

Single un-impregnated yarn 

Tensile strength [MPa] 3650 

Tensile modulus [GPa] 231 

Elongation at break [%] 1,40 

Density [g/cm3] 1,80 

Fabric 

Tex [g/km] 198 

Grams per meter square [g/m2] 200 

 

 

3.11 Composite matrix 

 

Epoxy resins are widely used as matrix in composite materials. These thermoset resins are 

characterised by a low cure shrinkage and no volatile reaction products during the 

polymerisation phase allowing to a reduced probability of defects internal to the laminate. 

Moreover, these matrices demonstrate a good adhesion to a large variety of substrate, good 

chemical and environmental resistance and good insulating properties [22]. All these aspects 

make these matrix typologies the most used in some applications that go from aeronautic to 

sports good. 

Epoxy resins are also characterised by the possibility to modify their composition to vary the 

matrix performances and then the application field. Some materials can be mixed with epoxy 

resin in order to modify the cure rate, the temperature of polymerisation or to improve the 

temperature resistance. 

 

 

3.11.1 Epoxy resin 

 

Epoxy resin is characterised by a complex chain structure with the presence of a number of 

epoxy groups that varies from 2 to 6 per molecule. In this chain there are some ring structures 

known as epoxide, oxirane and ethoxyline group. The main structure of these groups is shown 

in fig. 24, these groups are characterised by a high reaction capability with many substances. 
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For these reasons, the epoxy resin structure is complex and composed by numerous crosslink 

network between the polymer chains. 

 

 

 

Fig.24: Epoxy group. 

 

Epoxy resin can be characterised by a low or high viscosity caused by their main chain structure 

and generally, when a low viscosity resin is used, it is possible to obtain a good fibre 

impregnation without using high impregnation temperature or high pressure. Conversely, if a 

more viscous resin is used, there is need to increase both temperature and impregnation 

pressure. There are many epoxy resins in use, the most common is based on reacting 

epichlorohydrin (ECH) with bisphenol A, the fig. 25 shows a typical chemical structure of this 

type of epoxy resin. 

 

 

 

Fig.25: Chemical structure of epoxy resin. 

 

As above mentioned, in order to facilitate the impregnation phase and modify the resin 

properties, some other substances are added i.e. solvents, plasticisers or curing accelerators. In 

this last case the curing accelerators are added in order to reduce the weakness of epoxy resins 

that consist of long curing time. 

Moreover, as it is possible to appreciate from the fig. 25, the epoxy resin molecule contains two 

ring groups that are able to react to thermal and mechanical stresses better than the linear chain 

of thermoplastic resins. This characteristic gives to the epoxy resin stiffness, toughness and 

thermal resistance. 

Epoxy resin are also characterised by high adhesive strength, this aspect is attributed to the 

polarity of the aliphatic -OH groups. Whit more detail these external groups promotes links 

between the epoxy resin and the polar fibres [23]. 
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3.12 Used epoxy resin 

 

In this thesis an epoxy resin SX 10 EVO supplied by Mates Italiana S.r.l. [24] was used to 

produce all samples. Its mechanical and technical data are reported in the tables below. 

 

Table 13: Mechanical and technical data of the Epoxy resin [24] 

 

1 

Low viscosity 

SX 10 EVO is an epoxy resin of modified bisphenol with variable 

reactivity possibility of acceleration it has low viscosity that ensures 

excellent impregnation of the reinforcements also in the case of multi-axial 

or high GMS reinforcement. 

2 

Low toxicity 

Its special formulation makes it one of the least toxic epoxy resins on the 

market, with a significant reduction on the risk of sensitization phenomena 

for the users. The absence of smell due to the absence of volatile solvents 

allows its use without requiring expensive facilities of room ventilation. 

3 
Great versatility 

With the ability to accelerate the polymerization and with the possibility 

of processing both at room temperature and at average temperature, the 

resin SX10 shows a high flexible in its applicability. 

4 High glass 

transition 

temperature 

With 7 days of hardening cycle at 25 ° C, values of 55-63 °C, are reached 

for the glass transition temperature while with a cycle of 8 hours at 25 ° C 

+ 24 hours at 60 ° C the mean value of the glass transaction temperature 

reaches 83-89 °C. The maximum reachable value is 91 °C. 

5 Excellent 

mechanical 

properties 

The mechanical properties in the two above mentioned cases of the curing 

cycle (7 days at 25 °C or 8 hours at 25 °C + 24 hours at 60 °C) show that 

the SX 10 is a resin suitable for the manufacture of products for advanced 

composite for structural applications where high mechanical properties are 

required. 

6 

Careful mixing 

As all the epoxy resin systems to respect the more precisely as possible 

mixing proportions of resin and hardener is strictly necessary. An error 

greater than 5% involves a lowering of the final characteristics of the resin. 

For this epoxy system, the ratio between the resin and the hardener weigh 

must be 100:26. 

7 

Pot-life 

This time, variable with the room temperature and with the presence of 

accelerator, is called pot life. Keep in mind that it is good practice to 

distribute the mixed product in large and shallow containers that facilitate 

the dissipation of the heat produced by the exothermic reaction. Smaller 

the amount of resin in the trays of application and higher will be the time 

of applicability. 

8 
Use of fillers 

To change the thixotropy and the density of a product can be useful to add 

inert fillers to the resin, according to the proportions in large and shallow 

containers that facilitate heat dissipation. 
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Technical data 

Resin  

Type Epoxy resin of modified bisphenol 

Physical state Liquid 

Gardner index ≤ 3   

Viscosity at 25°C [mPas] 1200÷ 250    

Volatile substances at 

100% 

>0,3   

Density at 20 °C [g/cm3] 1,1 ÷ 1,15    

Flammability point >100 °C   

 

Hardener MEDIUM (M) SLOW (S) EXTRA SLOW (ES) 

Type Modified cycloaliphatic polyamine 

Physical state Liquid 

Gardner index ≤ 4 ≤ 8 ≤ 3 

Viscosity at 25°C [mPas] 30÷ 10 40÷ 10 40÷ 10 

Volatile substances at 

100% 

>0,5 >0,5 >0,5 

Density at 20 °C [g/cm3] 0,95 ÷ 0,05 0,95 ÷ 0,05 0,95 ÷ 0,05 

Flammability point 98 104 100 

 

Mechanical properties 

Curing cycles 7 days at 25 °C 8 hours at 25 °C + 24 hours at 60 °C 

Tensile strength (UNI 5819) 

[MPa] 

55÷ 65 60÷ 70 

Breaking point (UNI 5819) [%] 2,0÷ 3,0 3,5÷ 5,0 

Tensile modulus (UNI 5819) 

[MPa] 

2800÷ 3300 2700÷ 3200 

Flexural strength (UNI 7219) 

[MPa] 

85÷ 95 105÷ 120 

Flexural elongation (UNI 7219) 

[mm] 

7,5÷ 8,5 9,5÷ 10,5 
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Flexural modulus (UNI 7219) 

[MPa] 

2500÷ 3000 2400÷ 2900 

Compression strength (UNI 

4279) [MPa] 

105÷ 120 100÷ 120 

Glass transition temperature 

[°C] 

50÷ 58 75÷ 85 

Maximum reachable glass 

transition temperature [°C] 

82÷ 89 91 

 

 

3.13 Experimental campaign 

 

In this section, is going to be treated in detail the experimental procedure used for the 

manufacturing of core structures for sandwich composite materials, the production of hybrid 

laminates for their quasi-static and dynamic characterisation and the production of composite 

materials for their tribological behaviour characterisation. In order to make the thesis structure 

better arranged, the experimental campaign will be divided in five parts. 

 

Part 1: Continuous production of innovative core for sandwich structures 

 

This section is focused on the production of an innovative core structure for sandwich 

composite. A composite material was manufactured by combining hemp natural fibres with the 

epoxy resin in order to obtain a lightweight core structure. The aim of this new structure 

geometry is the production of a core, that at the same time demonstrates both a lower density 

value if compared to the widely used polymeric foams and an improved compression strength. 

Then, since the potentiality of the final product and the flexibility of the production system, a 

patent (n. 102018000009972) was edited and up to now it is still under review. 

 

Part 2: Hybrid sandwich structures with bio-based cores 

 

This part is a natural evolution of a previous thesis work focused on the quasi-static 

characterisation of bio-based core materials. Then, the aim of this part is the production of 

lightweight hemp core with two different densities and different thickness. A dynamic 
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characterisation was carried out on the sandwich materials obtained by coupling the bio-based 

core with two skins characterised by CFRP laminates. At the end of the experimental campaign, 

some non-destructive tests were carried out on the samples in order to have a better 

interpretation and quantification of the internal damage. In detail, some visible inspection on 

the cross section of the sandwich specimen and a CT-Scan were executed. 

 

Part3: Thin hybrid sandwich structures with bio-based cores 

 

As consequence of the quasi-static and dynamic characterisation of thick bio-based cores, this 

experimental campaign is referred to the quasi-static characterisation of thin sandwich 

composite materials. The idea of this campaign derives from the desire to overcome a 

technological limitation of common core structures such as polymeric foams or honeycomb to 

produce thin cores. In this case, it is possible to combine the lightness of natural fibres with the 

good in plane and out of plane properties such as compression. Then, in this section a single 

layer bio-based core is coupled with two single layer CFRP shins. Three-point bending tests 

were carried out according to the ASTM standards on each sample typologies. 

 

Part 4: Bio-hybrid composite laminates with improved mechanical properties 

 

This part is focused on the design of hybrid laminates for structural application, in which an 

epoxy resin is reinforced by a combination of synthetic carbon fibres and natural hemp ones. 

This hybridisation was carried out in order to combine the advantage of both materials and 

improve the out of plane properties. In this experimental campaign four different stacking 

sequence were studied by varying the position of the natural fibres through the thickness. On 

these laminates a quasi-static mechanical characterisation was carried out, in detail flexural and 

ILSS tests. Moreover, dynamic impact tests were executed on each sample typologies. At the 

end of the experimental campaign non-destructive tests were carried out in order to estimate 

the damage extension and its localisation through the thickness. 
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Part 5: Tribological behaviour of hemp fibres 

 

The study carried out in this section derives from the previous one. In case of structural 

application in which the composite material is subjected to tribological loads, and there is the 

risk of human touch with broken fibres that affect the human health, makes sense a study on 

the wear behaviour of natural fibres. In detail, a tribological experimental campaign was carried 

out on hemp/epoxy laminate and its behaviour was compared to that of glass/epoxy and 

carbon/epoxy composites. 

 

 

3.13.1 Part 1: Continuous production of innovative core for sandwiches structures 

 

In this part a new core material was produced. For its manufacturing Maeko hemp fibre was 

used, it is characterised by an areal density of 160 g/m2 and is was impregnated with the SX 10 

EVO epoxy resin. Before the impregnation process, hemp fabric was chemically treated with a 

2% of NaOH solution at room temperature for 30 minutes. After this chemical treatment, the 

hemp fibres were copiously washed with water and then treated with a 1% acetic acid solution, 

then at the end of the chemical treatment, the natural fibres were dried in an oven at 60 °C for 

12 hours. The production system of the natural core is shown in fig. 26 and it is mainly divided 

in five steps: fabric impregnation, resin jellification, semi-core forming, cutting and core 

assembling. 

 

 

 

Fig.26: Schematisation of the production system of a new lightweight hemp core geometry. 
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The treated fabric wrapped on a roll, was impregnated by the epoxy resin and forced between 

two rolls in order to remove the exceeding resin. The impregnated fibres were heated before 

the formation phase in order to accelerate the polymerisation process and were forced to pass 

in a climatic room in which there is the formation zone. Then, the impregned material in a state 

of jellification was forced in the formation zone. This zone is characterised by a caterpillar 

system which surfaces are modelled in order to obtain the desired core geometry. At the end of 

the formation phase, the polymerised semi-core was cooled through an air jet system and then 

was cut. An anthropomorphous robotic harm at the end of the production line, provides the 

superimposition of one or more semi-cores in order to produce a lightweight natural fibre core. 

The semi-core structures are characterised by a semi spherical geometry, they can be coupled 

each other by the contact between the peaks of the spherical geometry or by the contact between 

peaks and valleys of this geometry. The two different configurations of lightweight core 

structures are shown in fig. 27. 

 

  

a) b) 

 

Fig.27: Core configurations: peak to peak assembly (a); peak to valley assembly (b). 

 

During the impregnation and formation process, each semi-core was impregnated keeping 

constant the weight ratio between the impregnated fabric and un-impregnated one. In this way 

it is possible to evaluate the hemp fibre content that is almost 40% in weight for each layer. 

Moreover, with the two different superimposition processes it is possible to obtain two main 

core thickness and then two different values of the final density. The main characteristics of the 

two core structures are listed in table 14. 

 

Table 14: Main properties of the new hemp core configurations 

 

Core configuration 
Weight fibre 

percentage [%] 

Core thickness 

[mm] 

Core density 

[g/cm3] 

Peak to peak 40 5,40 0,18 

Peak to valley 40 2,90 0,22 
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These materials are not still tested because this section is dedicated only on the production 

technology of lightweight natural fibre core materials. 

 

 

3.13.2 Part 2: Hybrid sandwich structures with bio-based cores 

 

This section is dedicated to the production of natural fibres core and the production of sandwich 

structures. For this experimental campaign the Fidia hemp fibres were employed. This 

reinforcement is characterised by an areal density of 380 g/m2 and was impregnated with the 

SX 10EVO epoxy resin. 

In this experimental campaign were produced cores with different thicknesses and density. A 

total of three thicknesses were produced by varying the number of plies that composes the core 

structure, with more detail cores with 2, 4 and 6 plies were produced. The density variation was 

obtained enlarging the mesh of the fabric, for this scope one alternative tow of fibre was 

manually extracted in the weft and warp direction of the fabric. In this way, the areal density of 

the natural reinforcement was reduced from 380 to 190 g/m2, then the final density of the core 

structure is halved. In fig. 28 are shown the two reinforcements. 

 

  

a) b) 

 

Fig.28: Not enlarged (a) and Enlarged hemp fabric (b). 

 

Moreover, since a core structure for sandwich composite must be characterised by a low 

density, but also by good shear and compression properties, the aim of this experimental 
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campaign was focused on the production and mechanical characterisation of bio-based core 

structures with improved in plane and out of plane properties. 

Before the impregnation phase, the hemp fabric was subjected to the same chemical treatment 

showed in the previous section, then the moisture content was reduced by an exsiccation in an 

oven at 60 °C for 12 hours. In fig.28 is reported an example of the hemp fabric before the 

impregnation phase. 

 

 

 

Fig.28: Not enlarged hemp fabric before the impregnation phase. 

 

The impregnation of the reinforcement was carried out with the epoxy resin by using the hand 

lay-up technique, each layer of the single core specimen was impregnated, and its weight was 

evaluated in order to guarantee a fibre content of almost 40%. A particular attention has been 

paid in the mesh alignment during the stratification process, fig.29a and fig.29b show both 

normal and enlarged cores at the end of the stratification process. 

 

 
 

a) b) 

 

Fig.29: Polymerised hemp cores: not enlarged (a); enlarged (b). 

 



72 
 

Then, all specimens were cured by using the compression moulding technology at room 

temperature for 24 hours. In table 15 are summarised the samples typologies and the main 

characteristics. 

 

Table 15: Main properties of Not enlarged and Enlarged hemp cores 

 

Label 
Number of 

core plies 

Weight [g] Thickness 

[mm] 

Density 

[g/cm
3
] 

Fibre weight 

[%] 

NSF_6P 6 81,46 9,93 0,63 40 

NSF_4P 4 55,12 7,32 0,65 40 

NSF_2P 2 26,24 4,66 0,60 40 

SF_6P 6 39,25 8,76 0,37 40 

SF_4P 4 26,88 6,64 0,37 40 

SF_2P 2 13,28 4,41 0,33 40 

 

In fig.29 are reported examples of the samples at the end of the curing phase, but in order to 

evaluate the dynamic behaviour of the sandwich structure, two skins were applied to the core 

surfaces. These skins were produced by using carbon fibres reinforced prepregs supplied by 

Easy composites, their properties are reported in table 16. 

 

Table 16: Carbon fibre prepreg mechanical properties 

 

Property Test Standard results 

Compressive strength [MPa] BS EN ISO 14126 : 1999 483 

Tensile strength [MPa] BS EN ISO 527-4 : 1997 521 

Tensile modulus [GPa] BS EN ISO 527-4 : 1997 551 

Flexural strength [MPa] BS EN ISO 14125 : 1998 777 

Flexural modulus [GPa] BS EN ISO 14125 : 1998 46,7 

Interlaminar shear strength [MPa] BS EN 2563 : 1997 64,7 

Tg onset (DMA) [°C] ASTM 1-0003 Issue 3 121 

 

A total number of 4 carbon fabric plies were used to produce skins 1 mm in thickness. The 

CFRP laminates were produced in autoclave with a pressure of 8 bar and a cure temperature of 

120°C for 8 hours, in fig.30 are reported the main phases of their production. 
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a) b) 

  

c) d) 

 

Fig.30: Sandwich skins production phases. 

 

At the end of the polymerisation, all laminates were cut in plate 100 x 150 mm2 in size by using 

a diamond cutter and were applied to the cores by means of an epoxy adhesive film supplied 

by Easy Composites [25] The skins and core assembling was executed in autoclave with a 

temperature of 120 °C and a pressure of 8 bar for 8 hours. In fig. 31 are reported all phases of 

the final sandwich composite production. 

 

  

a) b) 
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c) d) 

 

 

e)  

 

Fig.31: Hybrid hemp core sandwich assembling phases. 

 

Therefore, two different families of sandwich composite structures were studied. These families 

differ each other by the core density that is one half of the other, but each sample of the same 

family differ each other by the core thickness. In order to evaluate the dynamic mechanical 

properties, some low velocity impact tests at different energy levels were carried out according 

to the ASTM standards. 

 

 

3.13.3 Part3: Thin hybrid sandwich structures with bio-based cores 

 

This section is an evolution of the previous part focalised on the study of the dynamic behaviour 

of bio-based core structures. The idea is the overcoming of the technological limitation of 

sandwich composites, related to the thickness of the mostly common polymeric foams and 

honeycomb core. Therefore, the aim of this part, is the production and the mechanical 

characterisation of thin sandwich structures, in order to evaluate the influence of a single layer 

of natural fibre core between two skins of CFRP laminates characterised by single layers. 
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As well as for the experimental campaign carried out in the part 2, also in this case natural fibres 

were used as core, in detail two natural fibres were employed. The first one is the Fidia hemp 

fibres, whilst the second one is a flax fabric supplied by Fidia S.r.l. Toray International carbon 

fibres were used as skin in the sandwich structure. The composite materials under inspection 

were produced by a combination of hand lay-up and vacuum compression moulding techniques. 

All reinforcements were impregnated with the SX 10 epoxy resin and placed on a mould plate 

with a size of 450 x 500 mm2. At the end of the impregnation phase the sandwich structure was 

sealed in an elastomeric bag and the vacuum is applied, in fig.32 are reported some of the 

production phases of their production. Moreover, a further pressure was applied on the system 

in order to apply a total pressure of about 2 bar. Then the composite materials were cured at 

room temperature with a pressure of 2 bar for 24 hours, then, at the end of the cure cycle, all 

samples were cut in specimens with a diamond cutting. 

 

  

a) b) 

  

c) d) 

 

Fig.32: Thin hybrid natural/carbon fibres sandwich structures production phases. 

 

Therefore, in this experimental campaign, three different families of composite materials were 

produced, the first one characterised by the reference CFRP laminate, the second ones are two 

sandwich samples with natural cores. On these materials, a comparison with the same 
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mechanical properties and with the same weight have been performed and a quasi-static test 

were carried out according to the ASTM standards. In table 17 are reported the main 

configurations produced in this experimental campaign. 

 

Table 17: Classification and main properties of thin hybrid sandwich structures 

 

Label Reinforcement 
Weight [g] Thickness 

[mm] 

Density 

[g/cm
3
] 

Fibre weight 

[%] 

CFRP 2P 2 Carbon plies 0,91 0.61 1,16 36,08 

CFRP 4P 4 Carbon plies 1,81 0.92 1,48 49,40 

C-H-C Carbon/Hemp 2,36 1,68 1,11 55,56 (skins) 

C-F-C Carbon/Flax 2,24 1,38 1,09 55,56 (skins) 

 

 

3.13.4 Part 4: Bio-hybrid composite laminates with improved mechanical properties 

 

This section is focused on the design and the study of quasi-static and dynamic behaviour of 

hybrid laminates in which the reinforcement is a combination of the synthetic and natural fibres, 

in detail carbon and hemp fibres respectively. The hybridisation was carried out in order to 

combine the advantages of both materials improving the out of plane properties of traditional 

CFRP composite materials and reduce at the same time the carbon footprint introducing eco-

friendly materials. 

Woven Maeko hemp fabric and woven Toray International carbon fibres were hybridised with 

SX 10 EVO epoxy resin to produce hybrid laminates. Before the impregnation phase, the same 

chemical treatment illustrated in part1 was carried out on hemp fibres, moreover they were 

dried in an oven for 12 hours at 60 °C. As well as for the experimental campaign carried out in 

the third part, all composite laminates were manufactured by the combination of hand lay-up 

and vacuum compression moulding technique.  

A total number of 15 plies of hemp and carbon fabrics were manually impregnated with the 

epoxy resin and placed in a mould sized 300 x 300 mm2 by hand lay-up technique. 

At the end of the stratification phase, the mould with the uncured laminates were sealed in an 

elastomeric bag under vacuum and placed in a hydraulic press under a pressure of 8 bar at 55 

°C for 2 hours, then the laminates were left to cure at room temperature under a pressure of 8 

bar for 24 hours. In fig.31 are reported the main production phases of hybrid laminates. 
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a) b) 

  

c) d) 

  

e) f) 

 

Fig.31: Hybrid hemp/carbon laminates production phases. 

 

Six different configurations of composite materials were produced, their details are listed in 

table 18. Two of these typologies, with more detail composite materials reinforced by only 

carbon fibres labelled as C sample type, and laminates reinforced by hemp fibres alone labelled 

as H sample type, are employed as references. The other four typologies are hybrid laminates 

obtained by replacing three carbon plies with three hemp fabric layers. Both symmetric, 

configuration S and SU, and asymmetric, configuration A-CH and A-HC, laminates were 

considered. 

Therefore, in this experimental campaign quasi-static and dynamic test were carried out in order 

to evaluate the influence of natural fibres on the flexural and impact properties of composite 
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materials. Moreover, at the end of the tests, non-destructive tests were carried out on impacted 

samples in order to evaluate the internal damage extension and its localisation through the 

thickness of the hybrid composite. 

 

Table 18: Classification and main properties of thin hybrid sandwich structures 

 

Label 
Reinforcement 

fabric 
Lamination 

Stacking 

sequence 

Thickness 

[mm] 

Fibre volume 

fraction [%] 

C Carbon 
Carbon 

control 

[C15] 

 
2.72 61.1 

S Carbon/Hemp Sandwich 
[C6H3C6] 

 
3.12 53.7 

A-HC Carbon/Hemp Asymmetric 
[CH3C11] 

 
3.12 53.2 

A-CH Carbon/Hemp Asymmetric 
[C11H3C] 

 
3.11 53.8 

SU Carbon/Hemp 
Symmetric 

Uniform 

[CHC5HC5HC] 

 
3.10 53.4 

H Hemp Hemp control 
[H15] 

 
3.68 46.6 

 

 

3.13.5 Part 5: Tribological behaviour of hemp fibres 

 

This section is focused on the characterisation of the wear behaviour of hemp/epoxy composite 

materials compared to that of glass/epoxy and carbon/epoxy composites. The experimental 

campaign derives from the study carried out in part 4. The idea was the replacement of the 

external ply with bio-based ones in all cases of tribological loads that can compromise the 

human health by dermatitis from contact or inhalation of broken fibres. Woven Maeko hemp 

fibres in form of fabric, Toray International carbon fibres and glass fibres were impregnated 

with SX 10 EVO epoxy resin in order to produce all samples typologies under inspection. As 

well as for the other experimental campaign, hemp fibres were chemically treated and then 

dried in an oven with a temperature of 60 °C for 12 hours. In fig. 32 are reported a SEM 

observation of the fibre surface before and after the chemical treatment. 
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a) b) 

 

Fig.32: Hemp tow surface before (a) and after (b) the chemical treatment. 

 

The sample types under investigation are listed in Table 19. All laminates from which the 

specimens were obtained, have the same stratification sequence and the same number of plies 

equal to four. 

 

Table 19: Main characteristics of all samples under inspection 

 

Sample Type Fabric Matrix Plies Number  Thickness [mm] 
Fibre volume 

fraction [%] 

H Hemp  Epoxy  4 1,52 30,00 

C Carbon  Epoxy  4 1,56 29,70 

G Glass  Epoxy  4 1,80 34,20 

 

The laminates were produced through the vacuum infusion process technique. At the end of the 

stratification, the dried plies were sealed in an elastomeric bag under vacuum, then the infusion 

process took place. The uncured laminates were left to cure under vacuum at room temperature 

for 24 hours. 
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Fig.33: Hemp, glass and carbon specimen used for the experimental campaign. 

 

Then, specimens 200 x 100 mm in size were obtained from the sample laminates and are shown 

in fig.33. Therefore, in this experimental campaign tribological tests and microgeometrical 

measurements were carried out in order to study how hemp fibre influence the wear behaviour 

of composite materials. 
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Chapter 4: Results and Discussions 

 

 

In this chapter, is going to be treated in detail the experimental set-up and the results of each 

section listed in the previous chapter. Then, in order to make easier the reading, this chapter is 

divided into four parts. 

 

 

4.1 Part 2: Hybrid sandwich structures with bio-based cores 

 

 

4.1.1 Impact tests 

 

As above mentioned in chapter 3, low velocity impact tests are required in order to evaluate the 

dynamic mechanical properties of these hybrid sandwich structures. All tests were carried out 

in accordance with the ASTM D7136 standard. 

The tests were executed using a home-made falling drop weight machine, equipped with an 

impactor tip of 16 mm diameter and a falling impact shuttle of 9.16 kg heavy. Furthermore, in 

order to avoid additional impacts of the shuttle on the specimen, the impact machine is equipped 

with an anti-rebound system that hold the shuttle after the first impact. fig.34 shows the impact 

test apparatus in which it is possible to see the sample clamped between two steel plates, fig.34b 

represents a schematisation of the experimental set-up. 
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a) b) 

 

Fig.34: Experimental set up (a) and schematisation (b) of the impact test. 

 

The impact tests were carried out on a total number of 5 specimens for each sample typology. 

All samples are characterised by dimension of 100 mm x 150 mm as established by the ASTM 

standard, and, as showed in fig.34a, are clamped between two steel plates using bold serrated 

by hand in order to avoid any movement of the samples before and after the impact event. 

All tests were carried out keeping constant the impactor mass that is equal to 9.16 kg, and 

different impact energy levels have been chosen: 10J, 25J and 45J obtained by varying the 

impactor tip height. Furthermore, additional impact tests were carried out at 50J in order to 

obtain the failure at penetration of the NSF_6P sample. Once selected the impact energies, the 

drop height and the impact velocities were evaluated using the potential energy eq. 17 and 

kinetic energy relations eq. 18. 

 

𝐸 = 𝑚𝑔ℎ       eq. 17 

 

𝑣 = √2𝑔ℎ       eq. 18 

 

Where m is the impactor mass in (kg), g is the acceleration of gravity at sea level in (m/s2) and 

h is the impact height (m). 

The loading peak forces were measured using a piezoelectric load cell connected to a Pc through 

an amplifier. A Matlab routine was written in order to process all the impact data and at the end 

of the analysis force-time, force-displacement, displacement-time and velocity-time curves 

were obtained. 

Accelerometer 

Impactor 
Tip 

Sample 
Holder 

Electromagnet 
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a) b) 

 

Fig.35: Impact test carried out at 45J on NSF_2P sample (a) and SF_2P sample (b). 

 

fig.35 illustrates the impact force displacement curves, obtained from the impact tests at 45J on 

NSF_2P (fig.35a) and SF_2P (fig.35b) samples. For each sample typology, the minimum and 

maximum curves are reported. In both cases, it is possible to observe that the force displacement 

curves are open and a large area is subtended to the curves, these aspects suggest the failure at 

penetration for both sample typologies. Moreover, when the maximum force is reached, it is 

possible to observe in both cases a sharp load drop that corresponds with a growth and 

propagation of internal damage through the thickness. Focusing the attention to the loading 

section of the force displacement curves, it is possible to appreciate a first load drop in 

correspondence of almost 1000 N. This load drop testifies the creation of internal cracks that 

propagate through the thickness, with more detail, if the attention is focused on the SF sample 

(fig.35b) a plateau is detected in correspondence of the same loading force. This phenomenon 

can be justified by the lower rigidity that characterises the SF bio-based core. This aspect can 

be highlighted by the peak load that is 13.75% lower if compared to the NSF sample and by the 

displacement at failure that is 30% higher than the NSF sample. 

This result confirms what observed about the maximum peak load, the absorbed energy Ea, and 

return coefficient, RC, values listed in table 20. 

 

Table 20: Impact results of the test carried out at 45J on 2 layers hemp core 

 

Sample Ei [J] F [N] Ea [J] RC [J/J] 

NSF_2P 45 3416.17 34.66 0.229 

SF_2P 45 2946.33 32.97 0.267 
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In the table is reported the peak load, detected for each sample typology, the absorbed energy 

Ea and the return coefficient that is defined as the ratio between the difference of the impact 

and the absorbed energies (Ei - Ea) and the impact one (Ei). 

Other impact tests were carried out on thicker hemp core keeping constant the impact energy, 

then in fig.36 are reported the impact curves obtained from impact tests at 45J on the NSF_4P 

(fig.36a) and SF_4P (fig.36b) samples. 

 

  

a) b) 

 

Fig.36: Impact test carried out at 45J on NSF_4P sample (a) and SF_4P sample (b). 

 

From the force displacement curves it is possible to observe that if on one hand the SF sample 

demonstrates a failure at penetration, on the other the NSF sample shows a severe damage, but 

no penetration. At the same way, a peak load is detected in the loading section of the force 

displacement curves in correspondence of around 1000 N. Also in this case, if the attention is 

focused on the SF sample (fig.36b), it is possible to appreciate a sort of plateau in 

correspondence of this peak, but it is not so marked because the total number of the core plies 

is doubled, and then the overall rigidity of the hemp core is raised up. Furthermore, as well as 

the previous impact test, the SF sample shows a reduced peak force of almost 19.8% and a 

displacement at break that is 46.1% higher than the NSF sample. These results are indicative of 

a more ductile behaviour of the SF bio-based core if compared with the NSF one. 

 

Table 21: Impact results of the test carried out at 45J on 4 layers hemp core 

 

Sample Ei [J] F [N] Ea [J] RC [J/J] 

NSF_4P 45 4121.56 44.78 0.005 

SF_4P 45 3303.46 42.37 0.058 
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In table 21 are resumed the main results of the impact tests carried out on NSF_4P and SF_4P 

samples. 

 

  

a) b) 

 

Fig.37: Impact test carried out at 45J on NSF_6P sample (a) and SF_6P sample (b). 

 

Fig.37 shows the force displacement curves obtained from impact tests carried out at 45J on 

NSF_6P (fig.37a) and SF_6P (fig.37b) samples and table 22 summarises the main impact 

results. 

 

Table 22: Impact results of the test carried out at 45J on 6 layers hemp core 

 

Sample Ei [J] F [N] Ea [J] RC [J/J] 

NSF_6P 45 5079.61 41.15 0.085 

SF_6P 45 4226.99 44.90 0.002 

 

For both sample typologies, it is possible to appreciate a good repeatability of the impact tests, 

and as well as for the 4 layers core case, a failure at penetration takes place for the SF samples 

whilst a severe damage without penetration occurs for the NSF sample. Looking at fig.37 it is 

possible to observe that the force suddenly reaches the maximum value in case of NSF sample 

(fig.37a), whilst increases smoothly up to the maximum value in case of SF sample (fig.37b). 

Furthermore, a peak load reduction of almost 16.8 % is detected for the SF sample if compared 

to NSF one and a displacement at break that is 29.2% higher than the NSF specimen. All these 

aspects, highlighted as well as the previous impact tests, a more ductile behaviour of the SF 

bio-based core. 
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Fig.38: Mean value of the absorbed energy for each sample typology at the end of the 45J impact test. 

 

In fig.38 are summarised the mean values of the absorbed energy obtained from the impact test 

at 45J carried out on each sample typology. From this graph, it is possible to observe that both 

sandwich structures with NSF_2P and SF_2P cores show the lowest value of absorbed energy, 

this aspect is linked to the load reaction capability of these two sample families. With more 

detail, only 77% and 73.3% of the impact energy were sufficient to reach the material limit and 

penetrate NSF_2P and SF_2P samples respectively. Analogous conclusions can be deduced for 

SF_4P and SF_6P samples, in which the 94% and the 99.8% of the impact energy is required 

to produce the failure of the specimens, then increasing the total number of core layers, a larger 

amount of energy is required to cause the failure of the specimen. On the other hand, if the 

attention is focused on the NSF_4P and NSF_6P samples, a reduction of the absorbed energy 

is detected when the number of core layers is raised up. Then, it is possible to conclude that the 

core density influences the impact behaviour of NSF sample typology. 

 

 

4.1.2 Indentation tests 

 

Additional indentation tests are then required to better understand the failure mechanism of 

NSF and SF hemp core. The tests were carried out according to the ASTM D6264 standard 

using an MTS Alliance RT/50 universal testing machine equipped with a 50 kN piezoelectric 
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load cell. The dimensions of both the sample typologies were established by the ASTM 

standard, then 150 mm x 150 mm square samples were tested with a hemispherical indenter tip 

with a diameter of 15 mm. As well as the specimen geometry, the testing speed was established 

by the standard ad it was set to 4 mm/min. 

A total of three curves were obtained for each sample typology, a first one at penetration, then 

other two curves in which the test was stopped when the 33% and 66% of the failure 

displacement was reached. 

 

 

 

a) b) 

 

 

c)  

 

Fig.39: Indentation test 33% of the failure at penetration: indentation force displacement graph (a), NSF sample 

bottom surface (b), SF sample bottom surface (c). 

 

In fig.39 are reported the 33% indentation curves and a magnification of the bottom surfaces of 

both the NSF sample (fig.39b) and SF sample (fig.39c). The indentation curves show, as well 

as for the impact test carried out on the sandwich structures, a maximum load reduction of SF 

sample of almost 57.5% in comparison with the NSF one and, at the same time, an improvement 

of the displacement of almost 36.7%. Focusing the attention on fig.39b and b, it is possible to 

appreciate that in both cases initial cracks start from the upper surface in contact with the 
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penetrator tip and propagate on the lower surface through the thickness. These cracks appear to 

be extremely localised, moreover no delaminations are detected at the end of this test. 

 

 

 

a) b) 

 

 

c)  

 

Fig.40: Indentation test at penetration: indentation force displacement graph (a), NSF sample bottom surface (b), 

SF sample bottom surface (c). 

 

In fig.40 are reported the penetration force displacement curves and the magnification of the 

bottom surfaces of both the NSF and SF samples, respectively fig.40b and c. The indentation 

curves still demonstrate a peak load reduction of the SF sample of almost 55.5% in comparison 

with the NSF sample, whilst an improvement of only 5% of the displacement at failure is 

detected for the SF sample in comparison with the NSF one. At the end of the penetration test, 

both samples showed a defined indentation on the top surface in contact with the penetrator tip, 

on the other hand broken and bended fibres are appreciable on the bottom surfaces of both 

samples. 

An additional failure mechanism can be observed from the SF sample magnification (fig.40c), 

in detail the penetrator breakthrough causes an in-plane hemp fibre bending both in warp and 

weft direction due to the low interaction between hemp tows at the intersection. 
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This mechanism justifies an additional contribute to the impact energy dissipation, indeed 

during the impact event part of the impact energy is used to plastically deform hemp core layers. 

This fibre bending mechanism that characterises the SF sample is responsible of a reduced 

damaged area. 

 

 

4.2 Part 3: Thin hybrid sandwich structures with bio-based cores 

 

 

4.2.1 Tensile tests 

 

On the basis of a complete mechanical characterisation of thin sandwich structures, tensile tests 

were performed on all samples according to the ASTM D3039 standards, using the MTS 

Alliance RT/50 universal testing machine equipped with a 50kN piezoelectric load cell. The 

tensile tests were carried out on a total number of three specimen for each sample typology with 

a width and a length of 25 mm and 250 mm respectively. Moreover, as established by the ASTM 

standard, on each specimen four tabs were applied in the grip zone. Testing speed was chosen 

according to the standard equal to 2 mm/min, then the tensile stress was evaluated by using the 

eq. 19. 

 

𝜎 =
𝐹

𝐴
       eq.19 

  

Where F is the load expressed in (N) and A is the cross section of the specimen in (mm2). During 

the tensile test an extensometer was employed for the measurement of the strain at break. Then 

the elastic modulus was evaluated by the stress to strain ratio according to the following 

equation. 

 

𝐸 =
𝛥𝜎

𝛥𝜀
       eq.20 

 

Fig. 41 shows the typical force displacement curves of all sample typologies under inspection. 

Since in this part of the experimental campaign composite laminates and sandwich structures 

are compared, makes sense a simple force displacement comparison instead of the typical stress 

strain one. 
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Fig.41: Typical force-displacement curves of each sample typology. 

 

The chart shows that the addition of a natural fibre layer between the two carbon skins, does 

not influence the elastic behaviour of the hybrid laminate, indeed these plates respond 

elastically to the applied deformation with a linear load increasing. It is clear that there is a 

reduction of the mean value of the maximum load at break of almost 19,2% and 13% 

respectively for C-H-C and C-F-C configurations if compared to the carbon reference. In the 

hybrid composite structure, the two carbon skins are not in contact each other leading to internal 

delamination and then the premature fail of the single carbon layer. This issue is also linked to 

the smaller elongation at break that characterises the hybrid composites. Fig.41 shows also a 

slope increasing of the hybrid composite materials in comparison with the carbon laminate 

reference. In detail, the slope of C-H-C and C-F-C configurations is respectively 12,3% and 

22,4% higher than the reference. This aspect is clear, considering that the addition of the natural 

fibre layer causes an increase of the total thickness, and then a larger cross section of the 

samples. 

 

 

4.2.2 Three-point bending tests 

 

Three-point bending tests were carried out according to the ASTM D790 standard, using the 

MTS Alliance RT/50 equipped with a 1 kN piezoelectric load cell. A total number of three 
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specimens for each sample typology were tested with a length and a width of 100 mm and 13 

mm respectively. In all configuration, a three-point bending fixture was employed with both 

the loading nose and support characterised by a circular section with a diameter of 10 mm as 

established by the standard. As well as the fixture geometry, the testing speed was established 

by the standard, with more detail set to 2 mm/min. The ASTM standard recommend the support 

span that is equal to 44 mm and 53 mm respectively for hemp and flax core hybrid sandwiches. 

The support span of CFRP laminate was 20 mm in case of comparison with sandwich structures 

with the same mechanical properties and 58 mm in case of comparison with the same thickness. 

Moreover, additional three-point bending tests were carried out at the same support span equal 

to 30 mm in order to evaluate at the same load condition, the consequence of using a natural 

fibre layer between two single layers CFRP skins. 

Then, the flexural stress (σf) was evaluated using eq. 21 in case of composite laminate and eq. 

22 in case of sandwich structures. 

 

𝜎𝑓 =
3

2

𝐹 𝐿

𝑏𝑠𝑐
2 

       eq.21 

 

𝜎𝑓 =
𝐹 𝐿

4𝑏𝑠𝑒 
       eq.22 

 

Where F is the load in (N), L is the support span in (mm), b is the width of the specimen in 

(mm), sc is the thickness of the specimen in (mm), e is the distance between the neutral planes 

of the skins of the sandwich structure in (mm). 

The flexural strain in both cases was evaluated using the following equation. 

 

𝜀𝑓 =
6𝐷𝑆𝑐

𝐿2
       eq.23 

 

Where D is the displacement of the crosshead in (mm). Then the flexural modulus of elasticity 

was evaluated by the stress to strain ratio according to eq. 24. 

 

𝐸 =
𝛥𝜎

𝛥𝜀
       eq.24 
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Fig.50 shows the typical force versus displacement flexural curves of all the sample typologies 

under inspection. As it is possible to see from this figure, are not reported the flexural stress 

and strain because in this part of the experimental campaign, both composite laminates and 

sandwich structures are compared. Therefore, makes sense a simple force displacement 

comparison instead of the typical stress strain one. 

 

 

Fig.42: Typical bending force-displacement curves of each sample typology, case of comparison with the same 

mechanical properties. 

 

Fig.42 shows the typical flexural force versus displacement for each sample typology. These 

curves show the typical behaviour of composite materials, in detail the composite materials 

show an elastic behaviour up to the failure of the specimen. The failure takes place in the 

compressive region due to the compression fibre instability. Moreover, from the chart in fig.42, 

it is possible to evaluate that there is a changing of the slope of the curves when hybrid sandwich 

structures are taken into account. With more accuracy, the hybrid laminates show a slope 

increasing that is almost 32% and 41% respectively for the C-H-C and C-F-C configurations if 

compared to the CFRP. Then, using the hybrid sandwich structures to obtain the same 

displacement, a higher force is required, this aspect is related to the improving of the flexural 

rigidity of the sandwich structure. 
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a) b) 

 

Fig.43: Mean value of the flexural stress of each sample typology (a), specific flexural stress of each family (b) 

in case of comparison with the same mechanical properties. 

 

Fig. 43a shows the mean value of the flexural stresses for all samples under inspections, from 

this chart it is possible to evaluate that there is not an appreciable variation of flexural properties 

for all configurations under inspection, this aspect is clear because the failure of the specimen 

occur in the carbon layer where the load is applied. In fig. 43b are reported the specific flexural 

stresses obtained by the ratio between the bending stress and the density of the composite 

structures. From this chart it is highlighted an improvement of the specific flexural properties 

that is almost 5% if the hybrid C-H-C sandwich structure is compared to the CFRP one. 

Additional three-point bending tests were performed comparing each sample typology with the 

same weight. For these tests is not reported the flexural stress chart because, as well as for the 

previous case, the failure of the specimen is caused by the carbon fibre instability in the 

compression region, where the load is applied. Conversely the specific bending stresses are 

reported. 
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Fig.44: Specific flexural stresses of each sample typology, case of comparison with the same mechanical 

properties. 

 

In fig.44 are shown the specific flexural stresses. From the chart it is possible to appreciate that 

both the sandwich structures demonstrate higher specific stress if compared to the carbon 

reference. With more detail, while the C-F-C configuration shows the best specific properties 

with an improvement of almost 36,5% compared to the carbon reference, the C-F-C structure 

demonstrates specific flexural properties that are almost 16,5% higher than the reference. 

Then, at the end of the flexural tests, other bending tests were carried out maintaining a constant 

value of the support span. These tests were performed in order to evaluate with the same load 

conditions, the influence on the mechanical properties by the addition of a bio-based layer 

between two carbon skins. 

In fig.45 are reported the typical flexural forces versus displacement of all samples under 

inspection. As well as for fig.42, also in this case, due to the comparison between composite 

laminates and sandwich structures, makes sense the presentation of flexural force versus 

displacement curves instead of the flexural stress strain ones. 
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Fig.45: Typical bending force-displacement curves of each sample typology, case of comparison with the same 

mechanical properties under the same load conditions. 

 

As well as for the fig.50 all sample typologies fig.45 shows the typical behaviour of composite 

materials, in detail, an elastic response to the applied deformation up to the failure is detected 

for each sample type. Moreover, as well as the comparison with the same mechanical properties, 

fig.45 shows an improving of the slope of the hybrid curves that is almost 1900% and 1300% 

respectively for the C-F-C and C-H-C sandwiches compared to the carbon reference. Then, 

when the different composite typologies are subjected to the same load condition, the addition 

of a natural fibre layer between two carbon plies, leads to a consistent increase of the rigidity 

of the composite structure. This aspect is confirmed by the force-displacement curves where, at 

the same value of the imposed displacement, a higher value of flexural force is required. 

In case of flexural tests performed at the same support span make sense a comparison between 

the specific forces of all samples under inspection. The specific force is obtained by the ratio 

between the flexural force and the weight of the specimen. 
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Fig.46: Mean values of the specific flexural force of each sample typology, case of comparison with the same 

mechanical properties under the same load conditions. 

 

In fig.46 are reported the main value of the specific flexural forces. The chart shows an 

improvement of the specific force for both the hybrid sandwich structures, in detail the C-H-C 

configuration demonstrates a specific force that is almost 36% higher than the carbon reference 

laminate. The best results are indicated by the C-F-C samples with an increase of the specific 

mechanical properties of around 83% if compared to the reference. Therefore, even if the 

addition of a layer of natural fibre in the middle plane of the laminate causes a weight increase 

of the composite material, there is a significative improvement of the specific flexural properties 

under the same load conditions. 

 

 

 

Fig.47: Mean values of the specific flexural force of each sample typology, case of comparison with the same 

weight under the same load conditions. 

 

In fig.47 it is possible to observe the mean value of the specific forces as consequence of the 

bending test performed on samples with the same weight under the same load conditions. As 
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well as for the case showed in fig.46, hybrid sandwich structures demonstrate enhanced specific 

flexural properties. But this improvement is not so pronounced as in the previous case, indeed 

the C-H-C laminate shows an improvement of about 10% in comparison with the carbon 

reference, while the C-F-C demonstrates an improvement of 48%. These results are clear since 

the effective portion of carbon fibres in CFRP laminate which are resisting to the bending load 

is larger (4 carbon plies) if compared to the previous case (2 plies). However, even though a 

double number of carbon layers is employed, hybrid composite structures still offers higher 

specific flexural properties than both the carbon references. 

 

 

4.3 Part 4: Bio-hybrid composite laminates with improved mechanical 

properties 

 

 

4.3.1 Three-point bending tests 

 

Three-point bending tests were performed according to ASTM D790 standard, using a universal 

testing machine (Instron 3369 equipped with a 50kN piezoelectric load cell in fig.48). These 

tests were carried out in the United Kingdom. 

 

 

 

Fig.48: Instron universal testing machine. 
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The flexural tests were performed on a total number of 5 specimens for each configuration (see 

table 18 in Materials and methods Part 4 pag. 78) with a length of 210 mm and a width of 13.2 

mm in case of carbon (C  configuration) and hybrid laminates (A-CH, A-HC and SU 

configurations), and a length of 300 mm and a width of 18.2 mm in case of hemp composites 

(H configuration). Both loading nose and the supports are characterised by a circular section 

with a diameter of 10mm as established by ASTM standard. Testing speed and span length are 

chosen according to ASTM D790 standard and depend on the sample type: a testing speed of 

18 mm/min and a span length of 180 mm in case of carbon composite (configuration C) and all 

hybrid composites were used, while a testing speed of 22 mm/min and a span length of 230 mm 

were adopted in case of hemp composites (H configuration). The flexural stress (σf), strain(εf) 

were evaluated according to the eq. 25 and eq. 23 showed in the part 3. Then the flexural 

modulus of elasticity was evaluated by the stress to strain ratio according to eq. 24. 

 

𝜎𝑓 =
3

2

𝐹𝐶𝐿

𝑏𝑆𝐶
2 [1 + 6 (

𝐷𝐶

𝐿
)

2

− 4 (
𝑆𝐶

𝐿
) (

𝐷𝐶

𝐿
)]    eq. 25 

 

Where Fc is the load in (N), L is the support span in (mm), b is the width of the specimen in 

(mm), Sc is the thickness of the specimen in (mm) and Dc is the deflection of the centreline of 

the specimen. This equation is suggested by the ASTM standard when high vales of support 

span are used and when high anisotropic materials are tested. 

At the end of bending tests, tested samples were embedded in the SX10 epoxy resin in order to 

conduct microscope inspections for understanding the failure mechanism of each sample type. 

At the end of the polymerisation at room temperature, the inspection surfaces, i.e. the sample 

cross section, were grinded firstly with 240p and 400p sandpaper for a period of 60 seconds 

and then polished with 9 μm and 3 μm diamond suspension for 120 seconds. 

Then, the cast specimens were positioned on the microscope support and the failure zone was 

observed by using a LEICA M205 C stereomicroscope. 

Flexural stress strain curves are indicative of the stress history, which is, in turn, linked to 

damage initiation and propagation, therefore, analysing the different curves it is possible to 

identify the differences in the behaviour of the two materials and understand how they can work 

simultaneously in the hybrid configurations. 
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a) b) 

 

Fig.49: Flexural test on C configuration: flexural curves (a); failure zone microscope image (b). 

 

Overall, from the curves in fig.49a, it is possible to observe the typical flexural behaviour of 

traditional carbon laminates: the laminate responds elastically to the applied deformation by 

linearly increasing the load without visible damage up to a critical point (a) which corresponds 

to the damage propagation phase, where cracks start to nucleate and grow in the compressive 

portion of the laminate, resulting in a slight progressive load decrease and a deviation from the 

linear trend.  As it is possible to see from the migrography in fig.49b, these cracks propagate 

rapidly from the contact area throughout the thickness of the laminate, leading to the 

catastrophic failure of the specimen which is represented by the dramatic load drop of point (b) 

[1]. 

 

 

 

a) b) 

 

Fig.50: Flexural test on H configuration: flexural curves (a); failure zone microscope image (b). 
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The flexural behaviour of the hemp composite specimens (configuration H) is instead illustrated 

in fig.50a, where it is possible to observe a more ductile behaviour which is given by the specific 

multi-scale structure of natural fibres (NF) and typical of Natural Fibres Composites (NFC) 

[2,3]. In particular, the improved ductility of hemp fibres is the main cause of the change in 

behaviour observed for samples H, as these laminates are characterised by a lower flexural 

modulus (6.18 GPa, -89%), lower flexural strength (64.85 MPa, -90.7%) and larger 

displacement (0.035 mm/mm, 134.9%) in comparison with what observed for the traditional 

carbon reference (configuration C). The underlying mechanism behind the improved damping 

characteristics of NF is quite complex and previous works in literature have linked it with the 

yarn length available for fibre sliding and the with the combination of several hierarchical 

friction phenomena between cellulose and hemicellulose in each cell wall, between the different 

cell walls, between the fibres within the yarns and between the different yarns [4]. By 

considering this enhanced ductility as a possible mechanism to improve the out-of-plane 

properties of carbon laminates, it is important to underline that at the end of the three-point 

bending test, the hemp samples did not reach flexural rupture and were only plastically 

deformed (fig.50b) by the moving crosshead of the testing machine.  

Based on the differences in the flexural response (stiff and brittle for the carbon laminates while 

soft and ductile for the hemp ones), it appears clear that by joining carbon and hemp fibres with 

a particular stacking sequence and by carefully tuning their relative volumetric fraction and 

position, it is possible to develop a hybrid material solution which would be characterised by a 

combination of strength and ductility.  

In this context, as mentioned previously, the position along the laminate’s thickness of the hemp 

layers plays a fundamental role in the development of the equivalent properties of the hybrid 

laminate and therefore, each configuration will be analysed in depth by comparing its 

performance to the traditional CFRP. Moreover, since the failure mode will also be affected by 

the combination of hemp and carbon layers due to the different maximum bending moment that 

each component will withstand (that will depend on their relative position), the initial fracture 

might not necessary lie on the top surface layer, therefore the results from the flexural tests will 

be analysed together with the micrographies of the samples[5]. 
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a) b) 

 

Fig.51: Flexural test on S configuration: flexural curves (a); failure zone microscope image (b). 

 

In particular, fig.51 illustrates the results of the flexural tests carried out on the symmetric 

samples (Configuration S) from which it is possible to observe the results of the combination 

between carbon and hemp and when the latter is positioned in the central portion of the 

laminate.  

As it is possible to see from the curves of fig.51a, the hybridisation process results in a mixed 

flexural behaviour, showing an increase in the maximum strain (0.0223 mm/mm, 49.7%) and a 

slight decrease in the flexural strength (624.87 MPa, -10.9%). As expected, the interaction 

between the two different materials also leads to a modification in the failure mode of the 

laminate, as it is possible to see from fig.51a. Indeed, since the hemp layers are positioned in 

correspondence with the mid plane, the laminate at first responds elastically with the same 

modulus of the full carbon samples (point a) (59.75 GPa) until it reaches a critical value (point 

b, 624.87 MPa), then damage starts to propagate within the upper portion of the laminate 

leading to a large drop in the stress-strain curve. Unlike the traditional CFRP (configuration C) 

however, the crack does not propagate throughout the entire thickness of the sample, as shown 

in fig.51b, but it stops when it reaches the hemp layers and bends at the interface between the 

carbon and the hemp layers resulting in a plateau at around 200 MPa (point c). During the 

propagation of the delamination, the load slightly increases until it reaches a second critical 

point which corresponds to the opening of cracks in the bottom portion of the laminates leading 

to the sudden failure of the entire sample (point d). 

The results from the symmetric laminate (S configuration) showed that the hybrid configuration 

allows for a combination of different failure mechanisms and damage propagation mechanisms 
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which are caused by the mismatch in mechanical properties between carbon and hemp layers. 

It is important to underline that being placed in the midplane, the hemp layers did not affect the 

material’s response in the elastic portion of the stress-strain curve as demonstrated by the very 

close values of flexural modulus and the maximum load recorded during the tests, which are in 

line with what previously reported in literature for basalt/carbon hybrid laminates [5].  

Figs.52 and 53 represent the results of the three-point bending tests on samples A-CH and A-

HC, that were carried out to investigate how the hemp layers affect the flexural behaviour of 

the hybrid material when they are placed in the tensile or compressive portion of the laminate, 

respectively. 

 

 
 

a) b) 

 

 

c)  

 

Fig.52: Flexural test on A-CH configuration: flexural curves (a); failure zone during the bending test (b); failure 

zone microscope image (c). 
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As it is possible to observe from fig.52, the presence of the natural fibres in the tensile portion 

of the laminate (samples A-CH) seems to negatively affect the performance of the composite, 

showing a decrease in flexural modulus (34.15 GPa, -38.3%) and strength (473.13 MPa, -

32.5%) in comparison with the control CFRP samples and a slight decrease in terms of strength 

in comparison with the symmetric hybrid configuration (-12%, S sample type). While this is 

expected due to the lower stiffness of hemp 38 -70 GPa of hemp fibres [6], 230 – 250 GPa of 

carbon fibres [7] less expected are the values of the maximum strain which are very close to the 

ones of the control sample (0.015 mm/mm). This behaviour can be explained by analysing the 

micrography of figs.52b and c, which represent the typical cross section of a sample A-CH 

during and after the test, respectively. As it is possible to see from the images, the load drop 

corresponds with the crack growth from the compressive portion of the laminate (carbon) which 

propagates through the thickness of the sample. Unlike the symmetric sample (S configuration), 

in this case the hemp layers are not able to bend the crack because the stresses are too high at 

that distance from the neutral axis, therefore the damage propagates through the hemp portion 

overcoming its tensile strength and, consequently, causing catastrophic tensile failure. These 

results are in line with what observed in literature by Zhang et al in their study on hybrid 

carbon/glass laminates [8]. It is important to underline that in two out of five samples, it is 

possible to see some crack bending around the carbon/hemp interface but this phenomenon is 

not able to dissipate much energy as demonstrated by the very short plateau that leads to the 

inevitable collapse of the sample.  

Inverting the reciprocal position of carbon and hemp (i.e. A-HC configuration, hemp layers in 

the compression portion of the laminate), the behaviour of the sample changes radically as 

illustrated in fig.53. 

 

 

a) b) 
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c) d) 

 

Fig.53: Flexural test on A-HC configuration: flexural curves (a); failure zone during the bending test (b); failure 

zone microscope image (c); thickness of bundles of carbon and hemp layers (d). 

 

Indeed, observing the stress strain curves relative to the A-HC samples, it is possible to observe 

a first linear trend (point a) which corresponds with the one observed for the A-CH samples 

(respectively 290 MPa and 300 MPa against 450 MPa of configuration C) and it is the result of 

the interaction between the two materials. However, while in the previous case the presence of 

the carbon layers in the compressive portion led to the generation of cracks that in turn led to 

critical failure, in the A-HC configuration, the curves do not show a specific peak, but present 

sign of large deformation after a threshold value is reached (point a) which is given by the 

higher strain at failure of the hemp fibres. After this point, damage starts to grow at the interface 

between hemp and carbon, causing a large delamination (see fig.53b) that leads to the 

detachment of the hemp layers (see fig.53c) and translates into the very long and smooth plateau 

of point b. Similar results were observed by Subagia et al for carbon/basalt hybrid laminate 

loaded in flexure when the more ductile basalt fibres are placed in the compressive side of the 

laminate [5]. 

At this point, the effective section of the sample that responds to the imposed deformation is 

only the bottom carbon portion of the laminate which will resist until the critical stress is 

reached (point c), leading to the total failure of the specimen. One could argue that if only the 

carbon is resisting to the applied displacement and the hemp layers are effectively not being 

tested, it is not clear why the two configurations fail at different values of sigma. However, it 

is important to notice that the evaluation of the flexural stress does not take into account the 

separation of the top portion of the laminate due to the generation of the large delamination 

observed in the A-HC hybrid configuration. Indeed, by measuring the effective dimension of 



107 
 

the portion of carbon fibres which is resisting to the bending load after the delamination has 

grown up to point c, it is possible to evaluate the real stress acting on the carbon layers by 

considering the difference in the thickness of the two laminates (laminate C and A-HC) and the 

relative maximum load before failure.  

According to the ASTM standard D790, the flexural strength will be function of the 

perpendicular load F, the span L, the width b and the thickness S of the laminate. If we assume 

that this value will be the same for both samples C and samples HC, we can write that:  

 

𝜎𝑚𝑎𝑥 =
3

2

𝐹𝐶𝐿

𝑏𝑠𝐶
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)]        eq. 26 

 

considering that the width and span of the samples in the two configurations are the same and 

that the average values of the maximum Load are equal to 300 N and 165 N for the 

configurations C and A-HC respectively, it is possible to evaluate the thickness of the carbon 

portion which is necessary to reach the failure of the fibres as: 

 

𝑆𝐻𝐶
2 [𝐹𝐶𝐿2 + 6𝐹𝐶𝐷𝐶

2 − 4𝐹𝐶𝐷𝐶𝑆𝐶] + 𝑆𝐻𝐶 [4𝑆𝐶
2𝐹𝐻𝐶𝐷𝐻𝐶] − 𝑆𝐶

2[𝐹𝐻𝐶𝐿2 + 6𝐹𝐻𝐶𝐷𝐻𝐶
2 ] = 0        eq. 27 

 

By substituting the values of the two loads and considering that Sc represents the total thickness 

of sample C, it is possible to calculate the value SHC as equal to 2.00 mm, which represents 

exactly the thickness of the bundle of carbon layers (1.97 mm, see fig.53d) which resists to the 

bending load once the delamination separates it from the hemp layers. 
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a) b) 

 

Fig.54: Flexural test on S-U configuration: flexural curves (a); failure zone microscope image (b). 

 

The results from last configuration tested, i.e. uniform distribution of the hemp layers within 

the sample thickness (configuration S-U) are reported in fig.54. In this case, the hybrid material 

presents a behaviour which is very close to the one shown for the configuration A-HC and 

illustrated in fig.52a in terms of Flexural Modulus (40.36 GPa), flexural strength (471.38 MPa) 

and maximum strain (0.0155 mm/mm), showing a brittle behaviour with catastrophic failure 

after the critical stress is reached. Analysing the micrographies relative to these samples (see 

fig.54b), it is possible to observe that the presence of multiple carbon/hemp interfaces leads to 

a large number of delamination at different depths within the laminate and intralayer cracks that 

propagate from the compressive portion of the laminate to the bottom surface at 45 degrees 

resulting, in the catastrophic tensile failure of the bottom hemp layer and, consequently, of the 

entire sample. 

 

 

4.3.2 ILSS tests 

 

In order to evaluate the interlaminar shear strength of each sample type, three-point bending 

tests in short beam configurations were carried out using a universal testing machine (Instron 

3369, fig.48) according to ASTM D2344 standard. Five specimens for each configuration were 

tested and the specimens size were chosen according to the above mentioned standard:  30 mm 

in length and 15 mm in width for carbon and hybrid composites specimens (C, A-CH, A-HC 
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and SU configuration) and 38 mm in length and 19 mm in width for  hemp composites (H 

configuration). 

All tests were carried with a traverse speed of 1 mm/min and a span to thickness ratio 5:1 was 

set in order to emphasise the shear contribution between the layers, then a span length 

depending on the type of sample was adopted: 15 mm in case of carbon and hybrid samples (C, 

A-CH, A-HC and SU configurations) and 19 mm in case of hemp composite (H configuration). 

Shear stress was evaluated by means of the eq. 28. 

 

𝜏 =
3

4

𝐹

𝑏 𝑆𝑐
       eq. 28 

 

Where F is the load in (N), b is the width of the tested specimen in (mm), Sc is the thickness of 

the laminate in (mm). 

It is not surprising that these two reference materials present a very different interlaminar 

behaviour, with a very brittle shear fracture for the carbon laminate and an almost flexural 

response of the hemp laminate, which is the only one that present a failure mechanism that 

seems to include flexural damage as it shows perpendicular cracks in the tension portion of the 

laminate (see fig.55). 

 

 

 

Fig.55: ILSS test on H configuration. Microscope image of the failure zone. 

 

As for the carbon/hemp hybrid laminates, the curves relative to the ILSS tests are presented in 

fig.56  and show a shear behaviour which is very close to the one shown by the traditional 

carbon laminate (configuration C) for all the different samples, with a variation of the maximum 

shear strength which falls below 11%. The only hybrid configuration that shows a clear 
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difference from the carbon reference is the A-HC sample, that it is characterised by a lower 

value of ILSS (-23.9%). 

 

 
 

a) b) 

 

Fig.56: ILSS test on all configuration: Interlaminar shear stress curves (a); mean value of the shear strength (b). 

 

Analysing the curves relative to this configuration (fig.57), it is possible to observe the presence 

of a double peak in three out of five curves which can be related with the opening of 

delamination at the interface between carbon and hemp before the critical collapse of the 

structure and observed during the flexural tests (see fig.57b). 

 

  

a) b) 

 

Fig.57: ILSS test A-HC configuration: interlaminar shear stress curves (a); microscope image of the tested 

specimen (b). 
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From these results, it is possible to conclude that the hybridisation process is able to modify the 

flexural response of the material by changing the failure mechanism mostly due to the 

combination between the brittle failure of carbon and the smoother, gradual deformation of the 

hemp fibres. It is possible to tune the flexural modulus, by keeping it very close to the one of 

pure carbon (by placing the hemp layers close to the neutral axis), or lower it by using an 

asymmetric hybrid configuration and, more importantly, it is possible to include additional 

energy dissipation mechanisms by adjusting the position of the hemp layers along the 

laminate’s thickness in order to activate crack bending mechanisms. As for the ILSS, the shear 

behaviour of carbon is less affected by the presence of the natural fibres, however the A-HC 

configuration shows a decrease in shear strength due to the presence of large delamination at 

the carbon/hemp interface. In the following table are resumed the main results of the quasi-

static characterisation by the comparison between references and hybrid composites. 

 

Table 23: Main results of the quasi-static characterisation on the hybrid laminates 

 

Configuration 
Δ% flexural 

strength 

Δ% flexural 

strain 

Δ% elastic 

modulus 

Δ% shear 

strength 

S Vs C -10,9 49,7 5,9 -9,7 

H Vs C -90,7 134,9 -89 -62,7 

A-CH Vs C -44,1 57 -38,3 -23,9 

A-HC Vs C -32,5 11,4 -49,5 -3,3 

S-U Vs C -32,7 4 -28,5 -13,5 

 

 

4.3.3 Damping tests 

 

In order to evaluate the energy absorption properties of the samples, damping tests were carried 

out. The damping test measures the attitude of the laminates to dissipate energy after an external 

excitation by evaluating the logarithmic decrement of the out of plane displacement during a 

free oscillation. The damping tests were performed for a total of 5 times for each sample 

typology. 

A single cantilever configuration was considered, with all specimens (with a length of 100 mm 

and a width of 10 mm in order to obtain a slender beam) clamped at one end. A laser transducer 

(με optoNCD T2300) focused 5 mm far from the free edge were used to measure the time-

domain oscillations of the specimen. 
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a) b) 

 

Fig.58: Damping test apparatus (a); schematisation of the experimental set-up (b). 

 

Fig.58 shows the damping test apparatus (fig.58a) and the schematisation of the test set-up 

(fig.58b). A Matlab routine was written in order to acquire the time-domain signal, and then 

evaluate the logarithmic decrement δ and the damping ratio ζ. According to eq. 29, the 

logarithmic decrement can be expressed as: 

 

δ =
1

𝑛
𝑙𝑛

𝐴𝑖

𝐴𝑖+𝑛
     eq. 29 

 

where n is the number of peaks taken into account for the logarithmic decrement evaluation, Ai 

is the amplitude of the i-th oscillation and Ai+n is the amplitude of successive peaks. The 

damping ratio was then evaluated according to eq. 30. 

 

ζ =
1

√1+(
2𝜋

𝛿
)

2
      eq. 30 

 

Principal aim of the tests was to analyse how the different stacking sequences and materials 

affect the energy dissipation attitude of the laminates. 
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a) b) 

 

Fig.59: Logarithmic decrement curves (a); damping ratio chart (b). 

 

Fig.59a shows the logarithmic decrement curves carried out from the damping tests. Analysing 

these results, it is possible to conclude that the introduction of the hemp layer in the CFRP 

laminate leads to an increase of damping properties in comparison with traditional Carbon 

laminates (C configuration). Indeed, excluding A-CH type samples which showed the same 

trend of the control configuration C type, the damping ratio histograms (fig.59b) showed an 

increase in absorption performance. S type showed an interesting behaviour that was between 

C and H sample type. It was possible to appreciate this behaviour even in the logarithmic 

decrement plot (fig.59a), where the S type is clearly in the middle between C and H sample 

type. 

It is well known from literature, that in order to increase the absorption performance of a 

composite material by mean interleaving or hybridisation, the best configuration is the one with 

a layer in the middle plane of the laminate [9]. Damping tests were in good accordance with 

this, with the highest absorption shown by the S configuration (+40%). The principal drawback 

of such configuration is that the highest shear stresses are in correspondence of the interfaces 

between hemp and CFRP, with possible weakness towards onset delamination (S-U type is 

affected by the same issue). 

A possible solution, considering the other configuration tested, was given by the A-HC samples 

with the hemp layer located on the top surface. This configuration showed increased damping 

properties (+28%), not too far from the S type, with a similar increase of the SU type (+29%) 

compared to the control configuration C type. 
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4.3.4 Impact tests and internal damage detection 

 

Impact tests were carried out using a home-made falling drop weight machine, equipped with 

an impactor tip of 16 mm diameter and an impactor mass of 2.66 kg (the experimental set-up is 

reported in fig.34). Moreover, in order to avoid possible further impacts, the impactor rig is 

equipped with an anti-rebound system that hold the shuttle after the first impact. The impact 

tests were performed according to ASTM D7136 standard. 

The impacts were carried out on a total number of 5 specimens for each sample typology. 

Rectangular specimens 100 mm x 150 mm in dimension were cut according to the ASTM 

standard and clamped between two steel plates using bold serrated by hand in order to avoid 

any movement of the samples. 

All tests were carried out keeping constant the impactor mass at 2.66kg and three different 

impact energy levels were chosen in this experimental campaign: 5J, 10J and 20J obtained by 

varying the impactor height.  

Non-destructive tests were carried out using a Phased array transducer. In order to focalise the 

ultrasound waves generated by the array, the transducer was coupled with a delay line 30 mm 

thick, then the assembly was coupled with the specimen under inspection, using an ultrasonic 

gel in order to avoid the acoustic impedance mismatch between the air and the specimen and 

then facilitate the ultrasound waves propagation fig.60. 

 

 

 

Fig.60: Non-destructive test, Phased array apparatus. 

 

Since in this experimental campaign hybrid laminates are studied; an issue is related with the 

choice of the acoustic impedance because two different fibre typologies with two different 

speeds of sound are coupled. The acoustic impedance was evaluated using the eq. 31. 
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𝑍 = 𝐶0𝜌       eq.31 

 

Where C0 is the speed of sound of the material under inspection in (m/s), ρ is the density in 

(g/cm3). 

By using the above equation, it was found that the two acoustic impedances are similar in a 

range of 5700 – 6000 (MRayls), this aspect means a good wave propagation within the 

thickness, and then a non-appreciable wave propagation mismatch through the two materials 

[10]. 

For the experimental set-up, the Phased Array was positioned on the specimen and coupled 

with a wheeler encoder in order to acquire a C-Scan image. The assembly was connected to a 

PC and the data were acquired and processed using a DSLFIT focus stream software. 

Two outputs are obtained from the data processing, with more detail a B-Scan which shows the 

cross section of the specimen permitting the damage location through the thickness, a C-Scan 

that is a top surface of the sample that leads to the damage extension and depth evaluation. 

Moreover, using the IMAGE J software, the carbon/hemp surface interfaces were found starting 

from the cross sections of the resin cast samples. Then, with the same technique, the damaged 

regions were individualised from the B-Scan. These results were confirmed by the colour bar 

of the C-Scan images, in this way was possible to have a better interpretation of the failure 

mechanism of all sample typologies. 

 

 

 

a) b) 
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c) d) 

 

Fig.61: Impact test on C configuration: force-displacement curves (a); B-Scan and C-Scan 5J (b); B-Scan and C-

Scan 10J (c); B-Scan and C-Scan 20J (d). 

 

Fig.61a illustrates the force displacement curves obtained from the impact tests on the carbon 

control sample (C configuration) at the three different energies of 5, 10 and 20J and shows the 

typical behaviour of a traditional composite samples subjected to low velocity impact (LVI) 

[11]. Indeed, analysing the curves for the 5 and 10J, it is possible to observe that the samples 

show an almost completely elastic behaviour with a very small area in the force-displacement 

curves that suggests that the majority of the impact energy is given back to the impactor during 

the rebound of the shuttle. This result confirms what observed in the trend of the absorbed 

energy, Ea, and return coefficient, RC, values listed in Table 24. 

 

Table 24: Impact results of configuration C at the end of the test 

 

Ei [J] F [N] Ea [J] RC [J/J] 

5 2492.7 0.69 0.862 

10 3554.7 2.72 0.727 

20 4713.1 13.54 0.323 

 

In the table it is also reported the peak load, F, detected for each level of impact energy, Ei. The 

return coefficient was defined as the ratio between the difference of the impact and absorbed 

energy (Ei - Ea) and the impact ones (Ei).  
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When the impact energy is raised to 20J, it is possible to observe a sharp drop in the force-

displacement curve which corresponds with the growth and propagation of internal damage in 

the compressive portion of the laminate, which is similar to what observed during the flexural 

tests. In order to correlate the information from the LVI with an assessment of the structural 

integrity of the sample fig.61b, c and d show the extent of the internal delamination of the 

impacted samples for the three energy levels. As it is possible to see from the images, even 

though the curves did not show any evident sign of internal damage, both 5J and 10J images 

are indeed damaged, showing signs of a delaminated area which increases with the increase of 

the impact energy and it is positioned in the layers underneath the impact location (i.e. 

compressive portion). Raising the energy to 20J leads to a large damage, increasing the 

defective area by more than seven times (755.7%) in comparison with the 5J impact, confirming 

the brittle behaviour of traditional CFRP (C configuration). 

 

 

 

a) b) 
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c) d) 

 

 

e)  

 

Fig.62: Impact test on H configuration: force-displacement curves (a); B-Scan and C-Scan 5J (b); B-Scan and C-

Scan 10J (c); B-Scan and C-Scan 20J (d); impacted H configuration specimen (e). 

 

Fig.62 illustrates the force displacement curves obtained from the impact tests on the hemp 

control sample (H configuration) at the three different energies of 5, 10 and 20J and Table 25 

summarises the main results.  

 

Table 25: Impact results of configuration H at the end of the test 

 

Ei [J] F [N] Ea [J] RC [J/J] 

5 1544.4 1.99 0.602 

10 1933.8 5.62 0.438 

20 2090.4 14.64 0.268 
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While sample C showed a typical brittle response, the results from the hemp laminates (H 

sample type) indicate a typical ductile behaviour, showing lower values of the peak forces for 

all the tested energies (-38%, -45.6% and –55.6% in comparison with configuration C) and 

larger displacements (+27.7%, +39.2% and +36.7%) and contact time. This behaviour can be 

explained considering the very high damping characteristic of the hemp fibres which are given 

by their higher strain to failure in comparison with carbon fibres [12] together with fibres pull 

out phenomena resulting in a permanent plastic deformation of the laminate which is associated 

with a higher energy absorption for the 5J and 10J impacts (+188.8%, +106.6%). When the 

impact energy is raised to 20J, this difference starts to become less consistent (+8.1%) due to 

the brittle failure of the C samples which allows the CFRP to absorb more energy via the 

creation of fibre damage and the propagation of multiple cracks. Analysing the internal state of 

the laminate with the Phased Array images (fig.62b, c, d), it is also possible to observe a very 

large delaminated area (+104.2% and +273.4% for 5 and 10J in comparison with the carbon 

laminates) which becomes macroscopically visible at 20J (see fig.62e). 

 

 

 

a) b) 
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c) d) 

 

Fig.63: Impact test on S configuration: force-displacement curves (a); B-Scan and C-Scan 5J (b); B-Scan and C-

Scan 10J (c); B-Scan and C-Scan 20J (d). 

 

As for the hybrid laminates, fig.63a illustrates the results obtained for the symmetric samples 

(configuration S) together with the analysis of the internal damaged areas recorded after the 

impact tests (fig.63b, c, d). As it is possible to see from the curves (fig.63a) and from the phased 

array images (fig.63b, c, d), all the impacts resulted in an internal delamination whose extent 

increased with the impact energy. As already mentioned in the discussion relative to the flexural 

analysis, the presence of the hemp layers at the midplane does not affect the elasticity of the 

laminate, which follows the same trend observed for the configuration S in its initial linear 

response. However, when the critical load is reached, the presence of the hemp layers changes 

the response of the material, leading to larger damage growth at both the interfaces between 

carbon and hemp. In particular, while for the impact at 5J all the damage is limited at the upper 

interface (compressive portion, see fig.63b), when the energy is raised to 10J, cracks start to 

propagate from the bottom interface (see fig.63c), leading to carbon fibre damage in the tensile 

portion of the laminate when the impact energy is raised up to 20J (see fig.63d). 
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Table 26: Impact results of configuration S at the end of the test 

 

Ei [J] F [N] Ea [J] RC [J/J] 

5 2540.2 0.83 0.835 

10 3745.9 3.77 0.623 

20 4439 14.77 0.261 

 

Looking at Table 26, it is possible to note that, the above said mechanism translates into larger 

energy absorption if compared with traditional carbon laminates (configuration C) with 

increases equal to +19.8%, +38.6% and +9.1% for 5,10 and 20J respectively, but it must be 

considered that this additional energy absorption mechanism leads to internal damaged areas 

with an increase equal to +83.9%, +102.8% and +45.3%, respect to configuration C, lowering 

the residual properties of the laminate. 

The response of sample A-CH to LVI is illustrated in fig.64 and summarised in table 27. 

 

Table 27: Impact results of configuration A-CH at the end of the test 

 

Ei [J] F [N] Ea [J] RC [J/J] 

5 2371.8 0.98 0.803 

10 3200.3 3.53 0.647 

20 4381.7 13.53 0.323 

 

As already discussed in the previous sections, placing the hemp layers in an asymmetrical 

configuration affects the failure method of the laminate, especially in the case of large 

deformations. Analysing the force-displacement curves (fig.64a), it is possible to see that, 

similarly to what observed during the flexural tests, this configuration presents a slight decrease 

in terms of peak force (-4.8%, -9.9% and -7% ) and a slight but consistent increase in the 

maximum displacement (+2.5%, +2.6% and +4.3%). However, unlike the flexural case, in this 

case the presence of the hemp layer allows for an additional dissipation mechanism which is 

caused by the accumulation of damage at the carbon/hemp interface, leading to similar values 

to those of configuration C for all the energetic levels. In terms of failure mode, the analysis of 

the B-Scan (see fig.64b) shows that for the 5 J impact the damage is concentrated on the bottom 

portion of the laminate, showing a small delamination at the lower interface with some fibre 
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damage in the last carbon ply (see fig.64b). When the energy is raised to 10 J, the damage keeps 

accumulating at the interface and a large delamination starts growing, leading to an abrupt 

increase in the damage extension (see fig.64c). The accumulation of damage reaches critical 

levels for the 20 J impact (see fig.64d), leading to fibre damage at the lower interface with a 

visible bump on the bottom surface as shown in fig.64c. 

 

 

 

a) b) 

  

c) d) 

 

Fig.64: Impact test on A-CH configuration: force-displacement curves (a); B-Scan and C-Scan 5J (b); B-Scan 

and C-Scan 10J (c); B-Scan and C-Scan 20J (d). 
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As discussed for the flexural behaviour, also for the impact behaviour the asymmetric 

configuration gives a different response when the hemp layers are positioned in the compression 

region (configuration A-HC). The results are reported in fig.65 and Table 28. 

 

 

 

a) b) 

  

c) d) 

 

Fig.65: Impact test on A-HC configuration: force-displacement curves (a); B-Scan and C-Scan 5J (b); B-Scan 

and C-Scan 10J (c); B-Scan and C-Scan 20J (d). 
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Table 28: Impact results of configuration A-HC at the end of the test 

 

Ei [J] F [N] Ea [J] RC [J/J] 

5 2494.3 0.59 0.882 

10 3510.6 2.79 0.720 

20 4404.2 13.01 0.349 

 

In particular, in this case it is possible to observe that the presence of the more ductile material 

in the proximity of the impact location allows for the larger deformation of the area surrounding 

the contact zone which translates with a more efficient energy transfer between the penetrator 

tip and the laminate. This mechanism leads to the absorption of a consistent portion of the 

impact energy in the deformation of the hemp layers thanks to their improved damping 

characteristics which, in turn, reduces the extent of the internal damage for all the tested 

energies. This behaviour is particularly evident looking at fig.65b where the Phased array 

images are reported. From these, it is possible to observe the absence of any kind of damage 

for the 5J impact and just a small delamination for both the 10J and 20 J impacts which accounts 

to -38.8% and –9.5% in comparison with the traditional carbon laminate.  

Based on the results observed for both the symmetric and asymmetric configurations, it appears 

clear that the presence of the carbon/hemp interface modifies the behaviour of the hybrid 

laminate, allowing for different energy dissipation mechanisms (larger energy absorption 

associated with larger delamination at the interface or constant energy absorption associated 

with smaller delamination) which can be tuned according to the relative position between the 

carbon and hemp layers. Similar results can be found in literature for hybrid aramid/glass 

laminates, for which it was observed that when the more ductile aramid layer is positioned at 

the front surface (similar to the configuration A-HC), a portion of impact energy is dissipated 

via plastic deformation of the aramid, while when the glass is placed on the impact surface 

(similar to configuration CH) the stiffness of the top layer leads to a reduction in the energy 

absorbed by local deformation and consequently in a more brittle fracture [13].  

In this context, it is of particular interest to analyse the results obtained from samples S-U which 

present more interfaces since the three layers of hemp are uniformly distributed along the 

laminate’s thickness rather than concentrated in a single portion as in configuration S, A-CH 

and A-HC. 
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a) b) 

  

c) d) 

 

Fig.66: Impact test on S-U configuration: force-displacement curves (a); B-Scan and C-Scan 5J (b); B-Scan and 

C-Scan 10J (c); B-Scan and C-Scan 20J (d). 

 

Analysing the curves (fig.66a) and the phased array images (fig.66b, c, d) together with the data 

reported in Table 29,  it is possible to observe that for the 5 J impact the amount of energy 

absorbed is very close to the one of the traditional carbon laminates and the damage is mostly 

concentrated in the bottom interface of the first layer of hemp, located in the tensile portion of 

the laminate. 
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Table 29: Impact results of configuration S-U at the end of the test 

 

Ei [J] F [N] Ea [J] RC [J/J] 

5 2410.9 0.71 0.858 

10 3335.8 3.27 0.673 

20 4517.2 11.72 0.414 

 

Increasing the impact energy to 10 J, the mechanism observed previously (a single delamination 

in correspondence with the hemp layer as observed for example in the configuration A-HC) 

loses its efficiency and part of the energy is transferred through the thickness and concentrates 

at the top interface of the second and third hemp layers. The importance of the role of the 

interface in hybrid laminates is in line with what observed by Nisini et al on their work on 

carbon/flax/basalt laminates [14].  When the energy is raised to 20 J the hemp layers are not 

able to dissipate the impact energy and part of the energy is spent to grow additional damage in 

the carbon portion underneath the third hemp layer, causing fibre damage with the relative loss 

of structural integrity. 

 

 

4.4 Part 5: Tribological behaviour of hemp fibres 

 

In this section, three different fibre typologies were used. In detail hemp, carbon and glass fibres 

composites were produced instead of hybrid hemp/carbon composite materials, in order to 

evaluate the wear behaviour of natural fibres compared to that of traditional composite 

materials. 

 

 

4.4.1 Indentation tests 

 

For each sample typology, indentation tests were preliminary carried out in order to evaluate 

the elastic behaviour of the sample surfaces. In these tests, a martensitic stainless-steel AISI 

440C ball, 8 mm in diameter, (its properties are listed in table 30) was pressed against the 

sample surface with a crosshead speed of 0.5 mm/min at room temperature by means of a 

universal testing machine (MTS alliance RT/50). Each specimen was supported from a rigid 
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steel plate end each test was repeated three times. So, three laminates for type of composite 

were manufactured. 

 

Table 30: Indenter Properties 

 

Stainless steel AISI 440C     

Density [g/cm
3
] 

Tensile Strength  

[MPa] 

Young Module  

[GPa] 

Rockwell  

Hardness 

Roughness Ra 

 [μm] 

7,70 1900 – 2000 210 57 – 60 0,01 – 0,15 

 

The choice in the use of a ball (8 mm in diameter) as indenter tool was to ensure the same 

contact conditions that characterised the tribological tests carried out in this experimental 

campaign. 

No significative differences between experimental indentation curves of the specimens of the 

same sample type were observed, this validate the reproducibility of test results. Therefore, 

fig.67 presents the typical load versus displacement of indentation curves for each sample type. 

For each sample type, the typical curve plotted in fig.67 represents the intermediate curve 

between three obtained from three specimens of the same type.  

 

 

 

Fig.67: Typical indentation load versus displacement curves of each sample type. 

 

From the results, it is clear that the hemp type is characterised by a softer behaviour than the 

others. The hemp fabric shows a lower out of plane rigidity (due to the hemp fibres properties) 

and this involves in a greater tendency to accommodate the deformation induced by the pin. 
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This consideration will be useful for the next sections, when the results of the tribological tests 

will be illustrated. 

 

 

4.4.2 Tribological tests 

 

The tribological behaviour was evaluated by using a pin-on-disk apparatus (Ducom TR20-LE) 

at room temperature according to ASTM G99–95a standard. The apparatus consists of a rotating 

disk, a pin holder, a loading rig and a measuring equipment for friction force and wear depth 

(fig.68) [15]. During the test, a fixed steel ball (8 mm in diameter) was used as pin and pressed 

against the rotating specimen under a fixed normal load of 10, 20, 50 and 70 N. The friction 

force and the wear depth were continuously measured during the sliding time by the measuring 

equipment of the Ducom TR20-LE.  

 

 

 

a) b) 

 

Fig.68: Ducom TR20-LE machine (a) tribological test schematisation (b). 

 

All tribological tests were conducted at established constant peripheral speed of 210 mm/s by 

varying the applied load and the track radius (20, 24, 28, 32 mm), as listed in table 31. The 

sliding speed value was chosen considering that the application of carbon or glass and especially 

hemp composites is not for kinematic couples (as bearing),  so it was chosen a value of the 

sliding speed adequate to simulate the velocity of an accidental contact with a rigid body as the 

rubbing at which an interior component made in composite material, for example, can be 

subjected. In addition, by using a pyrometer to measure the temperature in the contact point 
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between pin and laminate, it was revealed that the sliding speed of 210 mm/s allowed the 

reaching of a temperature always lower than 50°C (Tg of resin is 80°C), therefore the effect of 

the temperature on the matrix properties can be considered negligible. The rotation speed of the 

disk and the test time was chosen to ensure that for each track radius the total number of 

revolutions is the same. 

At the end of tribological tests, each wear track was observed by means of a stereomicroscope 

(OLYMPUS SZ60 - PT) to have its global view and an optical microscope with a greater 

magnification (ZEISS AxiosKop 40) in order to obtain a more detailed track visual. 

 

Table 31: Pin-on-disk test conditions 

 

 Experimental Conditions Sample Type 

 H Type C Type G Type 

Applied Load [N] 10 20 50 70 10 20 50 70 10 20 50 70 

Wear track radius [mm] 20 24 28 32 20 24 28 32 20 24 28 32 

Time [min] 96 115 134 153 96 115 134 153 96 115 134 153 

 

Figs.69-72 show typical curves of the wear depth and the dynamic coefficient of friction versus 

the number of revolutions for all the load conditions under investigation and for each sample 

type. The dynamic coefficient of friction was determined as the ratio between the measured 

friction force and the applied normal load. Also for this test, for each sample type, the typical 

curves plotted in figs. 66-69 represent the intermediate curve between three obtained from three 

specimens of the same type.  
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a) b) 

 

Fig.69: Wear depth (a) and friction coefficient (b) vs number of revolutions under a normal load of 10 N. 

 

Concerning the wear depth trend, all the curves of the test carried out with a load of 10 N 

(fig.69a), show a similar behaviour especially in the initial tract (short-time). Under this low 

load and short sliding time condition the wear response was given from the resin, as confirmed 

from the similar trends of the coefficients of friction showed fig.69b. This means that under a 

load of 10 N the tribological behaviour was mainly given by the matrix that was the same for 

each typology. 

However, looking at fig.69a the hemp composite type  possess a slightly worse wear behaviour 

than the others due to a lower rigidity that characterised this sample type, as evidenced in 

fig.67.The upper surface of each specimen is mainly constituted by resin and then only after the 

removal of the resin layer, the wear behaviour change because the fibres begin to manifest its 

effects on the sliding contact conditions with the pin. Indeed, the final slope of the curves is 

positive for both glass and carbon composite instead of the one observed for the hemp 

composite type that is almost zero; this might suggest that as the sliding time or the test load 

increases the trends of the wear depth could be inverted. 

Indeed, looking at fig.70, when a higher load was used (20 N) and the sample started to show a 

major wear depth damage, the fibre type begins to manifest its tribological effect. In particular, 

the glass fibres highlighted a very lower wear resistance than the others and its coefficient of 

friction curve become to differ from the others (fig.70b).  
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a) b) 

 

Fig.70: Wear depth (a) and friction coefficient (b) vs number of revolutions under a normal load of 20 N. 

 

Looking at fig.70a, when a normal load equal to 20 N was used, the H type starts to show its 

interesting behaviour over the G type and its curve tends to the one of the C type. In particular, 

under a load of 20 N, it is possible to observe that the carbon and natural type curves show a 

similar trend instead of the one of the glass type. Therefore, respect to the previous conditions 

(10 N) it is possible to highlight two main curve behaviour blocks: one showed from the glass 

type and another showed from the carbon and hemp composite type. This difference, is more 

evident as the normal load increases, as shown in figs.71 and 72. In both cases the glass types 

showed the worst wear behaviour and its curves are characterised by the higher wear depth and 

coefficient of friction values. It is also interesting to note that despite the previous load 

conditions, as the load increases (see figs.71a and 72a) the wear depth curves of the carbon and 

hemp composites type are perfectly superimposed up to around 1200 revolutions (211,0 and 

241,1 m for 50 N and 70 N respectively), after this point the curve of the H type emphasised its 

better wear behaviour.  
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a) b) 

 

Fig.71: Wear depth (a) and friction coefficient (b) vs number of revolutions under a normal load of 50 N. 

 

The advantage in the use of hemp composites in long time conditions is also clear looking at 

fig.72, where the curves concerning the tribological tests carried out with a normal load of 70 

N are reported. Indeed, both the glass and carbon type curves show a final positive slope instead 

of the curves of the H type that has got a zero slope in the final tract. This means that predictably 

as the test time will increase, the wear depth will further increase for the glass and carbon 

composite type instead of the one of the hemp type that tends to keep its constant value. 

 

  

a) b) 

 

Fig.72: Wear depth (a) and friction coefficient (b) vs number of revolutions under a normal load of 70 N. 

 

By comparing figs.71 and 72, it is also possible to observe that the final wear depth of the H 

type under normal loads of 50 and 70 N (high load) is quite similar instead of the ones showed 

from the other composite types. 
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In these load conditions, as the tests time increases (long time conditions) the H type starts to 

emphasise its interesting wear properties, indeed in both cases it showed the best wear 

resistance. 

To corroborate the results of the wear curves, it is also interesting to observe same typical 

damaged area at the end of the tests carried out at 70N. fig.73 shows comparative microscope 

images for each sample type. 

From these images, it is clear the presence of broken fibres for the specimen having glass and 

carbon fabric as reinforcement (fig.73b and c), this has a double effect: on the tribological point 

of view the pin affects the fabric involving in its damage that generates a three bodies wear 

mechanism[16] and on the practical point of view, the presence of synthetic broken fibres can 

lead health problems and environmental pollution. Therefore, when the test time increases the 

top matrix layer was completely removed and the underlying fabric fibres stated to show their 

wear resistance behaviour that reached its maximum when the hemp fabric was used. In this 

case, due to the no-brittles behaviour of the natural fibres, there are evidences of any broken 

fibres but just a fabric distortion along the sliding direction was observed, as shown in fig.73a. 

 

 

a) 
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b) 

 

c) 

 

Fig.73: Wear track details of hemp (a), carbon (b) and glass (c) composite specimens. 

 

Finally, fig.74 summarises, for each sample type, the mean value (obtained as mean of three 

values shown by three specimens of the same sample type) of the coefficient of friction 

measured at the end of the tests versus the applied normal load. From this, it is possible to 

observe that as the normal load increases, the coefficient of friction values decrease. This can 

be explained considering that under low load conditions (10 N) the wear mechanism is mainly 

adhesive and then the presence of resin on the ball surface could involve in the highest values 

of the coefficient of friction. On the other hand, when the applied load increases the ball affects 

the fabric and the abrasive wear mechanism begins to be prevalent, this could justify the 

decreasing of the coefficient of friction versus the load. In particular, after long sliding time the 

wear damage can generate a three-body mechanism due to the presence of broken fibres that, 
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as in the case of C and G types, it could facilitate the sliding of the ball on the rotating specimen; 

this involved in a further decreasing in the coefficient of friction. 

 

 

 

Fig.74: Values of coefficient of friction versus the applied normal load for each composite type. 

 

On the basis on these considerations it could be interesting to better understand the wear 

behaviour of the fibres type under investigation without consider the matrix contribute to the 

wear resistance. To do this, additionally tribological tests on un-impregnated single fabrics were 

also carried out by using the same testing equipment used before. Under a constant peripheral 

speed of 210 mm/s a normal load of 10 N was applied until an evident fabric damage or a 

constant wear depth was achieved. 

Fig.75 shows the typical trend of the percentage dimensionless wear depth versus the number 

of revolutions curves for each sample type; the dimensionless wear depth was evaluated as the 

ratio between the wear depth and the specimen thickness. For each sample type, the typical 

curve plotted in fig.75 represent the intermediate curve between three obtained from three 

specimens of the same type.  

 



136 
 

 

 

Fig.75: Dimensionless wear depth curves versus the sliding time for each un-impregnated fabric type. 

 

The curves confirm what was above explained: the hemp fabric possesses a better wear 

resistance than glass and carbon one indeed only the 10 % of the total thickness results to be 

affected by the wear. In the other cases, the pin quickly destroyed the fabrics, as showed in 

fig.76. In addition, in the case of the hemp fabric more than broken fibres it is evident a fabric 

distortion along the sliding direction. 

 

 
 

a) b) 
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c)  

 

Fig.76: Un-impregnated samples at the end of the test: glass (a), carbon (b) and hemp (c) fabric. 

 

 

4.4.3 Microgeoetrical measurements 

 

In order to determine the loss of volume, the depth and the width of each wear track were 

evaluated by means the confocal microscope by using 10X as magnification (see fig.77). The 

wear track surfaces were acquired by means of a confocal microscope (Leica DCM 3D) in order 

to scan the wear tracks and to evaluate its depth (d) and its width (w), as shown in fig.77 [17]. 

 

 

 

a) b) 
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c)  

 

Fig.77: Diametric sample areas on the wear tracks acquired via confocal microscope (a) and an example of one 

of their 3D representation (b) from which single profiles are extracted (c). 

 

For this purpose, for each wear track and for each specimen, eight areas (4 x 20 mm2), as the 

ones indicated with rectangular areas in fig.77a, were acquired (fig.77b) and five profiles 

(fig.77c) were extracted from each area. Therefore, the depth and the width of the wear tracks 

were measured for each single profile and their mean values were evaluated. 

The wear behaviour was evaluated by comparing the curves of the wear depth over the number 

of revolutions and the loss of volume (∆V) at the end of the tests. Each acquired surface 

(fig.77b) was analysed using a routine written in MATLAB code in order to evaluate the volume 

of the tracks and then the final loss of volume (∆V). 

The results in terms of mean and standard deviation values for each specimen are listed in tables 

32-34. The values of depth and width reported in each table represent the mean and the standard 

deviation obtained from 40 profiles at different locations of the same track, i.e. of the same 

specimen as showed in fig.77. Looking at these values, it is possible to observe that in terms of 

width and depth the track is almost regular.  

Comparing the values of tables 32-34, that represent the same measurement on different 

specimens, i.e. specimen 1, 2 and 3, it is worth to note that the variability of the measurement 

and then of the test is very small.  
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Table 32: Depth and width of the wear tracks for each sample type of the specimen n°1 

 

  Sample H Sample G Sample C 

Applie

d Load 

[N] 

Depth [μm] Width [mm] Depth [μm] Width [mm] Depth [μm] Width [mm] 

Mean 
St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  

10 26,11 1,48 0,870 0,02 22,99 1,65 0,83 0,01 16,60 0,47 0,72 0,03 

20 34,60 1,73 1,050 0,03 87,80 0,73 1,66 0,03 31,60 1,50 1,00 0,04 

50 35,90 1,79 1,070 0,01 102,60 1,47 1,80 0,03 53,20 1,44 1,30 0,01 

70 36,60 0,86 1,065 0,13 129,00 1,68 2,01 0,01 66,59 1,28 1,30 0,03 

 

Table 33: Depth and width of the wear tracks for each sample type of the specimen n°2 

 

  Sample H Sample G Sample C 

Applie

d Load 

[N] 

Depth [μm] Width [mm] Depth [μm] Width [mm] Depth [μm] Width [mm] 

Mean 
St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  

10 27,10 1,38 0,890 0,03 23,10 1,55 0,84 0,02 16,90 0,48 0,75 0,02 

20 35,50 1,64 1,060 0,02 87,90 0,44 1,76 0,02 32,30 1,35 1,08 0,03 

50 36,80 1,56 1,073 0,01 103,60 1,48 1,88 0,03 54,10 1,48 1,38 0,02 

70 37,10 1,11 1,076 0,11 129,48 1,56 2,31 0,02 67,49 1,32 1,40 0,03 

 

Table 34: Depth and width of the wear tracks for each sample type of the specimen n°3 

 

  Sample H Sample G Sample C 

Applie

d Load 

[N] 

Depth [μm] Width [mm] Depth [μm] Width [mm] Depth [μm] Width [mm] 

Mean 
St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  
Mean 

St. 

Dev.  

10 25,92 1,45 0,831 0,01 21,78 1,60 0,79 0,02 16,36 0,51 0,70 0,02 

20 33,49 1,78 1,042 0,04 86,52 0,79 1,58 0,04 30,48 1,56 0,96 0,03 

50 34,84 1,72 1,066 0,02 100,96 1,40 1,73 0,02 51,89 1,41 1,25 0,04 

70 35,98 0,83 1,055 0,12 126,15 1,62 1,94 0,03 65,42 1,35 1,28 0,05 
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Fig.78: Volume variation for each load conditions. 

 

From fig.78, it is possible to observe that the loss of volume (ΔV) versus the applied load 

increases in a different way for each sample type, showing that for the hemp one, its increases 

in the slightest way reaching the lowest values. This result further highlighted the interesting 

wear behaviour of the natural fibre composite under investigation. 
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Chapter 5: Conclusions 

 

 

This Ph.D thesis has been focused on manufacturing techniques of natural hemp fibre composite 

materials both in hybrid laminate and hybrid sandwich structure configurations. Then a wide 

investigation on the mechanical properties of the produced composite has been performed 

through quasi-static, dynamic and tribological tests. Several aspects of these hybrid composite 

materials were studied, with more detail their tensile and flexural properties, the effect of the 

presence of hemp-carbon interface in hybrid laminate on the interlaminar shear, and the 

capability of hybrid laminates to dissipate energy by means of damping tests. Dynamic 

properties were evaluated through low velocity impact tests on both laminate and sandwich 

configuration and dynamic surface wear resistance was studied through tribological tests. 

 

 

- Focusing the attention on the experimental campaign carried out on the hybrid sandwich 

structures with bio-based cores in part 2, it is possible to conclude that as consequence of the 

impact tests at penetration carried out at 45J, globally, the SF sample shows a reduction of the 

peak force in comparison with the NSF sample that is almost 13,7%, 19,8% and 16,8% 

respectively for the 2, 4 and 6 layers samples. Furthermore, an increasing of the displacement 

at failure is detected indeed the 2, 4 and 6 SF hemp core layers show an improvement of 30%, 

46,1% and 29,2% if compared with the NSF sample. These aspects are representative of a more 

ductile behaviour of the SF samples caused by its density and fabric geometry. 

Focusing the attention on the absorbed energy, it is possible to observe that the absorbed energy 

increases when the number of the total core layers rise up in case of SF sample, whilst. If the 

attention is focused on the NSF sample, a reduction of the absorbed energy is detected when 

the number of core plies increase then, in that sample typology the impact behaviour is 

influenced by the core density. 

From the indentation tests it is possible to conclude that at the end of the loading portion of the 

indentation curves, some localised cracks propagate through the core thickness. When the 

penetration load is reached a severe indentation is localised on the top core surface that is in 

contact with the penetrator tip, on the other hand, broken and bended fibres are appreciable on 

the bottom surfaces of both sample typologies. 
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Furthermore, an additional failure mechanism is detected for the SF sample, the penetrator 

breakthrough causes an in-plane hemp fibre bending both in warp and weft direction due to the 

low interaction between hemp tow at the intersection. This mechanism can be an additional 

contribute to the impact energy dissipation when its amount is not enough to cause the failure 

of the sandwich structure. Indeed, during an impact event, part of the impact energy can be used 

to plastically deform the hemp core layers. 

 

 

- Regarding the research on thin hybrid sandwich structures with bio-based cores, it is a 

natural evolution of the previous work. The guideline of the entire PhD thesis is the extension 

of the application fields of natural fibre, then in order to overcome the classical limitation of 

sandwich structures related to the core thickness, the idea was the replacing of traditional core 

materials with a single porous layer of natural fibres. This in order to obtain a thin laminate in 

sandwich configuration. Then, in this experimental campaign, three different sample typologies 

were produced: a first hybrid laminate in sandwich configuration, characterised by one layer of 

hemp fabric between two single carbon layer skins, labelled as C-H-C; the second one is the 

same of the C-H-C configuration but a flax layer is placed between the two skins and is labelled 

as C-F-C; then a reference laminate with 2 and 4 carbon plies in case of comparison with the 

same mechanical properties and the same weight respectively. 

The tensile test results do not reveal a better behaviour of hybrid composite compared to the 2 

plies carbon laminate. The tensile properties are lower than the reference, indeed a reduction of 

almost 19% and 13% was detected for C-H-C and C-F-C respectively, moreover, a weight rising 

up is detected and it is attributed to the addition of the natural fibre layer. But, in semi-structural 

application, flexural and impact mechanical properties are of greater interest, then from the 

flexural tests carried out on each family at the same mechanical properties and at the same 

weight, it is possible to conclude that the C-H-C configuration demonstrates specific stress 

properties of almost 5% higher than the 2 plies carbon laminate in case of comparison at the 

same mechanical properties. On the other hand, a larger improvement is shown when the 

comparison is performed keeping constant the weight of all specimen typologies, in that case 

the C-H-C laminate demonstrates specific flexural stresses that are 36,5% higher than the 4 

plies carbon reference. Positive results are revealed from the C-H-c configuration when the 

same comparisons mentioned before are made keeping constant the support span. In this case, 

when the comparison was performed at the same mechanical properties, the C-H-C composite 

material shows a specific flexural force that is 36% higher than the 2 plies carbon reference, 
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whilst in case of comparison carried out keeping constant the support span and the weight of 

the samples, the C-H-C configuration reveal the specific flexural properties that are almost 10% 

higher than the 4 plies carbon reference. Then, in this last case, the improvement is less than 

the previous case (36%) but it is clear since the total number of the carbon plies that characterise 

the reference is twice the previous case. However, even though a double number of carbon 

layers is used, the hybrid configuration still offers improved specific flexural properties. 

 

 

- Focusing the attention on the Bio-hybrid composite laminates with improved mechanical 

properties treated in the part 4, all samples under inspection have been subjected to a complete 

experimental campaign in order to evaluate the flexural and impact behaviour of hybrid 

configurations. A total number of six families of hybrid laminates were produced keeping 

constant the synthetic/natural fibre content, in detail three of fifteen carbon plies were replaced 

with hemp ones in order to obtain both symmetric and asymmetric laminate configurations. The 

mechanical properties of bio-hybrid samples in terms of flexural, damping and impact 

behaviour were extensively investigated and compared with traditional CFRP and HFRP 

references. The results proved that the presence of hemp fibres successfully influenced the 

failure mechanism of these laminates, making the proposed bio-hybrid composites very 

attractive for future structural applications. 

From the mechanical characterization the following main conclusions can be drawn:  

The hybridisation process was able to modify the flexural response of the reference carbon 

composite material by changing the failure mechanism mostly due to the combination between 

the brittle failure of carbon and the smoother, gradual deformation of the hemp fibres. It was 

pointed out that it is possible to tune the flexural modulus, by keeping it very close to the one 

of pure carbon by placing the hemp layers close to the neutral axis, i.e. the symmetric S 

configuration,  or lower it by using asymmetric hybrid configurations. Comparing with the 

reference CFRP samples, the S hybrid configuration also showed an increase of around 49.7% 

and a slight decrease of around 10.9% of the maximum strain and flexural strength respectively. 

Furthermore, it was observed that it is possible to include additional energy dissipation 

mechanisms by adjusting the position of the hemp layers along the laminate’s thickness in order 

to activate crack bending mechanisms; for example, the best results were shown when the hemp 

fibres were placed on the top side, i.e. configuration A-HC. In this case, the absorbed energy at 

bending improved of around 20.5% in comparison with the reference CFRP sample. 
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From the bending tests carried out on short beams, it was observed that the shear behaviour is 

less affected by the presence of the natural fibres, however only the sample type with the hemp 

on the bottom side, i.e. configuration A-CH showed a slight decrease in shear strength due to 

the presence of large delamination at the carbon/hemp interface. 

The results of damping tests, proved that the hybridization with hemp leads to an increase of 

damping properties in comparison with traditional CFRP laminates, except for the 

configuration in which the hemp fabrics are placed on the bottom side. The highest absorption 

performances were exhibited when the hemp layers are placed close to the neutral axis, i.e. 

configuration S. In this case, an improvement of around 40% of the damping ratio respect to 

the CFRP reference samples were observed.  

From the LVI tests appeared that that the presence of the carbon/hemp interface modifies the 

behaviour of the hybrid laminate, allowing for different energy dissipation mechanisms (larger 

energy absorption associated with larger delamination at the interface or constant energy 

absorption associated with smaller delamination) which can be tuned according to the relative 

position between the carbon and hemp layers. Of particular interest two cases can be mentioned: 

the one with the symmetric configuration with the hemp layers close to the neutral axis, i.e. 

configuration S, in which for each impact energy value, no significant deviations from the 

CFRP reference samples in terms of absorbed energy and damage extensions were detected. 

This means that in this stacking configuration, in the investigated experimental windows, three 

layers of hemp can represent a suitable replacement of the same number of carbon layers. The 

second case is the asymmetric stacking configuration with the hemp layers placed on the 

impacted side, i.e. configuration A-HC. In this case it was observed that the presence of a more 

ductile material in the proximity of the impact location allowed the larger deformation of the 

area surrounding the contact zone which translates with a more efficient energy transfer 

between the penetrator tip and the laminate. This mechanism leads to the absorption of a 

consistent portion of the impact energy in the deformation of the hemp layers. Indeed, the 

reduction of the internal damage extension for all the tested energies was observed, reaching 

for the case of impact energy of 5J the absence of any kind of internal damages. 

 

 

- Regarding the experimental campaign treated in part 5 on tribological behaviour of hemp 

fibres, it is an extension of the dynamic characterisation of the bio-hybrid laminates. In all cases 

in which synthetic structural composite materials are subjected to tribological loads that can 

compromise the human health by dermatitis from contact or inhalation of broken fibres, the 
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idea was the replacement of the external traditional fibre ply with a natural fibre one. Then, in 

this experimental campaign tribological tests were performed on three different composite 

materials: carbon and glass reinforced composite as references and hemp fibre composite as 

case study. The results highlight the best wear behaviour of hemp reinforced composites, 

indeed, under higher load conditions (50 and 70 N) there are no evidence of any broken fibres, 

but just a fabric distortion along the sliding direction. This aspect is more evident in long time 

tribological tests, where the better hemp fibre wear behaviour is emphasised. This good wear 

behaviour is given by the no brittle behaviour of natural fibres, that bend under the pin transient 

protecting the inner layers. Then, from this study the better wear behaviour of natural fibres 

with respect to other common synthetic fibres used as reinforcement is evident, furthermore 

uncovered natural fibres that can appear on the composite surface after wear or scratch damage 

of the external surface of a composite laminate, are not as dangerous for human health as some 

synthetic materials like glass or carbon fibres. This aspect makes the hemp fibre hybrid 

composites an interesting candidate in all applications in which a composite product is in 

contact with the human body. 

 

 

Then is possible to conclude that the aim of this PhD thesis does not consist in the substitution 

of traditional synthetic fibres with hemp ones because, even if these fibres are characterised by 

specific properties comparable with the most commonly glass fibres, hemp composite materials 

are not able to offer mechanical performances comparable with GFRP or CFRP laminates. 

Then, on the basis of the actual environmental sensitivity, the idea is related to the extension of 

the application fields of these fibre typologies. One way to extend the limits in using hemp 

fibres in load bearing application is the hybridisation with high performance carbon fibre in 

hybrid composite, both in traditional laminate configuration and as core in sandwich structure. 

The results of these research works, lead to conclude that the hybridisation of traditional CFRP 

composites with hemp layers is a valid solution for the development of new load-bearing 

structures, as it allows for the development of laminates with tailorable properties in the out-

of-plane direction according to the relative position of the natural and synthetic fibres. 

Moreover, the substitution of a fraction of traditional fibres with hemp ones, leads to a greener 

composite material with reduced environmental impact. 


