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Resumen 

Los polímeros reforzados con fibra de carbono (CFRP) son ampliamente utilizados en 

la industria aeroespacial debido a su excelente relación resistencia-peso. Sin embargo, la 

región interlaminar relativamente débil de la estructura laminada puede ocasionar fallos 

catastróficas y delaminación. Ante esto, la biomimética ha surgido como un nuevo enfoque 

para mejorar la tolerancia al daño de los CFRP. Entre los diferentes materiales biológicos, 

el nácar destaca por su balance entre tenacidad y resistencia. La razón detrás del 

rendimiento mecánico del nácar es su estructura discontinua jerárquica y multiescalar 

(conocida como "pared de ladrillo"). 

En este trabajo se implementan dos enfoques biomiméticos en materiales compuestos. 

En primer lugar, la introducción de una estructura de "pared de ladrillo" mediante la 

realización de cortes en los pre-impregnados que forman los laminados, dando como 

resultado "CFRP jerárquicos". En segundo lugar, la introducción de una escala adicional 

mediante la adición de nano-refuerzos (materiales relacionados con el grafeno, GRM), 

produciendo “CFRP multiescalares”. Finalmente, se desarrollaron “CFRP jerárquicos y 

multiescalares” mediante la combinación de ambos enfoques. 

Con el fin de evaluar la posible aplicabilidad y escalabilidad de dichas estructuras, los 

composites bioinspirados se han desarrollado utilizando procedimientos de fabricación y 

equipos ya existentes en la industria y usando materiales comerciales. En este trabajo se 

presenta una evaluación de dichos procesos de fabricación. 

 Para los "CFRP jerárquicos", se ha investigado la influencia de la estructura de "pared 

de ladrillo" en el rendimiento mecánico de los materiales en términos de resistencia a la 

fractura y comportamiento a tracción. Asimismo, para los “CFRP multiescalares” se ha 

estudiado la influencia de la adición de GRM en sus propiedades físico-químicas y 

mecánicas. Finalmente, se evaluó la combinación de ambas estrategias para los “CFRP 

jerárquicos y multiescalares”. Los resultados mostraron una mejora en la tenacidad a la 

fractura y un cambio en el comportamiento de fractura de los compuestos mediante la 

implementación de tales estrategias. 

Palabras clave: aeroespacial, polímeros reforzado con fibra de carbono (CFRP), 

bioinspiración, jerarquía, multiescalar, nácar, materiales relacionados con el grafeno 

(GRM), fractura. 
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Abstract 

Carbon fibre-reinforced polymers (CFRPs) are widely used in the aerospace industry 

because of their outstanding strength-to-weight ratios. They present high stiffness and low 

density for their high strength. Nevertheless, due to the relatively weak interlaminar region 

of the laminated structure, these materials present poor mechanical properties in the 

direction perpendicular to the fibres, leading to catastrophic failure and delamination. 

Biomimetics has arisen as an interesting approach to improve damage tolerance of CFRPs. 

Among the different biological materials, nacre stands out due to its toughness and strength 

balance. The reason behind the nacre’s mechanical performance is its hierarchical and 

multiscale discontinuous staggered structure (known as ‘brick-and-mortar’). 

In this work two biomimetics approaches are implemented into CFRP composites. 

First, the introduction of a ‘brick-and-mortar’ structure by performing specific cuts into the 

prepregs forming the composites, resulting in “hierarchical CFRPs”. Second, the 

introduction of an additional scale by the addition of nanoreinforcements (graphene-related 

materials, GRMs), producing “multiscale CFRPs”. Finally, “hierarchical and multiscale 

CFRPs” were developed by the combination of both approaches. 

In order to evaluate the potential applicability and scalability of such structures, the 

bio-inspired composites have been developed using manufacturing procedures and 

equipment already existing in the industry while using commercial materials. An 

evaluation of such manufacturing processes is presented in this work. 

 For the “hierarchical CFRPs” the influence of the ‘brick-and-mortar’ structure in the 

mechanical performance of the composites has been investigated in terms of fracture 

toughness and behaviour under tensile loading. Similarly, for the “multiscale CFRPs” it 

has been studied the influence of the addition of GRMs on its physical-chemical and 

mechanical properties. Finally, the combination of both strategies was evaluated for the 

“hierarchical and multiscale CFRPs”. An enhancement in the fracture toughness and a 

change in the fracture behaviour of composites was obtained by implementing such 

strategies. 

Keywords:  aerospace, carbon fibre-reinforced polymer (CFRP), bio-inspiration, 

hierarchy, multiscale, nacre, graphene related materials (GRMs), fracture.  
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1. INTRODUCTION 

1.1 MOTIVATION 

In the past decades carbon fibre-reinforced polymer (CFRP) composites have been 

introduced in the aircraft, energy and automotive industry due to their numerous 

advantages compared with traditional metallic materials. The structure of CFRP, based on 

the combination of a high-performance reinforcement embedded in a continuous polymer 

matrix, leads to the formation of lightweight structures with tailorable high specific 

strength and stiffness.  

However, this combination of two different materials in such structure brings some 

limitations. The layered structure of CFRPs composites and the relatively low strength of 

the matrix typically lead to poor interlaminar and through-thickness properties, which 

results in delamination and matrix cracking failure. Regarding in-plane properties, the use 

of carbon fibres (CFs) usually leads to a linear-elastic behaviour, leading to abrupt and 

catastrophic failure with limited damage diffusion and little or no visual warning. As a 

consequence, high safety margins are applied in the design of CFRP components, which 

limits the full exploitation of the benefits of CFRP composites. 
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A great effort and ingenuity have been invested to overcome these limitations. In this 

context, natural materials have emerged as a great source of inspiration. Two main features 

of natural materials have focused the interest of the material science community: the 

multiscale (i.e., composed of components with several length scales) and the hierarchical 

(i.e., all the components are ordered) structure of these materials, which allow to build 

complex functional materials from simple building blocks. Among natural materials, the 

multiscale hierarchical structure of nacre, usually known as ‘brick-and-mortar’, has raised 

significant interest as it provides nacre with an outstanding balance between strength and 

toughness and numerous damage diffusion mechanisms. 

Some work has already been done in the field of bio-inspired “hierarchical CFRPs” 

showing promising results. However, in most of these works, the composites 

manufacturing and/or development processes are manual or performed at a laboratory 

scale. Similarly, several studies about “multiscale CFRP” composites can be found in the 

literature, achieved by the addition of a nanoreinforcements in the polymeric matrix. 

Nevertheless, these nanoreinforced composites are usually not composed by organized or 

ordered nanostructures, so they cannot be considered a nanoarchitecture as the one 

presented in natural materials. 

In this context, the aim of this thesis is to explore the introduction of both a hierarchical 

and multiscale design to produce bio-inspired nacre-like CFRPs composites with enhanced 

mechanical performance. Also, the works performed in this thesis are performed using 

materials and fabrication methodologies currently used in the industry, with aim of 

studying its potential implementation and looking for providing a step forward to the 

application of this technology into the industry.  
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1.2 LITERATURE REVIEW 

1.2.1 Carbon fibre-reinforced polymer (CFRP) composites 

The use of CFRP composites has grown significantly in those fields in which the 

weight reduction is a must, as it is in the aerospace, defence, automotive or wind industry. 

The success of CFRP components is mostly attributed to its hierarchical structure 

composed by the following hierarchical levels: fibre plus resin forming a ply, laminate, and 

structural component. The properties of each level can be carefully controlled by their fibre 

volume fraction, fibre distribution, stacking sequence, laminates disposition among the 

structural component, etc. [1].  

Among the different industries, 61% of carbon fibre demand goes to aerospace and 

defence, mainly covered by only two companies, Airbus and Boeing [2]. In the 

aeronautical field, composite materials have replaced metals in the structural components 

of the plane such as plane wings, fuselage, empennage, etc. Lately, CFRP have been 

incorporated to secondary structures such as windows or cabin interiors [3], resulting in 

aircrafts composed up to 50 wt.% by composites such as the Airbus A350XWB [4] or the 

Boeing 787-9 [4]. 

1.2.1.1 Prepreg and automated lay-up 

One of the most popular routes to manufacture composite structures is by using dry 

fibres either in open-mould processes such as pultrusion and filament winding, or by using 

closed-mould processes such as resin transfer moulding (RTM), resin film infusion (RFI) 

or reaction injection moulding (RMI). In dry-fibre process the resin is mixed and infused 

through the fibres to be cured afterwards [5]. However, due the high viscosity of the resins 

commonly used in the industry, the application of solvents or homogeneous high 

temperature is needed to provide adequate distribution of resin, uniform degree of cure, 

and to avoid either dry spots or resin rich regions [6]. 

In order to manufacture composite materials following the strict quality and tolerance 

requirements of the aeronautic sector, prepreg materials, i.e. fibre tapes or fabrics pre-

impregnated with resin, are used [7,8]. Prepregs allow achieving a high fibre volume with 

minimum void content [9] and provide solutions for machinability and joining. 
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The use of fibre forms pre-impregnated with a thermoset resin present several 

advantages in comparison to the other processes [5]. First, prepregs are safer as handling of 

liquid resin is avoided. It allows a better alignment of the fibres and, therefore, high control 

in the manufacturing properties. In addition, higher fibre volume can be achieved (around 

65%) with very low void content (around 0,5%) after curing at controlled temperature and 

pressure in an autoclave. Finally, the higher fibre volume together with the high alignment 

and good resin distribution provide the laminates with higher mechanical properties, as 

resin rich regions are avoided [6,10], placing this technology in a high position in terms of 

performance and production volume (Figure 1). 

 

Figure 1. Composites manufacturing technologies positioned in terms of performance and 

production volume [6].  

Historically, CFRP elements made from prepregs have been manufactured by manual 

lay-up (known as hand lay-up). In this process, pre-cut prepreg plies are cut manually and 

then the component is made by laying-up the pre-cuts iteratively into a mould or tool and 

debulking each 3-4 plies [11] (Figure 2, “Manual lay-up”). As the use of prepregs have 

been considered for mass-market application and big structures, new requirements such as 

reproducibility, reliability and productivity have arisen. In order to fulfil these 

requirements, the automation of the laying-up process came out in the 1970´s with 

Automated Tape Laying (ATL) and later Automated Fibre Placement (AFP) 

(commercially available in the 1990´s) [12,13]. ATL deliver a wide prepreg tape (from 75 

to 300 mm width) onto a surface whilst automatically removing the ply backing (Figure 2, 

“ATL lay-up”) [14]. 
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Figure 2. Composite manufacturing process for thermoset prepreg showing the different 

alternatives for ply collation (manual, ATL and AFP layup) [12].  

The ATL integrates ply cutting and lay-up in a single automated operation (Figure 3). 

In this process, no vacuum is applied to allow continued laying-up. ATL is the most 

efficient process for producing flat laminates. To produce other geometries, sometimes the 

flat panel is produced and then formed into a tool with the desired shape. For some large 

geometries with slight curvature the laying process can be done over curved tooling as well 

[11,12]. ATL process has been improved in terms of lay-up speeds, control and materials 

since the 1980´s [13]. Today, ATL is a highly productive process widely used in the 

aerospace and wind industries due to its high lay-up rates, the capability of producing large 

parts, high areal weight and the simple machine programming required [12]. 
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Figure 3. Sketch of a typical Gantry Style Tape Laying Machine used for Automatic Tape Lay-up 

[11]. 

AFP is similar to ATL but narrower prepreg tapes are used, which are parallel arrayed 

(collimated) on the deposition head and then delivered together allowing the use of more 

complex moulds [13] (Figure 2, “AFP lay-up”). After ply collation, vacuum bagging, 

curing, non-destructive inspection and machining are common processes followed to 

obtain a composite element (Figure 2). AFP process goes one step beyond than ATL by 

enabling direct lay-up into moulds with more complex shapes, making subsequent forming 

unnecessary. Furthermore, quality inspection can be automated by implementation in AFP 

[14]. 

1.2.1.2 Problematic in CFRP composites 

We have seen a significant growth in the field of CFRP composites during the past 

decades, what has entailed a great advance in the development of lightweight structures 

with high strength and stiffness. However, CFRP structures still present some limitations 

and its potential is not fully exploited. The fact that CFRPs are made by staking fibre plies 

and held by a resin matrix makes these materials highly anisotropic, showing poor 
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conductivity and poor mechanical properties in the direction perpendicular to the fibres, 

leading to delamination, brittle failure and poor damage resistance [15,16].  

Several strategies have been studied the last decades in order to overcome these 

limitations. Some of the most studied techniques include fibre surface modification [17] or 

3D strategies (such as Z-pinning [18] and stitching [19,20]) but they are associated to 

additional cost, complexity in the manufacturing process and/or detriment of other 

mechanical properties. The use of non-woven veils doped or coated with conductive 

nanoparticles can also increase their fracture toughness [21,22] while providing 

multifunctional properties [23]. However, due to the poor manageability of these non-

woven veils, they have to be positioned by hand, not being compatible with the automated 

manufacturing processes. 

On the other hand, the use of the mentioned automatic processes (ATL and AFP) has 

also enabled the appearance of new design strategies to develop the new composite 

structures with improved interlaminar properties such as fibre-steered composites [24] and 

dispersed laminates [25]. Steering designs allow tailoring the stiffness of aircraft structures 

[26]. On the other hand, dispersed laminates are those containing a varied number of ply 

orientations (any within the -90°:90°), allowing composite laminates exploit their full 

mechanical potential [27]. 

Considering the mentioned advantages and the high control and efficiency of prepregs 

and automatic process, together with the designing opportunities that automatic processes 

bring, this project aims to develop new strategies to overcome some limitations of CFRPs 

by using prepreg forms and ATL technique. Particularly, among the different designing 

strategies that can be implemented to develop enhanced CFRP composites, those inspired 

in biological materials have emerged as a promising approach. 

1.2.2 Biomimetics and bio-inspiration 

Millions of years of evolution have made nature extremely efficient in materials and 

structure design. Many biological materials, despite of being generally composed of a few 

weak and brittle constituents, present mechanical properties that are far beyond of those 

achieved in synthetic man-made materials [28,29]. The exploration of biological structures 

has brought the interest of material scientist and engineers from many decades. This trend 
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in research started in the early 1920´s with D’Arcy W. Thompson and its study ‘‘On 

Growth and Form’’ [30] and continued growing [31–35] up to date, being biomimetics a 

mainstream area of study, with an increasing number of studies and patents [36]. 

Numerous studies on the structure [35], properties [37], behaviour [33] and mechanical 

optimization [35] of nature materials have been performed. However, the implementation 

of the lesson learnt from nature is not straightforward. This is mainly because of two 

reasons: the differences in the constituents between natural and engineering materials and 

the manufacturing process in which are made as can be observed in Figure 4 [37]. 

Considering these differences, different strategies have raised to develop biomimetic 

materials (e.g., mimicking the manufacturing process in nature, mimicking the micro or 

macro structure of natural materials...). 

 

Figure 4. Difference between the basic elements and fabrication methodologies governing in 

biological and engineering materials [37]. 

In the framework of this thesis and considering the industrial context, a bio-inspiration 

approach focused on the structure of natural materials has been taken. The aim of this 

project is not to mimic a nature structure but take inspiration from it. 
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1.2.2.1 Multiscale hierarchical structures in nature 

Most natural materials present a composite structure, combining stiff and soft 

components into a multiscale and hierarchical structure. In other words, the outstanding 

properties and functionalities found in natural materials are achieved by building 

hierarchical structures organized at the nano, micro, and meso levels from a few simple 

constituents [28,38]. Some examples of the different constituents that form different 

biological materials and the differences in their size is observed in Figure 5.  

 

Figure 5. Examples of the multiscale features found in some natural materials [39]. 

The nanometre size of their basic components (e.g., nanoplatelets, nanofibres), its 

arrangements into arrays and the high architectural control into their hierarchies, lead to an 

optimal strength and toughness balance and flaw/damage tolerance [40]. Interfaces also 

have a key role in the deformation and fracture process of nature composites. Interfaces 

can act as crack arresters, avoid catastrophic failure at a larger scale, allow a correct load 

transfer and they also enhance energy dissipation through nanoscale toughening 

mechanisms [39,40].  

The balance between strength and toughness obtained by the hierarchical order of 

multiscale components is a highly desirable combination of properties that man-made 

materials lack up to date. Figure 6a shows how most of the biological materials retain their 

toughness when its stiffness increases (blue curve). On the other hand, the synthetic 

engineering materials in which their toughness drops as stiffness increases (yellow curve). 
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Natural materials present modest material properties compared with engineering materials, 

but they usually achieve a better stiffness/toughness trade-off [39]. The hierarchical 

structure of biological materials and their associated multiscale toughening mechanisms 

provide a significant increase in toughness which significantly exceed those of their 

constituents and their homogeneous mixtures (Figure 6b) [41].  

The most common and studied examples of natural occurring materials in which the 

multiscale hierarchical structure leads to outstanding mechanical performance include 

wood [32,37], bone [34], teeth [28], stomatopod dactyl club [42] and nacre [28]. The 

proper implementation or emulation of such structures in engineering materials can 

increase their efficiency and strength by orders of magnitude [31,43]. 

 

Figure 6. Comparison of toughness between natural and engineering materials. a) Ashby plot of 

toughness and elastic modulus of biological and engineering materials. b) High toughness is 

reached by natural materials due to design strategies and toughening mechanisms [39]. 

1.2.2.2 Structure of nacre 

Among the different natural materials, nacre is generally considered the gold standard 

for biomimetic materials because of its mechanical performance. Particularly, due to its 

stiffness (60-70 GPa) and toughness (1,3 kJ/m2) balance which is quite superior than that 

of bones (10-20 GPa, 1-5 J/m2, respectively) [28,31,40]. 

Nacre is a biological composite found in the inner layer of mollusc shells. It is 

composed 95 wt.% of inorganic calcium carbonate (CaCO3) in aragonite form and 5 wt.% 

organic biopolymer matrix [31,41,44,45] (Figure 7, Level I). These two building blocks 
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form millions of nanograins (ca. 30 nm) that, at the same time, conform aragonite platelets 

(ca. 0,5 µm thick and 8–10 mm wide) (Figure 7, Level II). The peculiarity of nacre and 

primary reason for its outstanding mechanical properties is the way its components are 

arranged in a well-ordered hierarchical structure usually known as ‘brick-and-mortar’ 

structure [31,40,45,46] (Figure 7, Level III). The staggered arrangement of aragonite 

platelets in consecutive layers provide high strength while the organic matrix enables high 

energy dissipation and load transfer between platelets [46]. Finally, there is a lamellar 

architecture of the mesolayers (Figure 7, Level IV) which ends forming the abalone 

(Figure 7, Level V). 

 

Figure 7. Nacre´s multiscale hierarchical structure (5 levels) from nano to macro length scales. 

Scale bars: Chitin matrix - 500 nm; ‘brick-like’ platelets - 5 micron;  mesolayers – 0,1 mm; abalone 

- 1 cm [40]. 

Such multiscale hierarchical structure provides nacre with a mechanical performance 

much superior to that of its constituents as seen in Figure 6b. For example, despite being 

mostly composed of a brittle ceramic with 0,05% inelastic deformations, nacre can reach 

inelastic deformations up to 1% [47,48]. Similarly, nacre’s strength and work of fracture 

are 10 and 3000 higher than that of aragonite [28,49]. 
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The overall nacre’s mechanical behaviour is influenced by several mechanisms 

operating at different length scales (Figure 7). From microcracks between the organic 

grains which form the platelets, mineral bridges between platelets [50], platelets waviness 

[51] or thick protein layers between mesolayers [52]. 

1.2.2.3 Toughening mechanisms of nacre 

As a consequence of the high complexity of nacre structure, numerous toughening 

mechanisms have been proposed to be responsible of its remarkable toughness (Figure 8) 

[28,38,39,44–47]. In this section, the most relevant and agreed ones are indicated. 

 

Figure 8. Schematic of different toughening mechanisms of nacre. Adaptation from [41] and [46]. 

- Crack tortuosity [46] and crack deflection. The different elastic moduli between the 

platelets and the organic polymer produce crack deflection through thin biopolymer 

layers. The crack deflection act on the wake of the crack to reduce (shield) the local 

stresses/strains experienced at the crack tip [37,41]. The crack-tip shielding produces a 

reduction of stress intensity what result in an increment of the fracture toughness [53]. 

This is known as an extrinsic toughening mechanism which effect is crack size 

dependent. This result in the rising of crack-growth resistance (R-curve), i.e. the crack-

driving force must be increased to maintain the crack propagation. Details about the 

fracture mechanics behind this mechanism are explained in Annex 1. 
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- Platelet pull-out [46] associated with controlled aragonite platelet sliding [41] are 

also extrinsic toughening mechanisms that can dissipate energy in various ways (Figure 

8): 

• The existence of mineral bridges between the platelets reinforces the interfaces of 

the ‘brick-and-mortar’ structure, hindering crack propagation and increasing energy 

dissipation [38,44,45] (Figure 8).  

• Asperities onto the surface of the aragonite tablets also act as an important source 

for shear resistance [45] (Figure 8).  

• Also, the ductile organic polymer that glues the platelets prevents an uncontrolled 

crack growth [54] (Figure 8). 

• Interlocking between aragonite platelets have been proved to limit catastrophic 

failure of nacre, contributing to the increase in toughness [55] (Figure 8).  

- Other mechanisms also have been reported such as: dislocations, twinning and 

amorphization in aragonite nanocrystals (atomic scale) [39]; rotation and deformation 

of aragonite nanograins (nanoscale) [45] or microcrack formation between nanograins 

[46].  

In addition, Frantz et al. [56] proved that in layered systems consisting of two materials 

with different elastic modulus the crack driving force present local variations. When the 

Young’s moduli ratio between the stiff and the soft layer is sufficiently high (>5), the soft 

layers can act as crack arresters. According to their study, there is no dependence on the 

soft layers’ thickness, so it occurs even when it is very small as in nacre. Based on this 

work, they proposed a design criterion for layered tough materials: introducing the highest 

number of soft interlayers with a stiffness five times lower than that of the stiff material 

[56]. 

The high number of the different toughening mechanisms found in nacre open a door 

for the development of new design strategies to obtain enhanced engineering materials. 

However, the multi-level hierarchy makes remarkably challenging to accomplish an 

accurate replication of the nacre structure both form the manufacturing and the modelling 

point of view, resulting in different studies each focused in mimicking any of nacre’s 

toughening mechanisms [38,39,44,45,49,57,58].  
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In this work we do not pretend to take advantage of all of them. In this study the design 

of bio-inspired composites are optimized according to manufacturing constrains and aims 

to exploit mainly the crack deflection mechanism as it is considered one of the most 

influent mechanisms (at the microscale) [37,39,59,60]. 

1.2.3 Bio-inspired FRP composites 

As seen up to now, the key feature for the outstanding performance of biological 

materials is the combination of a multiscale and hierarchical structure. Also, conventional 

FRP composites can be seen as a simple hierarchical structure composed of two 

constituents (fibre and resin) which form plies that result in bigger structures (laminates). 

Two possible approaches have been found in the literature to obtain bio-inspired nacre-

like FRP composites: increase the number of hierarchies and/or increase the number of 

constituents of different length scales.  

 

Figure 9. Different approaches to obtain bio-inspired FRP composites. 

Some studies can be found focused on the development of hierarchical FRP composites 

through implementing new designs in its structure. Likewise, studies can be found focused 

on the development of multiscale FRP composites by the addition of an extra 
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reinforcement in a different length scale. Both strategies are reviewed in the following 

sections (§1.2.3.1 and §1.2.3.2, for the literature based on the Approach 1 and the 

Approach 2 respectively, Figure 10). Regarding multiscale composites, those obtained by 

the addition of graphene-related materials (GRMs) are the focus of this literature review. 

 

Figure 10. Literature review on bio-inspired FRPs. 

1.2.3.1 Hierarchical FRP composites 

The bio-inspiration has led to the arise of different hierarchical FRP composites with 

considerable enhancements in their mechanical performance. In this chapter the "state-of-

the-art" regards the implementation of a nacre-like ‘brick-and-mortar’ structure in CFRPs 

is presented and, afterwards, more complex strategies are also reviewed. 

• ‘Brick-and-mortar’ structure 

‘Brick-and-mortar’ structures in FRP composites are usually made by using a 

continuous matrix and a discontinuous reinforcement. The continuous fibres usually 

present in conventional FRP laminates are modified in order to add one level of hierarchy. 

For example, introducing cuts in the plies (Figure 9, blue lines) a hierarchical nacre-like 

structure can be obtained depending on the location of the cuts. Considering this, some 

works related to the study of aligned discontinuous FRP composites are included due to the 

relevant information that they bring about their behaviour.  

Discontinuous FRPs have been considered for boosting the forming process of 

composites [61], for the compression moulding of complex shapes [62–66] and as 

alternatives to re-use prepreg waste [63,67]. Discontinuous composites with randomly 

orientated fibres have already been implemented in non-load bearing structures. The 
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alignment of fibres in discontinuous composites leads to a higher fibre volume fraction 

and, hence, to materials with high performances (similar to those of continuous fibre 

composites) [64,68–73]. 

In 2010, J. N. Baucom et al. [70] manufactured “tiled” laminates with the aim of 

tailoring local properties and mitigate stress concentrations at the laminates’ free edges. 

They studied the effect of the resin-rich tile-to-tile interfaces (resin pockets or gaps filled 

with resin) and explored different configurations of tiles arrangements through the 

thickness (Figure 11). It was observed that increasing the thickness-length aspect ratio of 

the resin pocket, the stress concentration value increased, and shear-lag zone decreased. 

They obtained an 8% reduction in the ultimate strength by combining 5 mm length resin 

pockets with central continuous layer and half-tile offset design (Figure 11).  

 

 

Figure 11. Tile designs studied and normalized maximum axial stress and critical length as 

functions of resin-pocket aspect ratio when submitted to tensile tests [70]. According to this study, 

higher aspect ratio (t/lp) implies smaller resin pocket, and a reduction of stress concentration. Also, 

higher aspect ratio lead to an increment in maximum axial stress and a reduction of the critical 

length. 

In 2013, Malkin et al. [73] published a paper in which they used the bio-inspiration to 

obtain a pseudo-ductile failure in CFRP composites (i.e., the ductility is achieved through 

damage development in the composite [74]). By introducing ply discontinuities (Figure 

12), the location of crack initiation and its propagation can be controlled and, therefore, the 

typical catastrophic failure can be reduced. They explored different patterns of 

discontinuities (Figure 12) and submitted them to flexure tests. A reduction in strength was 
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observed as well as a progressive failure without large load drops in all the samples, 

mitigating catastrophic flexural failure. They found that with tiles of ca. 20 mm, larger 

resin pockets led to a more stable failure.  

 

Figure 12. Sketch of the different laminate designs explored in this study, A–E, showing the 

locations of ply cuts. The “side” and “plan” views show the design C. Table indicates the 

flexural strength obtained for each design. Adapted from [73]. 

Following to Baucom and Malkin work, in 2014 Pimenta et al. developed a shear-lag 

analytical model for staggered (tiled) discontinuous composites that can be used to 

understand the behaviour of ‘brick-and-mortar’ composites (i.e., staggered stiff inclusions 

embedded in a soft matrix) under tensile loading [75] (Figure 13). The model assumes that 

the ‘bricks’ support longitudinal stresses while the matrix transfers shear stresses, 

considering a “piecewise linear but generic matrix constitutive law” (i.e., including non-

linearity and fracture). Different cases were analysed, considering different ‘bricks’ aspect 

ratio: α=L/T, where T is the ‘brick’ thickness and L is one fourth of the ‘brick length’.  
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Figure 13. Pimenta et al. model overview being tb the inclusion thickness (‘brick’ thickness), lb the 

inclusion length, σ the longitudinal stress; u the displacement and τ the shear stress [75]. 

According to their model, for low aspect ratios (α≤10), the ‘brick-and-mortar’ 

composite behaviour agrees with Kelly–Tyson yield-slip theory [76]. This theory assumes 

a perfectly-plastic matrix that transfers stresses between the ‘bricks’ by yielding under 

shear, so that the composite performance is governed by the matrix’s shear strength. For 

these cases, the shear stresses are homogeneous in the matrix and stresses on the ‘bricks’ 

present a quasi-linear profile, resulting in non-linear overall stress–strain curves, like that 

of the matrix under shear. On the other hand, for higher aspect ratios (α≥30), the model 

shows that the strength of the composite becomes independent of aspect ratio and that 

agrees with fracture mechanics [77,78] (Figure 14): shear stresses are transferred at the end 

of the overlapping region during the loading process, and the overall stress–strain curve is 

quasi-linear up to crack-tip formation. So that in this case (α≥30), the composite’s strength 

is governed by the mode-II toughness of the matrix or of the matrix–platelet interface. 

 

Figure 14. Composite’s strength (X∞) vs. ‘brick’ aspect ratio (L/T). The figure shows the 

governing failure criterion depending on matrix mode-II fracture toughness and ‘brick’ aspect-

ratio. The 1:1 scale corresponds to a ‘brick’ thickness T=0,1 mm and a ‘mortar’ (matrix) thickness 

tm=0,01 mm. Scale  1:2 corresponds to T=0,05 mm and tm=0,005 mm. Eq. 1 corresponds to Kelly-

Tyson theory and Eq.2 to fracture mechanics [75]. 
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Lately in 2014, this model was used by Czél et al. [72] to optimise the overlap 

configuration of ‘brick-and-mortar’ CFRP composites. The ‘brick-and-mortar’ laminates 

were done by introducing discontinuities in unidirectional carbon fibre/epoxy prepregs.  

One discontinuity was introduced in each ply and two laminates configurations were 

explored: one with “long” overlaps and another with “short” overlaps (4 and 8 mm 

respectively, Figure 15a). Considering such configuration, each ‘brick’ was a ply fragment 

of certain length and the matrix the ‘mortar’. The study aimed to achieve a non-linear 

stress-strain response due to progressive interlaminar damage under tensile loading. They 

obtained different responses in each configuration studied. The “short overlap” prevented 

interlaminar crack initiation, what led to an interfacial strength driven failure at low 

applied stress and strain. Otherwise, the “long overlap” was long enough to transfer high 

tensile stresses to the ‘bricks’ allowing interlaminar crack initiation and, therefore, high 

mode-II energy release rates in the overlap zone, allowing for crack initiation on the 

‘brick/mortar’ interfaces. 

 

Figure 15. a) Sketch of the discontinuous composite configuration (red lines show the cuts 

location, blue lines show the load transferring interfaces and green boxes show the targets for 

optical strain measurement). b-c) modelling predictions and experimental results for the stress–

strain curves of discontinuous specimens and corresponding longitudinal section micrographs 

(legend indicate 1 mm in the micrographs). Adapted from [72]. 
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These hierarchical ‘brick-and-mortar’ microstructures were later (2018) optimized by 

Henry et al. with two levels of hierarchies to design specimens with increased damage 

tolerance (Figure 16)  [79]. Their numerical simulations were verified by experiments. 

When subjected to tensile tests, failure mechanisms such as crack deflection, fibre/matrix 

debonding and platelets pull-out were found (Figure 17), demonstrating that the 

hierarchical microstructure allows damage propagation through the specimen before 

failure, what results in a non-linear response and stable energy dissipation before failure.  

 

Figure 16. Sketch of the ‘brick-and-mortar’ structures with additional level of hierarchies [79]. 

 

Figure 17. Tensile response obtained for various geometric parameters (i.e. ‘b’) for ‘level-1 bricks’ 

and SEM edge view images of fractured specimens [79]. 
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All these studies were also very interesting for the FRP composites recycling field. The 

demonstrated high performance achievable in discontinuous composites opened the door to 

new ways of designing recycled FRPs. H. Yu et al. [80] developed a novel manufacturing 

method for aligning discontinuous fibre and making composites from recycled fibres 

(HiPerDiF). They submitted the obtained laminates (named “set 1” and “set 2” with 1 and 

3 mm width correspondingly) to tensile tests. The sets presented different fibre volume 

content. The “set 2” with a Vf=55% (similar to commercial materials), showed tensile 

properties with decrement of ca. 30% compared to continuous counterparts as expected. 

Other studies have shown considerable pseudo-ductility and improved damage 

diffusion by combining the different structures shown in this chapter with continuous 

layers and/or with “hybridization” strategies (combining different materials) and thin ply 

laminates [81–84]. However, combining materials ply by ply is a strategy difficult to 

implement in the industry. On the other hand, adding continuous layers would inhibit the 

crack deflection mechanism which is key for improving interlaminar facture toughness in 

‘brick-and-mortar’ materials. 

• Complex hierarchies 

In the last years, more complex hierarchical structures have been introduced in FRP 

composites. F. de Luca et al [85–87] performed a nacre-like coating which was deposited 

around carbon fibre filaments (Figure 18). This fibre coating was made of layered double 

hydroxide nanoplatelets with an aspect ratio similar to that of the aragonite platelets. The 

platelets curvature and their staggered structure led to crack deflection and platelet sliding, 

which arrested the crack and delayed its critical damage formation. These mechanisms led 

to plastic deformation of the interphase, achieving up to a 30% of improvement in strain 

and tensile at failure compared to composites with un-coated fibres. 

 

Figure 18. Sketch of cross-sectional layers of the nanostructured ‘brick-and-mortar’ coating on the 

circumference of a fibre. Crack deflection among nanoplatelets and shear effect between 

interlocked nanoplatelets can be observed [86]. 
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Narducci et al. introduced tiled-microstructures into CFRPs (Figure 19a), mimicking 

nacre to exploit crack deflection and damage diffusion [60,88,89]. The tiled 

microstructures avoided catastrophic failure when submitted to three-point bend tests. In 

subsequent work, he added "thermoplastic fractal-patterned" interfaces that combined with 

the micro-structural design (Figure 19), improved the damage diffusion capability provided 

by promoting the unlocking of tiles whilst preserving the interface strength. 

 

Figure 19. Film-casting of PLA patches on the interface of carbon/epoxy prepreg plies with laser-

cut nacre-inspired micro-structure. Adapted from [89]. 

Different patterns of micro-cuts were also implemented in CFRPs by Bullegas et al. to 

enhance their translaminar fracture behaviour [69]. In this study, micro-cuts patterns 

mimicking the biological structure of nacre (Figure 20, H1, H2 and H3) were inserted in 

the 0° plies of thin-ply CFRP laminates with cross-ply lay-up. The nacre-like structure led 

to hierarchical pull-out structures during crack propagation (Figure 20), what resulted in up 

to 214% increase in initiation work of fracture. 
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Figure 20. SEM micrograph of fracture surfaces obtained from compact tension tests: a) baseline 

material cuts; b) pattern H1, hierarchical microcuts with one level of hierarchy; c) pattern H2, 

hierarchical micro-cuts with two levels of hierarchy; d) pattern H3, hierarchical micro-cuts with 

three levels of hierarchy. Adaptation from [69]. 

Hasa et al [90]  introduced crossed-lamellar microstructure as the ones found in shells 

in CFRPs (Figure 21). They were made by hand by two routes: co-curing or curing 

followed by bonding.  The co-cured samples resulted with tougher macroscopic interfaces. 

When submitted to three-point bending test the structures dissipated energy in a stable 

manner and presented extensive diffuse damage thanks to failure mechanisms such as 

tunnel cracking in the inner layer, crack deflection, debonding and frictional sliding.  

 

Figure 21. a) Strombus gigas shell; b) shell crossed-lamellar microstructure; c) sketch of the 

microstructure; d) prototyped crossed-lamellar microstructure in CFRP achieved with co-curing 

procedure; e) prototyped crossed-lamellar microstructure in CFRP achieved the bonding procedure, 

and f) the highlighted ±45° blocks . Adaptation from [90]. 
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Finally, even more complex structures mimicking the Bouligand structures that are 

found in the dactyl club of stomatopods have been implemented into CFRPs to reduce 

impact damage [91–93]. 

One of the key points to produce these bio-inspired structures is how to introduce the 

different hierarchies mentioned above. The mentioned authors have reported different 

methods to introduce these hierarchies in the prepreg FRP laminates: pizza wheel tool 

[72,73], laser [60,69,79] or razor utility knife cut [70], combined with alignment systems 

such as pin-holes [60,69,79] or ply termination spacing and vacuum assisted lay-up 

positioning guide [73]. Alternatively, progress is being done to align short fibres to 

manufacture aligned discontinuous FRP laminates through the HiPerDiF method [80]. 

However, these systems have been developed at laboratory scale, being difficult to 

implement in the industry.  

1.2.3.2 Multiscale FRP composites 

Multiscale composites are those containing reinforcements at different size-scales 

[4,94,95]. Some studies focused on the development of multiscale materials have been 

motivated by bio-inspiration in the structure of biological materials as previously described 

[96].  

Multiscale FRP composites are usually produced by adding nanoscale materials 

(nanofiller) to conventional FRP composites (Figure 22) resulting in three-phase 

composites (fibre, resin and nanofiller). 

The interest and development of multiscale composites has been mainly motivated to 

enhance the mechanical properties of conventional FRP in the though-thickness direction 

[97]. Also, multiscale FRPs are being studied with the aim of providing conventional FRP 

with additional functionalities (barrier, electrical or thermal properties). For example, 

nanoparticles placed in the laminate’s interply can hinder for crack propagation, i.e. act as 

crack arresters [16,97–99]. This means that when a crack find a nanoparticle, it deflects, 

resulting in a toughening mechanism as it has been explained before [41,53].  

Some of the different nanoparticles most studied as nanoreinforcements to produce 

multiscale FRP are nanoclays [100], carbon nanofibres (CNFs) [101], carbon nanotubes 

(CNTs) [102] and other graphene-related materials (GRMs) [103] (Figure 22). CNTs have 
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been also used aligned in the interface between FRP plies providing an interlaminar 

reinforcement and reinforcing the matrix [104,105]. 

 

Figure 22. Approaches studied to obtain improved interlaminar fracture toughness in FRP 

composites [97]. 

• Graphene-related materials (GRMs) as nanoreinforcements 

The appearance of graphene [106] opened a new world for the scientific community. 

Its potential was so promising that the European Union launched the EU Graphene 

Flagship, a 10-years billion-euro project with the aim of studying its properties, production 
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methods and potential applications with the aim of generating technological breakthroughs 

around graphene and related materials in Europe [107]. 

Within these studies the so-called graphene-related materials (GRMs) were also studied 

[108,109]. Mechanically-exfoliated graphene, graphene nanoplatelets (or nanosheets) 

(GNPs), graphene oxide (GO) or reduced graphene oxide (rGO) are some of the materials 

included in the GRM category [103]. They present outstanding mechanical properties and 

aspect ratio inherited from graphene although they differ in the production methodology, 

number of layers, thermal and electrical conductivity, and functional groups.  

 GRMs can be prepared at low temperature, without metal catalysis, by exfoliation of 

bulk graphite with ultrasonic methods, high speed mixing or water-jet milling [96,103], 

unlike other nanocarbon reinforcements as fullerenes and carbon nanotubes (CNTs). 

Furthermore, the functionalization and surface modification of graphene have been 

recognized as an effective strategy to improve the interface properties between the GRMs 

and epoxy matrices [110–114]. 

While one of the main problems of adding nanocarbon reinforcements to the resin is 

the subsequent increase in viscosity, it has been demonstrated that this increment is lower 

using GRMs than CNTs, what is a key aspect to manufacture multiscale composites (3-

phase composites) in a large scale [115–117]. 

The mentioned properties together with the potential applicability in terms of 

production have made GRMs being object of study to be used as nanoreinforcements in 

nanocomposites [115,118,119] and multiscale composites [16,97,103,120] to enhance their 

mechanical performance and provide them multifunctionality.  

Several routes are available for the incorporation of the GRMs into the matrix together 

with the CFs [16,103], but these routes are limited to lab scale projects, being hard to 

implement into the aerospace industry. Resin transfer moulding (RTM) or vacuum assisted 

resin infusion moulding (VARIM) have been investigated to produce multiscale laminates 

[121–124], but these methods have shown limitations related to GRM agglomeration, 

filtration effects and high viscosity of the nanoreinforced resins [16,121–123]. An 

alternative manufacturing methodology for producing multiscale composites is prepreg 

lay-up and autoclave curing, which is a well-established method for producing high 

performance composites with well consolidated manufacturing routes [100]. 
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• Multiscale FRP composites made from prepregs  

There are different alternatives for obtain three-phase composites using prepregs: 1) 

pre-impregnate fabrics or fibre tapes with a previously nanoreinforced resin to produce 

“doped” prepregs, 2) insertion of nanofiller layers between conventional prepregs and 3) 

modification of conventional prepregs by nanofiller spraying [16,100]. Among them, the 

first method is the most compatible with the current automated lay-up technologies. 

However, the number of studies of multiscale CFRPs containing carbon 

nanoreinforcements manufactured by prepreg lay-up and autoclave curing are scarce in the 

literature. 

N. A. Siddiqui et al. produced prepregs with carbon nanotubes (CNTs) with a 

laboratory-scale prepregger [125] and observed an increase in the interlaminar shear 

strength by 12% and in the torsional shear modulus and strength (17% and 19,5% 

respectively) when adding 0,5% of CNTs and curing with a vacuum hot press at 120ºC 

[126].  

 

Figure 23. a) Lab scale prepregger used and b) sketch of its parts [125]. 

S. C. Joshi et al. sprayed multiwalled CNTs on woven CFRP prepreg and cured the 

laminates in a vacuum oven at 120ºC for the enhancement of the interlaminar properties 

[127]. According to their study, fibre bridging at the interface increased due to the presence 

of CNT which limited interply crack propagation. 
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Figure 24. Method used for CNT dispersion and transfer to CFRP prepregs. a) Spraying of 

MWCNT in a solvent; b) solvent evaporation and drying; c) transfer of MWCNT layer to prepreg 

with inverted substrate; d) uniform layer of MWCNT transferred [127]. 

T. Yokozeki et al. used cup-stacked CNTs to charge an epoxy resin to develop 

prepregs which were cured in an autoclave at 130ºC, obtaining improvements in 

interlaminar fracture toughness (ca. 50%) [128]. P. Wang et al. produced prepregs by hot 

press moulding with CF fabric. With those prepregs they manufactured composites by hot 

press moulding (150ºC) and post-curing in an oven (140ºC). They reported improvements 

in flexural, tensile and fracture toughness properties of the CFRP by incorporating a 

combination of GNPs and CNTs at 1wt.% [129].  

 

Figure 25. Sketch of the composites manufacturing process: a) CNTs/GNPs/epoxy resin solution; 

b) CNTs/GNPs/epoxy nanocomposites; c) CNTs/GNPs/epoxy/carbon fibre laminates [129]. 

Finally, E. Mannov et al. manufactured prepregs containing thermally reduced 

graphene oxide with a filament winding machine and cured them in an autoclave at 80ºC 

(with a post-curing cycle at 140ºC). They obtained laminates with a reduction of the impact 

damage size and up to 55% higher residual compressive properties when submitted to 

impact tests [130].  
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Figure 26. Sketch of the prepreg winding machine structure [130]. 

Those studies demonstrated that it is possible to improve the mechanical properties 

when carbon nanofillers are added to a prepreg, however, they have been carried out at a 

laboratory scale. In addition, most of them have been done only for CNTs but there are just 

a few studies focusing on GRMs. Currently, there is a lack of strategies that are adequate 

for producing multiscale CFRPs containing GRMs at an industrial scale without increasing 

largely the costs or production times, thus compromising its potential application (Table 1) 

[16,131]. 

Table 1. Challenges for increasing the technology readiness level and reaching applications [16]. 

 

In this thesis, we aim to produce multiscale composites containing GRMs following 

industrials procedures. The manufacturing process is crucial for its potential application 

but also for making them compatible with automatic manufacturing routes and with other 

strategies as the hierarchical design which can further enhance their performance.   
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1.3 OBJECTIVES 

Within the context explained in §1.2, in this thesis bio-inspired CFRP composites are 

developed following industrial procedures and then characterized. Two approaches are 

followed. First, implementing a hierarchical structure and second, developing multiscale 

materials. Finally, both strategies are combined to develop hierarchical and multiscale bio-

inspired CFRP composites (Figure 27). According to this structure, the thesis objectives 

can be summarized in the following objectives (blue for 3rd chapter; orange for 4th chapter 

and grey for 5th chapter): 

1. Develop hierarchical CFRP composites inspired in the structure of nacre using 

automatic manufacturing methods present in the industry. 

2. Evaluate different bio-inspired CFRP designs and the process parameters associated to 

the automatic production of them. 

3. Understand the toughening mechanisms found in the nacre ‘brick-and-mortar’ structure 

in the developed hierarchical CFRP composites. 

4. Evaluate the behaviour of (discontinuous) hierarchical CFRP composites under tensile 

loading. 

5. Develop multiscale CFRP composites containing different GRMs using efficient 

manufacturing methods present in the industry. 

6. Evaluate the manufacturing process, quality, physical-chemical and mechanical 

performance of the multiscale materials developed with different GRMs.  

7. Develop hierarchical and multiscale CFRP composites, combination of the most optimal 

designs achieved from the previous studies. 

8. Evaluate the toughening mechanisms presented in the hierarchical and multiscale CFRP 

composites both coming from the hierarchical structure and the nanoreinforcements. 

9. Study the behaviour of the hierarchical and multiscale CFRP composite under tensile 

loading and the contribution of the nanoreinforcements. 
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Figure 27. Approaches followed to obtain bio-inspired FRP composites followed in this thesis. 

Approach 1 (blue) is followed in the 3rd chapter of the thesis. Approach 2 (orange) is followed in 

the 4th chapter. A combination of approach 1 and approach 2 is followed in the 5th chapter. 
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1.4 STRUCTURE OF THIS THESIS 

Therefore, according to the objectives explained in §1.3, this thesis is divided in 6 chapters 

(Figure 28): 

- Chapter 2: A compilation of the experimental techniques needed for the proper 

characterization of the materials developed in this project is shown. 

- Chapter 3 (objectives 1 to 4): In this chapter, a nacre-like structure is implemented 

by automated tape lay-up for the first time. Standard procedures and materials 

already implemented in the aerospace industry are used to produce three designs of 

bio-inspired CFRPs laminates. The effects of the proposed automated 

manufacturing process on the morphology and tensile properties of the laminates 

are investigated. The interlaminar fracture toughness of the bio-inspired CFRP 

laminates is measured by double cantilever beam (DCB) and three-point end-

notched flexure (3ENF) tests as well as their translaminar fracture toughness is 

measured by compact tension (CT). Finally, the different toughening mechanisms 

are analysed in order to understand the effect of the ‘brick-and-mortar’ structure. 

- Chapter 4 (objectives 5 to 6): In this chapter three-phase materials (multiscale 

composites) containing different GRMs are produced to select the baseline material 

for the final aim: produced hierarchical and multiscale materials. The multiscale 

materials in this chapter are manufactured following standard procedures currently 

used in the aerospace industry with the aim to evaluate its potential application. 

Graphite nanoplateletelets (GNPs), in situ exfoliated graphene oxide (GO) and 

reduced graphene oxide (rGO) are dispersed into an epoxy resin to subsequently 

impregnate aeronautical grade carbon fibre tape. The resulting prepregs are used for 

manufacturing laminates by hand lay-up and autoclave curing. A broad 

characterization campaign is carried out to understand the effect of the GRMs in 

the laminates. Part of this study is associated to the European Union’s Horizon 

2020 research and innovation programme Graphene Flagship WP 14.2 (GA 

696656). 

- Chapter 5 (objectives 7 to 9): In this chapter, multiscale hierarchical materials are 

manufactured considering the results obtained in Chapter 3 and Chapter 4. The 

most optimal bio-inspired nacre-like design of Chapter 3 is used to manufacture 
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multiscale CFRP composites using nonreinforced prepregs. The GRM selected to 

manufacture these materials is the one showing better performance in Chapter 4. 

Then, the tensile behaviour as well as the interlaminar fracture toughness of the 

multiscale hierarchical composites are studied, evaluating the contribution of the 

structure and the nanoreinforcements. 

- Chapter 6: Conclusions and future work is presented in this section. 

As different materials and manufacturing methods are used in the technical chapters 

(Chapter 3, 4 and 5), they are detailed in their corresponding chapter. The structure of each 

chapter and its main content can be observed in Figure 28. 

 

Figure 28. Thesis structure. 
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2 

2. CHARACTERIZATION 

TECHNIQUES 

In this chapter, all the experimental techniques used for the characterization of the 

materials developed in this work have been collected as well as the calculation methods for 

obtaining the corresponding properties. 

As explained in previous section §1.4, three different kinds of materials systems are 

studied in this thesis. Due to the intrinsic difference between the three approaches, 

different characterization techniques have been used and some characterization techniques 

will be shared. 

Table 2 shows which experimental techniques have been used for which materials. A 

broad characterization campaign is performed in multiscale materials as it is necessary to 

evaluate any influence of the GRMs in the composite properties as well as to have all the 

possible information to select the most appropriate material. Furthermore, electrical 

conductivity is studied in these materials since GRMs is electrically conductive. On the 

other hand, some mechanical tests as three-point end-notched flexure and compact tension 

are performed only in those materials with hierarchical nacre-like structure, as a deep 

understanding on the fracture toughness of these materials is aimed. 
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Table 2. Experimental techniques used for material characterization in each chapter for each type 

of material studied in the thesis indicated with a star. 

 

2.1 MORPHOLOGICAL CHARACTERIZATION 

Morphological characterization is important in all the three approaches in order to 

evaluate any change in the composition that the strategies may produce. 

2.1.1 Optical microscopy 

In this thesis, optical microscopy is used for studying the morphological aspects of the 

CFRP laminates manufactured in each chapter: structure, stacking, void content, 

delamination, cracks, or possible damage. This technique was also used for evaluating the 

GRMs dispersion among the laminates. It has also been used to observe the prepreg 
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processed by the ATL and the possible damage produced by the cutting technique under 

the different steps of the processing of ‘brick-and-mortar’ composites. 

Three samples were obtained from each laminate object of study. The cross sections 

were polished with an automatic polisher (Buehler GmbH, Phoenix 4000). For roughing, 

sandpapers were used from 100 to 1200 FEPA with water. For polishing, cloths and 

solutions with diamond particles from 9 to 1 μm were used. The polished cross sections 

have been observed with an optical microscope Nikon Eclipse LV150. The software used 

for image processing was Leika Application Suite version 4.9.0. 

2.1.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) have been mainly used for studying fracture 

surfaces of broken composite coupons. In addition, GRMs dispersion has been studied 

using this technique on the fracture surfaces. Apart from that, prepreg processed by the 

ATL has been observed to evaluate the cutting technique and possible damage on the fibres 

for ‘brick-and-mortar’ composites. 

Among the thesis, different SEMs have been used: Hitachi S-2400 microscope, EVO 

MA 15 by ZEISS, Helios Nanolab 600i and JEOL JSM 6335F. All the samples were 

previously sputtered with a thin gold layer for 90 s at 30 mA in a Quorum Q150 Rotary-

Pump Sputter. 

2.1.3 Fibre, resin and void content 

To evaluate the influence of the nacre-like structure design in the structural 

composition of the hierarchical composites, the fibre, resin and void contents (Vresin, Vfibre, 

Vvoid) were measured. Similarly, it was measure on the multiscale laminates to evaluate 

any change the structural composition due to the addition of the nanoreinforcements. 

Three samples (10 × 20 mm2) of each laminate object of study were tested. The fibre, 

resin and void contents (Vresin, Vfibre, Vvoid) were determined by extracting the resin by 

sulphuric acid digestion according to EN2564:2017 method A [132]. It is based on the 

sample weight difference before and after the resin extraction. To do the extraction a 
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heating plate (Ovan MCH300E), 250 ml flasks, concentrated sulfuric acid, hydrogen 

peroxide (33% v / v), acetone and distilled water were used.  

These values have been calculated according to: 

𝑀𝑓𝑖𝑏𝑟𝑒 = 100
𝑚𝑓

𝑚0

 

𝑉𝑓𝑖𝑏𝑟𝑒 = 𝑊𝑓𝑖𝑏𝑒𝑟

𝜌𝑠

𝜌𝑓𝑖𝑏𝑟𝑒

 

𝑀𝑓𝑖𝑏𝑟𝑒 = 100 − 𝑊𝑓𝑖𝑏𝑟𝑒 

𝑉𝑟𝑒𝑠𝑖𝑛 = (100 − 𝑊𝑓𝑖𝑏𝑟𝑒)
𝜌𝑠

𝜌𝑟𝑒𝑠𝑖𝑛

 

𝑉𝑣𝑜𝑖𝑑 = 100 − 𝑉𝑓𝑖𝑏𝑟𝑒−𝑉𝑟𝑒𝑠𝑖𝑛 

Where 𝑚𝑓 is the mass measured after the acid digestion tests, 𝑚0 is the coupon mass 

prior to the tests and 𝜌𝑠 the sample density.  

The density of each sample has been determined by the immersion method with an 

analytical balance Mettler Toledo XP205 Delta Range (ISO1183-1:2012 Method A [133]) 

according to the following criteria:  

𝜌𝑠 =
𝜌𝑙 − 𝑚𝑠,𝑎 

𝑚𝑠,𝑎 −  𝑚𝑠,𝑙  
 

Where 𝜌𝑙  the water density, 𝑚𝑠,𝑎 the apparent air mass and 𝑚𝑠,𝑙 is the apparent water 

mass. 

2.2 PHYSICAL-CHEMICAL CHARACTERIZATION 

This characterization aims to study any influence of the GRMs on some of the most 

important physical-chemical properties of composite materials. 

2.2.1  Differential Scanning Calorimetry (DSC) 

The degree of cure (α) was studied in the multiscale composites to evaluate the effect 

of the addition of GRM in the curing process.  
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It was measured by differential scanning calorimetry (DSC) with a TA Instruments 

DSC Q2000. Two samples (5-10 mg) of each laminate object of study and the 

corresponding uncured prepregs were introduced in aluminium capsules and tested under 

non-isothermal conditions with a heating rate of 10 °C/min under a constant flow of 

nitrogen of 50 ml/min, following ISO 11357-5:2013 standard [134].  

From the thermograms obtained, degree of cure (α) was calculated using the average 

residual curing enthalpy according to: 

𝛼 =
∆𝐻𝑟

∆𝐻𝑡
 

Being ∆𝐻𝑡 the heat generated by an uncured sample to reach complete polymerization, 

and ∆𝐻𝑟 the heat of reaction calculated as the area under the heat flux curve [134,135]. 

2.2.2 Thermogravimetry analysis (TGA) 

The degradation temperature (Td) of the multiscale laminates developed in the thesis 

was studied to evaluate the effect of the addition of GRMs in composite thermal stability.  

Three samples with lay-up [0]10 of each multiscale material was tested with a TGA 

Q50 from TA Instruments. The samples were heated under air at a heating rate of 10 

°C/min from room temperature to 1000 °C (ISO 11358-1:2014 [136]). 

From TGA thermograms Weight Change (%) vs. Temperature (ºC), the first weight 

drop (onset between 250 ºC and 400 ºC) was analysed and considered the beginning of the 

thermal degradation process [136]. 

2.2.3 Dynamic mechanical analysis (DMA) 

The glass transition temperature (Tg) of the multiscale materials developed was 

measured to evaluate the possible influence of the addition of GRM.  

Three samples of 35 × 10 mm2 and lay-up [0]10 of each material were tested by 

dynamic mechanical analysis (DMA) with a TA Instruments DMA Q800 (5 °C/min from 

RT to 270 °C, 1 Hz, 15 µm) using a single cantilever clamp according to EN6032:2015 

Method A [137].  
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From the thermograms obtained the Tg was calculated as the peak of the loss tangent 

(tan δ) versus temperature curve [137]. 

2.3 ELECTRICAL CHARACTERIZATION 

The effect of the GRMs in the electrical conductivity of the samples has also been 

studied. Three samples (100 × 20 mm2) with staking sequence [0]10 of every multiscale 

laminate have been subjected to electrical resistance tests along the in-plane direction 

“X/Y”. Similarly, six samples (40 × 40 mm2) have been tested along the through-thickness 

direction “Z”. The corresponding opposite faces - edges for “X/Y” direction and surfaces 

for “Z” direction - of the specimens were coated (Pelco Silver Paint from Ted Pella Inc.) to 

ensure good contact between them and the probes of the multimeter. The test consisted of 

injecting a direct electrical current into the specimen and measuring the voltage decrease 

between the surfaces of the specimens through a four-probe method with a Keithley 2410 

ohmmeter from Keithley Instruments, Inc.  

Specific jigs were used for supporting the specimens to ease the operational feasibility 

of the tests. They are made mainly of Derlin (POM) and have two brass side plates 

(electrodes) which ensure the electrical contact with the face of the specimens by adjusting 

them with a bolt at a constant torque. 

For electrical measurements along the “X/Y” direction, the Labtracer Sourcemeter 2.9 

Integration Software (Keithley Instruments, Inc.), has been used to apply a voltage (V) 

sweep of five points between 104 -105 volts. On the other hand, for testing through the “Z” 

direction, a sweep of intensity (I) of five points between 10 and 100 mA was applied.  

Considering that these materials have a linear electrical behavior, the slope of every 

Intensity-Voltage curve was calculated by the least-squares method, obtaining the 

electrical resistance of every panel by the Ohm’s Law. 
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2.4 MECHANICAL CHARACTERIZATION 

To evaluate the mechanical performance several experimental techniques have been 

used. As explained before, some of them have been applied only to multiscale materials, 

others only to hierarchical nacre-like composites and some to both (Table 2). 

2.4.1 Three-point bend test 

Multiscale laminates were submitted to three-point bend test in the 0° direction (EN 

2562:1997 [138]) with an universal testing machine (AllroundLine Z01OTH from Zwick) 

and a load cell of 10 kN. Five samples (100 × 10 mm2) with lay-up [0]10 of each multiscale 

composite were tested. Test speed was 5 mm/min, and distance between supports was 80 

mm. A pre-load of 5N was applied and Zwick deflectometer was positioned to measure 

deflections.  

Flexural strength has been calculated as the flexural stress at failure and modulus was 

obtained from the stress vs. strain curve between the points corresponding to PR/2 and 

PR/10, being PR the load at failure. 

2.4.2 Short-beam shear test 

The short-beam shear test (EN 2563:1997 [139]) can be used as an indicator of the 

composites performance under shear-like loading conditions. Short-beam shear tests were 

performed as well in the mentioned Zwick system with load cell of 10 kN at speed 1 

mm/min to six samples (20 × 10 mm2) with configuration [0]10 of each multiscale 

composite. The distance between supports was calculated as five times the thickness.  

From the short-beam shear test the short-beam strength ( 𝜏𝑆𝐵𝑆 ) (also known as 

“apparent interlaminar shear stress”) is calculated as: 

𝜏𝑆𝐵𝑆 =
3 ·  𝑃𝑅

4 · 𝑏 · ℎ
 

Being PR the maximum load at failure, b the width of the specimen and h the thickness. 

The apparent modulus is obtained as the curve slope between 750 and 1500 N. 
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2.4.3 ±45º Tensile test 

In-plane shear properties were studied by ±45º tensile tests (EN 6031:1995 [140]) in 

the multiscale laminates. They were performed with an MTS 370 machine and a load cell 

of 100 kN to six samples (230 × 25 mm2) with lay-up [+45/-45]2s for each multiscale 

laminate developed. The distance between tabs was 130 mm. Longitudinal and transversal 

extensometers were used for measuring strains.  

The in-plane shear strength (𝜏12) and modulus have been calculated as: 

𝜏12 =
𝑃𝑚𝑎𝑥

2 · 𝑏 · ℎ
 

𝐺 =
∆𝜏12

(∆ɛ0 − ∆ɛ90)
=

∆𝜏12

((ɛ0)2 − (ɛ0)1) − ∆ɛ90
=

∆𝜏12

(2500 · 10−6 − 500 · 10−6) − ∆ɛ90

=
∆𝜏12

2000 · 10−6 − ∆ɛ90
 

Where 𝜏12 is the in-plane shear strength, 𝑃𝑚𝑎𝑥is the maximum load registered during 

the test, b the coupon width and h the thickness. G is the in-plane shear modulus, where 

∆ɛ90 is the difference in the transverse strains corresponding to (ε0)2 = 2500 µɛ and (ε0)1 = 

500 µε. 

2.4.4 Tensile tests in the fibre direction 

Static tensile tests were carried out to unidirectional samples in the fibre direction with 

a universal testing machine MTS landmark 370.10 System and a load cell of 100 kN at 

speed 2 mm/min. A total of five samples (250 × 15 mm2) of each material were tested, 

with 150 mm between tabs. Moreover, a longitudinal extensometer (Epsilon 3542-025M-

020-HT2; gauge length of 25 mm) was used to measure the samples’ strains. Moreover, a 

longitudinal extensometer (Epsilon 3542-025M-020-HT2; gauge length of 25 mm) located 

in the centre of the specimen was used to measure the samples’ strains. The moduli were 

calculated considering a range of strains: between 1000–3000 µɛ [141]. 

For the hierarchical laminates manufactured, the glass fibre tabs were glued in 

correspondence of the laminate’ region without cuts (Figure 29a), so to avoid the failing of 

the coupons in the grip area during the test. For tab bonding, E-glass fibre reinforced 
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squared-off 90° tabs (length = 50 mm) were bonded at 45° with respect to the longitudinal 

direction of the laminates (stacking sequence [0/90/0/90/0]). The surface of the laminates 

was roughened to bond the tabs. A vacuum bag was created (Figure 29b) and a curing 

cycle of 2 h was completed in an oven at 180 ºC to attach the tabs to the cured laminates.  

 

Figure 29. a) Sketch showing the tensile coupon dimensions after the tab bonding and b) photos of 

the vacuum bag created for the tab bonding. 

2.4.5 Double cantilever beam test 

The interlaminar fracture toughness of multiscale materials manufactured in Chapter 4 

has been tested in a different way than hierarchical materials manufactured in Chapter 3 

and Chapter 5. There are two reasons to justify the use of two different methods. First, 

Chapter 4 results are meant to be used as material screening according to different 

mechanical properties, so a simpler methodology has been chosen. Second reason is that 

the hierarchical materials manufactured in Chapter 3 and Chapter 5 present an asymmetry 

in its structure, what led to a change in the testing methodology. 

2.4.5.1 Multiscale materials 

To study the influence of the GRMs in the composite’s interlaminar fracture toughness, 

mode I interlaminar fracture toughness tests (EN 6033:1995 [142]) were performed with 

the Zwick machine and a load cell of 10 kN. A total of six samples (250 × 25 mm2) with 

configuration [09/09] of each material were tested with a hinge. A release film was 

positioned during the fabrication of the laminates to act as artificial crack. The thickness 

edge was painted in white, then with the help of a microscope the end of the insert (at ca. 

40 mm from the beginning of the sample), the end of the pre-crack (at ca. 50 mm from the 
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beginning of the sample) as well as the minimum final distance that the crack should reach 

(at 110 mm from the beginning of the sample) were marked [142]. The pre-crack was 

generated at a speed of 5 mm/min, while the crack was induced at a speed of 10 mm/min. 

Finally, measurements of the final crack lengths generated were taken with the help of the 

microscope. It was checked during the test that the crack growth was uniform in both sides 

of the specimens. The mode I interlaminar fracture toughness (GDCB) has been calculated 

using the area method [142–144] as: 

𝐺𝐷𝐶𝐵 =
𝐴

𝑎 · 𝑤
 

Where w is the coupon width and A is the energy to achieve the total propagated crack 

length (a), calculated as the integration of the area of the obtained load vs. displacement 

curve. 

 

Figure 30. Sketch of the data reduction method (Area Method) used for obtaining the mode I 

interlaminar fracture toughness. Blue lines indicate the area inside the curve considered for the 

calculation method. 

2.4.5.2 Hierarchical materials 

On the other hand, the interlaminar fracture toughness was also evaluated in the 

hierarchical materials. Double cantilever beam samples were performed and tested 

following the ASTM D5528–01 standard [145]. Five samples were machined (25 × 150 

mm2) and piano hinges were bonded (Loctite 496) [145]. To follow the crack growth 

during the test, the lateral sides of the specimens were sprayed with white paint and every 

millimetre (up to 55 mm from the end of the insert) was marked with a black pen (Figure 
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31) [145]. Then, specimens were mounted on a universal testing machine (Z01OTH from 

Zwick, load cell of 10 kN) and a precrack between 3-5 mm was performed (1 mm/min). 

Following that, the machine was unloaded at a controlled velocity, and the test was carried 

out (1 mm/min). Data was taken at the visual onset of the crack and for every millimetre 

thereafter using a magnifying glass. This experimental procedure has an associated 

considerable error. The error has been calculated considering a precision of 0,2 mm in the 

measurement of crack growth. Load, crack length, and arm displacement as a function of 

time were recorded [105,145]. Tests were stopped when the crack reached ca. 50 mm from 

the end of the precrack [145].  

 

Figure 31. Coupon with white edges and marks every one millimetre mounted in universal testing 

machine to perform DCB test. 

Due to the singular structure of the samples and the different thickness of the 

specimens´ arms during the test, it has not been possible to use the calculation methods 

indicated in the ASTM standard procedure. For DCB tests, the interlaminar fracture 

toughness (GDCB) was calculated as the area inside the load-displacement curve of the 

whole test (when the crack grew ca. 50 mm) divided by the crack surface generated 

(Figure 30) [142–144].  

In addition, the R-curve of DCB samples has been calculated by the Area Method and 

assuming a linear deformation behaviour (straight unload and zero offset) [146,147]. For 

the R-curve, each point was calculated after every millimetre of crack growth (a) as the 

area contained in the load-displacement curve up to the corresponding load (Figure 32) 

divided by the surface of the cracked region. Since the specimen is not unloaded until the 

end of the test, a linear unload curve (dotted line in Figure 32) for every point has been 

considered. 
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Figure 32. Sketch of the data reduction method (Area Method) used for obtaining the points of the 

R-curve as the GDBC for each millimetre of crack length increment, being the crack length 

increment of the n point of the R-curve. The dotted lines indicate the linear unload assumption. 

2.4.6 Three-point end-notched flexure test 

Three-point end-notched flexure (3ENF) tests were carried out based on ASTM D7905 

standard [148] in the hierarchical materials. Four samples per laminate were machined 

(180 × 25 mm2), painted, and marked following the same methodology previously 

described for the DCB test. In this case, a 3-5 mm precrack was performed carefully by 

hand with a sharp knife. Then, samples were mounted in an Instron 3384 testing machine 

with a load cell of 2 kN. The precrack tip was placed 15 mm from the loading roller 

(Figure 33). Tests were carried out at 0,5 mm/min, once the crack progressed 10-15 mm, 

the sample was unloaded at 5 mm/min. After each load-unload cycle, the sample was 

shifted leaving again 15 mm between the crack tip and the roller to be loaded [149,150]. 

This load-unload process was repeated four times [151,152] (Figure 34). Data was taken at 

the visual onset of the crack for every millimetre of crack growth using a magnifying glass. 

Load, crack length, and arm displacement as a function of time were recorded [105,152].  
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Figure 33. 3ENF test set-up. 

 

Figure 34. Configuration of 3ENF test performed. In each load cycle 15 mm of crack is tested. 

After each load cycle, the machine is unloaded, and the specimen is moved in order to perform the 

following cycle in such a way that the distance between end of the crack and loading point is the 

same (15 mm) in each load cycle. The sketch represents the crack growth for a ‘brick-and-mortar’ 

specimen. 

Due to crack plane deflection during the test, the calculation method differs from the 

specified in the standard. For 3ENF tests, the Area Method has been used to calculate the 
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interlaminar fracture toughness of each of the four load cycles (GENF-1st load, GENF-2nd load, 

GENF-3rd load and GENF-4th load, Figure 35). 

 

Figure 35. Sketch of the calculation method (Area Method) used for obtaining the interlaminar 

fracture toughness of each load cycle (GENF-1st load, GENF-2nd load, GENF-3rd load and GENF-4th load). 

2.4.7 Compact Tension test  

Compact Tension tests were carried out in the hierarchical materials to study its 

translaminar fracture toughness. Rectangular-based specimen (60 × 65 mm2) and stack-up 

sequence [90(0/90)10]s was defined as proposed by Pinho et al. [153,154]. A 30 mm long 

by 4 mm wide notch, and two load bearing holes of 8 mm diameter was machined in every 

specimen (Figure 36). At the end of every notch a 10 mm slit was machined with a 

standard wire-cutting machine (0,2 mm filament). The minimum distance between the 

notch and the cut is FL/4 (Figure 36), i.e., for all the ‘Length50’ coupons the distance 

between the notch and the cut is 12,5 mm; for ‘Length25’ coupons is 6,25 mm; and for 

‘Length10’ is 2,5 mm. A speckle pattern was applied on the surface of the specimen to 

identify any surface damage or high deformation regions produced during the test. Five 

specimens of each laminate were tested with an Instron 3384 testing machine (load cell of 

10 kN, 0,5 mm/min) (Figure 37) in order to reach ca. 25 mm of crack growth. A high-

resolution CCD camera was used to record the tests. Digital Image Correlation (DIC) was 

used to analyse the surface of the sample by pixel count [154].  
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Figure 36. Scheme of a CT specimen with stack-up sequence [90/(0/90)10]s and scheme of its first 

four plies. Even plies in the 90º direction are continuous plies while odd plies in the 0º direction 

follow the ‘brick-and-mortar’ design. Dotted lines in the 0º plies indicate the location of the cut, 

being FL the fibre length of the carbon fibre ‘brick’. 

 

Figure 37. Compact Tension set-up and the CCD camera for recording. 

For the CT tests, the translaminar fracture toughness was also calculated as the area 

under the force-displacement curve assuming a linear deformation behaviour (straight 

unload and zero offset) (Figure 38) [154]. 

 

Figure 38. Sketch of the data reduction method (Area Method) used for obtaining the translaminar 

fracture toughness (GCT). The dotted line indicates the linear unload assumption. Purple lines 

indicate the area inside the curve considered for the calculation method. 
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2.5 NON-DESTRUCTIVE TESTING 

All the laminates manufactured in this study were subjected to non-destructive 

inspection by ultrasound. In terms of ultrasound, reflector plate test (also known as double-

though transmission) provides information about acoustic energy loss going through the 

specimens. A pressure pulse is emitted from a probe (piezoelectric), crosses the laminate, 

and is reflected in a glass. Then, the pulse passes through the composite laminate again and 

is received by the same probe (which in this case acts as receiver). 

The analysis is carried out on the received signal, so that the received energy 

(amplitude) is compared to that of a standard that has previously been used to calibrate. In 

acoustic terms, the signal difference between the pattern and the part is set in dB. The 

number of dB between energy received through the pattern and energy received through 

the piece is defined by: 

𝑛 =  −20 𝑙𝑜𝑔
𝐴

𝐴0
 

Where n is the attenuation in dB, A is the amplitude of the signal that has crossed the 

part, and A0 is the amplitude of the signal that comes from the pattern. For the same 

material and the same thickness, a different attenuation of the signal implies a different 

level of porosity. A large attenuation may indicate the presence of defects or porosity in the 

laminate.  

In this work, the results obtained by this technique are presented in the form of a C-

Scan record; each point of the panel is associated with the amplitude at that point, giving 

2D mapping of the laminate. This record was obtained using a Technitest TRITON 8000 

TT + automatic equipment and with a Sonatest probe (emitted pulse 5 MHz). 

In this study, this technique has been used as a qualitative check considering 

attenuation values defined by aerospace standards. 
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3 

3. HIERARCHICAL ‘BRICK-

AND-MORTAR’ CFRPs 

3.1 INTRODUCTION 

The inherent brittle behaviour of CFRP composites prompts failure with little or no 

plastic deformation. The lack or little warning of forthcoming catastrophic failure in 

composite structures has been widely studied and some strategies have been proposed to 

overcome it, such as fibre hybridization [155], fibre reorientation [156], ply hybridization 

[81,82] and the application of wavy ply structures [157]. 

An alternative strategy to overcome the fragile behaviour of CFRPs can be found 

natural-occurring composites, such as nacre. The ability of nacre to maintain high strength 

and stiffness together with a high damage tolerance derives from the hierarchical 

disposition of its microstructures. Materials characterised by microstructures with this 

peculiar disposition have been called ‘nacre-like’ or ‘brick-and-mortar’ [49,59,158]. This 

structure provides several toughening mechanisms, coming from the nano to the 

macroscale (multi-level hierarchy) acting in a cooperative manner [38,39,59] as explained 
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in §1.2.2. Some of the main mechanisms are crack deflection and twisting [39,159,160], 

platelets sliding [39,57,58,159] and platelet/brick pull-out [38,39,159]. 

Synthetic nacre-like composites have been successfully produced from a variety of 

brittle materials (e.g. glasses and ceramics) [38,57] obtaining promising results [45,161]. 

This strategy has been also implemented into CFRPs to enhance their failure behaviour and 

ductility: the ‘brick-and-mortar’ structure of nacre has been mimicked by introducing 

discontinuities in the carbon fibre plies, obtaining an increased non-linearity and toughness 

and showing a variety of failure mechanisms [60,72,73,79,88]. 

As a main drawback, in most of these works the manufacturing process is manual 

[69,72,73,88,91,162], being really complicated to produce large scale composites, or 

perform a deep mechanical characterization of these bio-inspired composites. 

In this chapter, a ‘brick-and-mortar’ design is implemented into commercial prepreg 

CFRP laminates through an automated process by using an automated tape-laying (ATL) 

machine. This type of machine can create discontinuities in the carbon fibre plies, place the 

plies in the desired position and stack them automatically. This process can improve the 

manufacturing ratio and precision of the cuts in the composite material [73]. Here, we 

evaluate both the parameters involved in the automatic manufacturing process and the 

tensile behaviour and fracture toughness of the manufactured laminates. 

 

Figure 39. Approach followed to obtain enhanced CFRP composites which consists of introducing 

a new level of hierarchy by producing a ‘brick-and-mortar’ structure in the laminate. 
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3.2 MATERIALS AND METHODS 

3.2.1 Materials 

The raw material used for this study was a HexPly® 8552 unidirectional carbon fibre 

(AS4) prepreg from Hexcel (AS4 fibre density 1,79 g/cm3, 8552 resin density 1,30 g/cm3, 

fibre volume fraction 59% and nominal cured ply thickness 0,184 mm) [163]. 

3.2.2 Preliminary calculations 

The proposed design consists of making discontinuous unidirectional laminates 

presenting staggered cuts forming a ‘brick-and-mortar’ structure [72,73,164]. The distance 

between the cuts (fibre length, FL) was constant and every ply was displaced by FL/2 with 

respect to the previous one (Figure 40). As first time of scaling-up and industrial 

production of ‘brick-and-mortar’ laminates, a simple design has been considered (overlap 

length=FL/2) for proper evaluation of the manufacturing process. 

  

Figure 40. ‘Brick-and-mortar’ arrangement of aragonite nanoplatelets found in the structure of 

nacre and biomimetic implementation in CFRP laminate. T stand for ply thickness and FL for fibre 

length.  

Some preliminary calculations can be performed to analyse the most optimal 

configuration regarding the mechanical behaviour expected. 
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First, the critical fibre length (Lc) is defined as the minimum length to ensure maximum 

stress transfer within the cured resin for perfectly aligned fibre composites [76] and can be 

calculated as: 

𝐿𝑐 =
𝜎𝑈𝑇−𝑓𝑖𝑏𝑟𝑒 · 𝑑

2 · 𝜏
 

Being 𝜎𝑈𝑇−𝑓𝑖𝑏𝑟𝑒 the fibre ultimate tensile strength (ca. 2205 MPa [165]), d the fibre 

diameter (ca. 7,1 μm) and τ the interface shear strength (ca. 85 MPa [166]). Therefore, a 

critical fibre length of ca. 0,1 mm is obtained. So that the fibre length of the discontinuous 

composites to manufacture should be higher than this dimension considering the materials 

used. 

Second, the ‘brick’ thickness ( 𝑇𝑏𝑟𝑖𝑐𝑘)  and overlap length ( 𝑙𝑜𝑣𝑒𝑟𝑙𝑎𝑝 ) have been 

previously optimized [72] for obtaining maximum strength and ductility in ‘brick-and-

mortar’ CFRP composites and can be calculated as:  

𝑇𝑏𝑟𝑖𝑐𝑘 =
8·𝐸𝑏𝑟𝑖𝑐𝑘·𝐺𝐼𝐼𝑐

𝜎𝑈𝑇−𝑏𝑟𝑖𝑐𝑘
2   and  𝑙𝑜𝑣𝑒𝑟𝑙𝑎𝑝 =

𝜋·√𝑇𝑏𝑟𝑖𝑐𝑘·𝐸𝑏𝑟𝑖𝑐𝑘·𝐺𝐼𝐼𝑐

𝜏·√2
 

Where 𝐸𝑏𝑟𝑖𝑐𝑘· is the modulus of a continuous laminate (120 GPa), 𝐺𝐼𝐼𝑐 the mode II 

fracture toughness of the laminate (1 kJ/m2 [167]) and 𝜎𝑈𝑇−𝑏𝑟𝑖𝑐𝑘  the strength of a 

continuous laminate (1850 MPa). Considering these equations and the properties of the 

material used we obtain an optimal 𝑇𝑏𝑟𝑖𝑐𝑘 equal to 0,28 mm and an optimal 𝑙𝑜𝑣𝑒𝑟𝑙𝑎𝑝 of 4,8 

mm.  

However, as shown in Figure 40 the parameter 𝑇𝑏𝑟𝑖𝑐𝑘 in this study is defined by the 

prepreg ply thickness (0,184 mm [163]) and cannot be modified. Therefore, although it is 

not the optimal measure, in this study 𝑇𝑏𝑟𝑖𝑐𝑘 = 𝑇 = 0,184 𝑚𝑚. According to the previous 

equation and considering 𝑇𝑏𝑟𝑖𝑐𝑘 =  0,184 𝑚𝑚, a smaller 𝑙𝑜𝑣𝑒𝑟𝑙𝑎𝑝 is obtained (3,9 mm).  

These parameters are useful when designing the ‘brick-and-mortar’ composite and 

looking for the optimal configuration. However, the geometrical parameters are limited by 

the manufacturing process (which will be explained in next section). When making the first 

trials in the manufacture process, it was observed that 5 mm is the shortest overlap length 

possible to produce. Smaller fibre lengths result in adhesion problems when laying-up the 
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laminates (Figure 41). In addition. according to ATL supplier, the machine has a precision 

on ply positioning around ± 2 mm. Therefore, considering that the overlap region is FL/2, 

‘brick-and-mortar’ with FL=10 mm (thus, overlap region of 5 mm) has been considered the 

smaller dimension possible for reliable manufacturing. 

 

Figure 41. Adhesion problems found in the manufacturing process for small fibre lengths. 

On the other hand, considering coupon dimensions in conventional composite testing 

standards, ‘brick-and-mortar’ composites with FL=50 mm has been considered the 

maximum dimension possible for reliable testing. As can be observed, the parameters of 

the ‘brick-and-mortar’ laminates were mainly selected according to manufacturing 

constrains finally. The selected different fibre lengths (FL) for manufacturing the ‘brick-

and-mortar’ laminates were: 50, 25, and 10 mm.  

Finally, the expected strength of the ‘brick-and-mortar’ composites can be estimated. 

For the optimized configuration it would be defined as half of that of the continuous 

laminate [72]: 

𝜎𝑈𝑇 =
𝜎𝑈𝑇−𝑏𝑟𝑖𝑐𝑘

2
= 900 𝑀𝑃𝑎 

Considering that in this study we cannot produce the most optimal configuration, a 

slighter value in strength is expected. 
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3.2.3 Manufacturing process description 

The ‘brick-and-mortar’ laminates are composed of the material previously described, 

HexPly 8552/AS4, and were manufactured with an ATL gantry machine (MTorres, 

working area 12,5 × 4,5 × 1,5  m3; maximum tape width 300 mm) (Figure 42). Two knives 

located in the ATL head ensured that continuous cuts were made in the prepreg roll, 

perpendicularly to the fibre direction. Simultaneously, the plies were stacked-up over a tool 

at a pre-defined stacking sequence and in a clean room environment dedicated to 

composite manufacturing. 

 

Figure 42. ATL machine: a) first mobile knife one, b) second mobile knife, c) material roll, d) cuts 

made by the first knife e) knife in detail and f) ply deposition. 

Then, the stacked laminates were placed over a plate and a vacuum bag was made 

according to Figure 43. Two type-K thermocouples were applied to each laminate to 

monitor the temperature. Finally, the laminates were cured in an autoclave (100 psi, 180 

°C) at a heating rate of 2 °C/min and applying a stabilization time of 180 min, following 

the recommendations provided by the material supplier.  

 

Figure 43. Vacuum bag sketch. 
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3.2.4 Evaluation of the manufacturing process parameters 

In order to evaluate the feasibility of the ATL process to produce bio-inspired 

composites, we have evaluated the effect of the ATL speed on the ‘brick-and-mortar’ 

structure (i.e. on the fibre and gap lengths). First, ‘brick-and-mortar’ laminates (300 × 300 

mm2; with fibre length of 25 mm) composed of one and or two plies were laid-up by 

varying the ATL speed (from 1,5, 3, 7,5, and 12 m/min) (Figure 42) following the process 

indicated above. Then, four specific areas (each containing one ‘brick’) of each laminate 

were marked (Figure 44). The fibre and gap lengths were carefully measured in each 

marked area by optical microscopy (Nikon Eclipse LV150). Afterwards, the laminates 

were cured following the vacuum scheme shown Figure 45 and the same four marked areas 

were observed again under the microscope, re-measuring the fibre and gap lengths. 

 

Figure 44. Sketches of the one- and two-ply laminates manufactured for the ATL speed analysis. 

The dotted red lines highlight the areas observed and measured, while the dotted black arrows 

indicate the observation angles. 

 

Figure 45. Scheme of the vacuum bag containing one- and two-ply laminates. A glass fibre peel-

ply was present on top of the laminate only in the case of the [0]6 ply laminates. 

Glass fibre peel-ply was used in the manufacturing of the laminates used for tensile 

specimens’ machining with the aim of obtaining a rougher surface for easier tab bonding 

afterwards. In the case of the one- and two-ply laminates the peel-ply on the top was 

removed to ensure observation and real measurements (Figure 43 and Figure 45). 

The quality of the cutting process was evaluated during three different manufacturing 

steps described above: just before the lay-up, after the lay-up and after the curing process. 
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A lamina (i.e. 1 ply) with dimensions 300 × 300 mm2 and a fibre length of 25 mm was 

manufactured at 12 m/min. Samples of this lamina (20 × 20 mm2) were cut during the three 

steps of the manufacturing process and observed by SEM (JEOL JSM 6335F; accelerating 

voltage of 20 kV). 

3.2.5 Characterization of the cured laminates 

Once the effect of the lay-up speed on the manufacturing process was evaluated, the 

morphological and mechanical properties of the automatically manufactured bio-inspired 

laminates were also examined. ‘Brick-and-mortar’ laminates (300 × 300 mm2) were 

manufactured at 12 m/min with different fibre lengths: 50, 25, and 10 mm. The laminates 

with such fibre length are referred to as ‘Length50’, ‘Length25’, and ‘Length10’, 

respectively. In addition, a laminate without cuts, referred to as ‘Continuous’, was 

manufactured to be used as baseline.  

To study its properties, from each configuration (‘Length50’, ‘Length25’, ‘Length10’ 

and ‘Continuous’) laminates with different staking sequences were produced according to 

the testing standards (Figure 46). In order to evaluate the quality of the manufacturing 

process, all laminates were also inspected by ultrasound. 

In addition, the fibre, void volume, fibre length was measured of the laminates was 

measured by acid digestion tests. Also, the cross-sections of the cured laminates were 

observed in detail, i.e., the fibre length and gap between cut carbon fibres were measured 

by optical microscopy (Nikon Eclipse LV150).  

• Laminates with stacking sequence [0]6 were manufactured to perform tensile tests. 

• Laminates with stacking sequence [(0)8/(0)8] were performed to obtain double 

cantilever beam (DCB) specimens. A 63 mm release film insert (25 µm thick) was 

placed carefully by hand in the midplane of the laminate to serve as a delamination 

initiator needed for the interlaminar fracture toughness test.  

• Laminates with stack-up sequence [(0)9/(0)9] and a 50 mm release film were 

manufactured to perform three-point bending end-notched flexure (ENF) interlaminar 

fracture toughness test.  
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• Laminates with stack-up sequence [90(0/90)10]s in which 90º plies are continuous 

(without cuts) [69,168], were manufactured to obtain Compact Tension specimens 

(Figure 36). 

 

Figure 46. Scheme of the laminates manufactured and specimen dimensions with a) stacking 

sequences of [0]6 for b) specimen tensile coupons (TENSILE) machining, c) DCB specimens with 

stacking sequences [(0)8/(0)8], d) 3ENF specimens with stacking sequences [(0)9/(0)9] and e) CT 

specimens with stacking sequences [90(0/90)10]s. Samples for microscopy observations (micro1, 

micro2 and micro3) and samples for acid digestion (AD1, AD2 and AD3) can be observed as well. 

The machining of specimens from the ‘Continuous’, ‘Length50’, ‘Length25’, and ‘Length10’ 

laminates was conducted based on this sketch. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Evaluation of the manufacturing process 

The influence of the ATL speed on the morphology of the laminates was analysed by 

microscopy. Laminates of one or two plies, fibre length of 25 mm and manufactured at 

different ATL speeds were observed at the microscope before and after curing (Figure 44). 

The results of the fibre and gap length measurements are shown in Figure 47: the ATL 

speed did not significantly affect the morphology of the cuts (Figure 48), the gap length, 

nor the fibre length.  

 

Figure 47. Effect of speed on laminates with fibres 25 mm long and composed of one or two plies. 

a) Fibre length after the lay-up and prior to the curing process, b) gap length after the lay-up and 

prior to the curing process and c) gap length after the curing process. 

 

Figure 48. Microscopic characterization of the cut in the laminate with fibre length of 25 mm, 

composed of one ply and manufactured at 12 m/min: a) after the lay-up and b) after the curing 

process (the wrinkles were produced due to the application of the vacuum bag for the curing 

process). These images correspond to the sketch shown in Figure 44. 
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In addition, the cuts produced by the ATL knives at 12 m/min were observed by SEM 

at every stage of the manufacturing process. Images of the cut edges created by the ATL 

knives in the uncured lamina are shown in Figure 49; clear and uniform cuts were present 

in the fibre ply. Some SEM images of the lamina’s cut sections after the laying-up and the 

curing are shown in Figure 50. No significant changes were observed in the cut 

morphology once the laminate was cured. These results indicate that the ATL process can 

be applied as a reliable large-scale process for the production of ‘brick-and-mortar’ 

laminates at a high speed (12 m/min) (see Figure 47 and Figure 49). These results indicate 

that the ATL process can be applied as a reliable large-scale process to produce ‘brick-and-

mortar’ laminates at a high speed (12 m/min), what results in 300 × 300 mm2 laminates 

laid-up within 2 minutes. 

 

Figure 49. Characterization of the cut performed in one ply tape (fibre length of 25 mm, 

manufactured at12 m/min) a) Microscopic picture of the cut prior to the lay-up, b) SEM picture of 

the cut prior to the lay-up and c) SEM picture of the cut fibres prior to the lay-up. 

 

Figure 50. SEM characterization of the cut in the laminate with fibre length of 25 mm, composed 

of one ply and manufactured at 12 m/min: a) after the lay-up and b) after the curing process. 
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3.3.2 Characterization of the cured laminates 

The morphological and mechanical properties of the ‘Continuous’, ‘Length50’, 

‘Length25’, and ‘Length10’ laminates were studied. C-scans obtained are presented in 

Figure 51. No voids, delamination, or defects could be observed. The C-scans showed the 

region corresponding to the cuts present similar attenuations than to those of the CFRP and 

of resin-rich regions in the composite. These results indicate that the quality of the bio-

inspired laminates similar to that of any conventional laminate.  

 

Figure 51. C-Scans of the ‘Continuous’, ‘Length50’, ‘Length25’, and ‘Length10’ laminates 

showed a quality similar to that of any conventional laminate.  

3.3.2.1 Morphological characterization of the cured laminates 

The morphology of the cured ‘brick-and-mortar’ laminates was observed at the 

microscope (Figure 52a). All these laminates were produced at a high speed (12 m/min). 

Although the samples presented numerous cuts, no voids were observed in the laminates; 

in fact, the gaps produced during the fibre cut process had been filled with resin as it was 

expected (Figure 52b). Such gaps, known as ‘resin pockets’ [70,73] contained small carbon 

fibre fragments produced during the cutting process (Figure 52c). In addition, due to the 

small size (<1 mm) of the resin pockets, no wrapped carbon fibres were found filling them, 

and a rectangular morphology was maintained even after the curing process [169]. 
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Figure 52. Microscopic characterization of the ‘brick-and-mortar’ structure in thick laminates. a) 

‘Length25’ laminates at 50× magnification, b) resin pocket at 100× and c) resin pocket at 500×. 

Some fibre fragments can be seen in the resin pocket region. 

The gap and fibre lengths of the ‘brick-and-mortar’ laminates were measured as shown 

in Figure 53. A histogram was performed with the deviation of the fibre lengths from the 

theoretical/programmed fibre length (columns in Figure 54a) and the normal distribution 

was calculated (curves in Figure 54a). The results demonstrated that, in all laminates, the 

fibre length had a deviation of approximately ±1 mm. This fibre length deviation is 

inherent to the ATL machine: according to the supplier, this machine can position the plies 

with an accuracy of ±2 mm. This deviation can be extrapolated to the overlap length. This 

deviation is an essential consideration when for designing bio-inspired composites. In 

comparison to other bio-inspired composites ATL would provide a higher accuracy than 

manual methods [64,70,72], but lower than the obtained with laser-engraved features used 

by other authors [69,81] therefore, automated process limits the design possibilities in 

comparison to the last ones. 

 

Figure 53. Microscopic characterization of the fibre and gap dimensions in the ‘Length50’, 

‘Length25’, and ‘Length10’ laminates. 

Similarly, a histogram and the normal distribution of the gap length measurements 

were obtained for each laminate (columns and curves in Figure 54b respectively). A higher 
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density of the gap length’s probability was observed at 80 µm for both ‘Length25’ and 

‘Length50’, while it was observed at 30 µm for ‘Length10’. In addition, the gap length 

distribution of ‘Length25’ and ‘Length50’ was relatively wide (comprised between 0–200 

µm), while that of ‘Length10’ was narrower (comprised between 0–90 µm). The smaller 

gap length and the narrower distribution of values noted for ‘Length10’ might have derived 

from the short length of its carbon fibres (10 mm). The resin flow and the internal stresses 

produced during the curing process, might have allowed the spread of carbon fibres along 

the fibre direction and the partial filling of the resin pockets. 

 

Figure 54. Normal distribution and histogram of the a) fibre length deviation (i.e. difference 

between the measured and the programmed fibre length) and b) gap length for the ‘Length50’, 

‘Length25’, and ‘Length10’ laminates. 

Finally, it was observed that the gap length (0,3 mm) of the laminates with one or two 

plies and fibre length 25 mm (Figure 47) was smaller than that of the ‘Length25’ laminate 

composed of six plies (0,8 mm, Figure 54). The changes in gap length might have 

paralleled those in the number of plies due to the application of different vacuum bag set 

ups (with or without peel ply at the top; see Figure 43 and Figure 45), the different 

thickness of the laminates, the application of different pressures, and the exertion of 

different friction forces during the curing process.  
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3.3.2.2 Tensile behaviour of the cured laminates 

The representative stress–strain curves of the laminates can be observed in Figure 55, 

while the respective average ultimate strengths (σUT) and moduli are shown in Table 4. The 

moduli were calculated considering between 1000–3000 µɛ. Information about the average 

thickness (mm), fibre volume content (%) and void volume content (%) of the tested 

laminates is shown in Table 3. 

The analysis of the tensile behaviour demonstrated that a decrease of the carbon fibre 

length resulted in a decrease of σUT. Compared to the σUT value of the ‘Continuous’ 

laminate, those of the ‘Length50’ and ‘Length10’ laminates were 55% and 67% lower, 

respectively. Meanwhile, the modulus of the ‘brick-and-mortar’ laminates was not 

significantly affected by the fibre length presenting similar values to that of the 

‘Continuous’ laminate. However, the modulus of the laminate with the shortest fibres was 

18% lower than that of the ‘Continuous’ laminate (Table 4). These results are in agreement 

with those obtained by other authors for aligned discontinuous CFRPs [70,72,80] and with 

the preliminary calculations (§3.2.2). As explained, the geometrical parameters loverlap and 

Tbrick, were not optimized due to manufacturing constrains, so a slight decrement in 

strength compared to the theoretical (900 MPa) was expected. Similar reductions in the 

tensile properties have been reported of discontinuous CFRPs (see Table 4) [64,65,71]. 

 

Figure 55. Representative stress–strain curves obtained from tensile tests conducted on the CFRP 

laminates. Sketch of the specimen is not to scale. 
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Table 3. Average thickness (mm), maximum number of cuts contained per ply, minimum distance 

from tab to cut (Ltab-cut, mm) fibre volume content (%), void volume content (%), ultimate tensile 

strengths (σUT) and moduli (E) of the ‘Length50’, ‘Length25’, ‘Length10’, and ‘Continuous’ 

laminates obtained from tensile tests (average ± standard deviation). 

 Thickness 

(mm) 
Cuts 

per ply 
Min Ltab-cut 

(mm) 
Vfibre 

(%) 
Vvoid (%) 

σUT  
(MPa) 

E*  
(GPa) 

Continuous 1,25 ± 0,02 0 - 57,4 ± 0,2 0,39 ± 0,08 1850 ± 60 120 ± 6 

Length50 1,24 ± 0,01 3 15 57,8 ± 0,3 0,8 ± 0,3 820 ± 40 116 ± 3 

Length25 1,21 ± 0,01 6 25 56,8 ± 0,3 0,3 ± 0,3 750 ± 20 115 ± 7 

Length10 1,23 ± 0,02 13 15 59 ± 2 1,1 ± 0,7 620 ± 30 99 ± 5 

 

Table 4. Ultimate tensile strengths (σUT) and moduli (E) for aligned discontinuous CFRPs reported 

in the literature and in this study*. The increments () were calculated with respect to the reference 

continuous materials presented in each of the listed studies. 

Ref. 
Manufacturing 

method 
Material Lay-up Fibre length 

σUT 

(MPa) 

∆σUT  

(%) 

E 

 (GPa) 

∆E  

(%) 

This 

study* 

Automatic cutting and 

lay-up done by using an 

ATL machine. The 

overlap was always FL/2. 

CF/epoxy prepreg 

(AS4/8552) 
[0]6 

Continuous 1848 - 120 - 

50 mm 823 –55 116 –3 

25 mm 753 –59 115 –4 

10 mm 616 –67 99 –18 

I. Taketa 

et al 

(2009) 

[71] 

Intermittent slit sequences 

perpendicular to the fibre 

direction and created by 

an automatic cutting 

machine using a 

tangential knife. 

CF/epoxy prepreg 

(T700S/#2500R) 
[45/0/-

45/90]2s 

Continuous 837 - 53 - 

25 mm 427 –49 47 –11 

CF/epoxy prepreg 

(T700S/#2500) 

Continuous 766 - 46  

25 mm 375 –51 44 –5 

I. Taketa 

et al 

(2010) 

[65] 

Slits created at the desired 

angles by using an 

automatic cutting machine 

with a tangential knife 

attached. The FL was 

always 25 mm. 

CF/epoxy prepreg 

(T700S/#2500) 

[45/0/-

45/90]2s 

Continuous 766a - 46 - 

6º-slits 610a –20 - - 

11º-slits 510a –33 - - 

16º-slits 459a –40 - - 

27º-slits 380a –50 - - 

45º-slits 290a –62 - - 

J. N. 

Baucom 

et al 

(2010) 

[70] 

Ply splices cut 

perpendicularly to the 

fibre direction using a 

razor utility knife. Manual 

laid-up. 

CF/epoxy prepreg 

(Newport NCT-

301-34-700) 
[0]8 

Continuous 2034 - 131 - 

25 mm 900 –56 - - 

H. Li et al 

(2013) 

[64] 

Discontinuous angled 

(11,3º) slits were made 

into a prepreg using a 

commercial paper cutter. 

CF prepreg 

PYROFIL#350 

(TR50S)  

[45/0/ 

45/90]2s 

Continuous 754 - 50 - 

25 mm 436 –42 48 –4 

Staggered  

25 mm 
479 –36 50 –3 

Bi-angled 

25 mm 
500 –34 50 –0,3 

H. Yu 

(2014) 

[170] 
HiPerDiF method. 

CF TENAX C124 

+ epoxy resin film 

(MTM49-3) 
UD 

Continuousb 2000 - - - 

set 1:3 mmc  816 - 81 - 

set 2:3 mmd  1509 - 115 - 

G. Czél 

(2015) 

[72] 

Cuts made using a ‘pizza 

wheel’ blade. 

Discontinuous UD 

prepreg plies laid-up in 

blocks creating an 

overlapped architecture. 

CF/epoxy prepreg 

(IM7/8552) 
[0]8 

Continuous 2724 - 164 - 

4 mm overlap 322 –88 103 –37 

8 mm overlap 1010 –63 149 –9 

a Values estimated from a graph; b Vf = 60%; c Vf = 41%; d Vf = 55%.  
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Notably, all the ‘brick-and-mortar’ laminates described in this work exhibited a non-

linear behaviour [76] (Figure 55). The shorter the carbon fibre, the more evident was the 

non-linear response of the laminate and higher its ductility. To analyse these results, we 

have considered a shear-lag analytical model developed by Pimenta et al. [75] which 

explains the behaviour of ‘brick-and-mortar’ composites under tensile loading according to 

the ‘bricks’ aspect ratio. The aspect ratio (α) was defined as the ratio between the thickness 

(in this case T=0,184 mm) and half of the ‘brick’ length (FL/2) (Figure 40) [75]. In this 

study, all the carbon fibre laminates had slender ‘bricks’ and their α was always >27. 

According to the model [75], the strength of staggered discontinuous composites with high 

α (≥ 30) becomes independent from the aspect ratio and converges to a fracture criterion 

(linear elastic fracture mechanics, where σUT=(2·Ebrick·GIIC-matrix/Tbrick)1/2) [77]. Based on this 

fracture criterion, the strength of all the ‘brick-and-mortar’ composites is governed by 

mode II toughness of the matrix or of the matrix-‘brick’ interface [75,171]. This would 

explain why our ‘brick-and-mortar’ laminates failed at relatively similar strength values, 

despite a large divergence in their fibre lengths (and therefore, in the number of cuts), as it 

is expected from the previous equation.  

The differences observed between the strength values of different ‘brick-and-mortar’ 

laminates (Table 4) are probably related to differences in the interface area between the 

‘bricks’ of the composites and their matrices. The longer fibre lengths and, thus, longer 

overlap regions allow better stress transfer to the bricks, leading to higher values of 

strength [72]. Other factors, such as the size resin pocket aspect ratio [69], the morphology 

(i.e., for resin pockets larger than 1 mm the rectangular shape can be lost) [73], and the 

stochastic distribution of the fibre length [172], have been also proved by other authors to 

affect the properties of the aligned discontinuous CFRP laminates. 

The representative failure modes of the tested laminates are shown in Figure 56, where 

clear differences in the failure mode can be observed between the ‘Continuous’ and the 

‘brick-and-mortar’ laminates. The ‘Continuous’ laminates presented a catastrophic 

(explosive) failure mode, frequently observed for CRPFs. This failure mode, which is 

caused by fibre failure and governed by fibre strength, led to a brittle failure of the 

composites. On the other hand, the ‘brick-and-mortar’ laminates presented a failure mode 

mainly governed by the debonding of the plies/fibres demonstrating that the failure was 

dominated by the matrix and matrix-‘brick’ interface properties [66,171,173], as expected 

from the analytical models explained above [75]. Meanwhile, other effects such as fibre 



Towards the industrialization of bio-inspired multiscale hierarchical CFRP composites 

68 

breakage were observed in some plies suggesting the occurrence of localized failures 

related to stress concentration, inherent to the stochastic nature of the fibre strength 

[164,174]. A subsequent pull-out of the broken fibres could be observed at higher strain 

levels [164].  

 

Figure 56. a) Representative failure modes and fracture surfaces obtained for the ‘Continuous’, 

‘Length50’, ‘Length25’, and ‘Length10’ laminates; b) details of the fracture surfaces in the 

‘Length25’ and c) ‘Length10’ laminates. Blue dotted lines indicate location of the cuts. 

3.3.2.3 Double cantilever beam test  

Results from the DCB test are shown in Table 5. ‘Length50’, ‘Length25’ and 

‘Length10’ specimens presented 10%, 20% and 32% higher GDCB than that of the 

‘Continuous’ samples, respectively. In all the samples the crack growth reached ca. 50 

mm. It should be noted that during the precracking process of ‘Length10’ laminates the 

crack tip deflected from the midplane (8th-9th interply) to the 9th-10th interply (Figure 57) 

due to the short overlap length (5 mm, FL/2). Since several crack deflections were 

produced in each sample, the mentioned initial effect for the ‘Length10’ might not 

significantly affect the material toughness. 
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Table 5. Thickness (mm) and total interlaminar fracture toughness GDCB (kJ/m2) measured in 

‘Length50’, ‘Length25’, ‘Length10’ and ‘Continuous’ laminates subjected to DCB test for 50 mm 

of crack length (average ± standard deviation). 

 Thickness (mm) 
Initial location of the 

crack tip (# interply) 
GDCB (kJ/m2) 

Continuous 3,13 ± 0,04 8-9 0,27 ± 0,03 
Length50 3,13 ± 0,02 8-9 0,300 ± 0,006 
Length25 3,12 ± 0,02 8-9 0,33 ± 0,015 
Length10* 3,12 ± 0,02 9-10 0,36 ± 0,03 
* For ‘Length10’ samples the test started with crack tip at the 9th-10th interply. For 

rest of the samples, the crack tip was located at the midplane of the coupon (8th-9th 

interply) at the beginning of the test.  

 

Figure 57. Simplified scheme and optical picture of a ‘Length 10’ tested DCB specimen. Red 

arrow indicates the crack's tip. Each painted mark in every specimen is equal to 1 mm. Schemes are 

not to scale. Numbers indicate ply numbering in this work, being the lower ply considered the 1st 

ply. 

On the other hand, R-curve (Figure 58) showed higher fracture toughness values for the 

'brick-and-mortar' coupons along the whole crack propagation. The errors of the 

measurement according the data reduction strategy used in this study have been calculated 

and included in the R-curve. It can be observed that the measurement is reliable for the 

propagation area of the curve (Figure 58). Also, small deviations were observed between 

R-curves obtained each group of laminates (Figure 59). The results obtained show that the 

increment in fracture toughness is higher as the number of resin pockets increase. In 

addition, it is observed that the slope of the R-curve plateau region (part of the R-curve 

corresponding to the propagation area) slightly increased as the number of resin pockets 

increases. On the other hand, the ‘Continuous’ samples have a near flat R-curve, as 

expected [145]. 
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Figure 58. Representative R-curve obtained in DCB tests for ‘Length50’, ‘Length25’, ‘Length10’ 

and ‘Continuous’ laminates. Bars indicate the error considering a precision of 0,2 mm in the 

measurement of crack growth. 

 

Figure 59. All the R-curves obtained for each tested coupon is presented. A small deviation of the 

R-curves within each group (Length50’, ‘Length25’, ‘Length10’ and ‘Continuous’ laminates) can 

be observed. The only exception is Sample1 of ‘Legth10’ laminate which showed higher values 

interlaminar fracture toughness than the rest of the samples within this group. 
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Regarding the force and displacement curve, ‘Continuous’ coupons showed a typical 

CFRP mode I curves (Figure 60) indicative of stable and continuous crack growth along 

the specimen [145]. Typical mode I fracture features such as fibre imprint, broken fibres 

[175,176], and riverlines [175–177] were observed by SEM (Figure 61a) and no fibre 

bridging was observed. 

 

Figure 60. Representative force vs. displacement curves. 

 

Figure 61. SEM pictures of the fracture surfaces a) (×1000) ‘Continuous’, b) (×500) ‘Length10’ 

laminates when subjected to DCB tests. Arrows with number 1 for fibre imprint, arrows with 

number 2 for riverlines and arrows with number 3 for shallow cusps. 

Regarding ‘brick-and-mortar’ coupons, they showed intermittent stick-slip type curves 

(Figure 60) [144]. The resin pockets located between the cut fibres acted as crack arresters, 

therefore an increase of load is needed for the crack to propagate, followed by sudden 

crack propagation and corresponding load drop [28,177,178] (Figure 62), producing the 
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stick-slip type curves. The resin pockets arrest the crack propagation by crack blunting 

leading to an increment of fracture toughness [179]. 

Also, the crack could deflect upwards to the next interply when it reached a resin 

pocket (Figure 61b). This process was repeated subsequently through the different plies as 

the crack tip progressed (Figure 62). The crack deflection mechanism may produce a 

tortuous path and a reduction in the stress intensity locally experienced at the crack tip 

[15,180,181] which results in an increment of the sample toughness as well. However, in 

the samples with higher FL, not all the resin pockets along the crack path have produced 

the deflection of the crack. 

 

Figure 62. a) Gaps created by the cut fibres filled by resin, cross section b) correspondence of the 

force vs. displacement curve obtained for a ‘Length50’ coupon when subjected to a DCB test with 

c) the broken specimen load drops match with resin pockets created in the gaps between the cut 

fibres.  

Finally, as the crack propagated and deflected, it led to a variation of the specimen 

arms´ thicknesses during the tests, resulting in an asymmetric test (Figure 57). The 

asymmetry in DCB tests produced a mixed mode (mode I and II) state at the crack tip 

while maintaining a predominantly mode I [182–185]. Within this asymmetric condition, 

the failure mode varied during the test, increasing the mode II contribution when the 

difference between the arms´ thicknesses increased [184,186]. Due to this mode II 
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contribution,  shallow cusps were present on the fracture surface of the ‘brick-and-mortar’ 

specimens (Figure 61b) [175,187]. This mode II contribution resulted in a local increase in 

the amount of matrix fracture per unit surface area, increasing the global toughness of the 

specimens [175,176,188]. It was demonstration by a numerical simulation that pure Mode 

II is maintained within this configuration [189] The percentage of mode II contribution as a 

function of the crack plane position in an asymmetric DCB test was analysed by Mollon et 

al. [186]. According to their analysis, considering the total toughness (in this case GDCB) 

the sum of mode I and mode II contributions, the mode II contribution can vary from the 

2,5% to the 38% for a crack located 0,56H to a 0,94H respectively, being H the laminate 

thickness [186]. However, it has been shown recently that this Mode II contribution can be 

much higher, reaching the 63% for a crack located 0,625H [189]. 

Finally, as can be observed in Figure 63, for ‘Length25’ and ‘Length10’ laminates, 

several crack fronts are created. The observed decomposition of the fracture process in 

several planes also implies a mechanism of resistance to crack growth [188]. 

These toughening mechanisms (resin pockets acting as crack arresters, crack 

deflection, mixed mode and fracture decomposition) agree with the observed results (Table 

5). The shorter the fibre’s length along the ply, the higher the number of cuts within the 

laminate and therefore more resin pockets tend to arrest the fracture process by increasing 

the tortuosity of the crack path (Figure 63). In consequence, a higher asymmetry is 

produced as well as Mode II contribution and, therefore, rise the R-curve plateau [181] in 

contrast to the flat R-curve for ‘Continuous’ plies (Figure 58). 

 

Figure 63. Representative failure modes obtained when subjected to DCB tests for ‘Continuous’, 

‘Length50’, ‘Length25’ and ‘Length10’ laminates. Dotted white lines indicating crack fronts. 
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3.3.2.4 Three-point end-notched flexure test 

Representative curves of the specimens tested to four load-unload cycles in 3ENF tests 

[149,150], are presented in Figure 64. The average maximum force reached during the test 

(Figure 65) increased with the number of resin pockets, i.e., obtaining generally higher 

values those ‘brick and mortar’ laminates with shorter fibre lengths; 18% and 60% 

increments were obtained between the first and the fourth cycle, for ‘Length25’ and 

‘Length10’ laminates, respectively. 

 

Figure 64. Representative load vs. displacement curves obtained in 3ENF tests for ‘Continuous’, 

‘Length50’, ‘Length25’ and ‘Length10’ laminates when subjected to four load-unload cycles and 

their corresponding tested sample. White dotted lines indicate the beginning and end of each load 

cycle performed in that sample with the corresponding crack length indicated. 
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Regarding the GENF obtained in each load cycle, it also increased with the number of 

resin pockets contained in the coupon (Table 6). Furthermore, while the GENF remained 

constant for the ‘Continuous’ samples along the four load cycles, for ‘brick and mortar’ 

laminates GENF increased with the number of load cycles, e.g., for ‘Length10’ laminates an 

increment of 69% is observed between its 1st and 3rd load cycle. 

 

Figure 65. Average maximum load obtained in 3ENF tests in each load step and for in 

‘Continuous’, ‘Length50’, ‘Length25’ and ‘Length10’ laminates. 

Table 6. Thickness (mm) and fracture toughness (kJ/m2) obtained in each load-unload cycle (GENF-

1st load, GENF-2nd load, GENF-3rd load and GENF-4th load) for ‘Continuous’, ‘Length50’, ‘Length25’ and 

‘Length10’ laminates subjected to 3ENF tests (average ± standard deviation). 

 Thickness 

(mm) 
GENF- 1st load 

(kJ/m2) 
GENF- 2nd load 

(kJ/m2) 
GENF-3rd load 

(kJ/m2) 
GENF4th load 

(kJ/m2) 

Continuous 3,13 ± 0,04 1,13 ± 0,06 1,0 ± 0,2 0,9 ± 0,2 0,89 ± 0,09 

Length50 3,13 ± 0,02 1,3 ± 0,3 0,9 ± 0,2 1,0 ± 0,4 1,2 ± 0,2 

Length25 3,12 ± 0,02 1,14 ± 0,09 1,19 ± 0,05 1,33 ± 0,05 1,41 ± 0,04  

Length10 3,12 ± 0,01 1,3 ± 0,2 1,46 ± 0,08 2,2 ± 0,2 1,5 ± 0,1* 

*Data from two coupons. The other two coupons broke in the fourth load cycle. 

Similar to DCB coupons, the resin pockets acted as crack arresters in ‘brick-and-

mortar’ specimens. Once the crack reached a resin pocket, it deflected to the upper layer 

(Figure 66). These crack arrester and crack deflection effects lead to an increment of the 

interlaminar fracture toughness [179,181,184,190]. 
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Figure 66. Simplified scheme and optical picture of a ‘Length 10’ tested ENF specimen. Red 

arrow indicates the crack's tip. Each painted mark in every specimen is equal to 1 mm. Schemes are 

not to scale. Numbers indicate ply numbering in this work, being the lower ply considered the 1st 

ply. 

 Also, it should be noted that, due to the crack deflection process, the crack tip would 

not be located in the sample interply at the beginning of each load cycle (Figure 67a). On 

the other hand, these toughening mechanisms depend on the number of resin pockets 

reached by the crack during the test. Those laminates with shorter fibre lengths (higher 

number of resin pockets) presented higher GENF as seen in (Figure 67b). However, since 

the crack only grows 10-15 mm in each test cycle, for ‘Length50’ and ‘Length25’ coupons 

the crack only passed through none or one resin pocket (Figure 67a). Therefore, since just 

a few resin pockets are reached by the crack tip, slight increments were produced in 

‘Length50’ laminates and in the first and second load cycle for ‘Length25’ laminates. On 

the other hand, for ‘Length10’ laminates the crack propagates across several resin pockets, 

leading to a higher increment in toughness, as can be seen Figure 67b. 

 

Figure 67. a) GENF vs. Ply number in which each load cycle stars for each coupon tested. Since the 

crack is located between two plies, we indicate the plies between which the crack is located (#ply). 

b) GENF vs. Number of resin pockets contained in the area tested in the corresponding load cycle for 

each coupon tested. The ply numbering considers the ply 1 that touching the rollers and the ply 

touching the load point would be the ply number 18, being the stacking sequence [(0)9/(0)9].  
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The crack deflection can be observed in the fracture surfaces of ‘brick-and-mortar’ 

specimens (Figure 64 and Figure 68) in contrast to the conventional delamination failure 

along the midplane of the ‘Continuous’ coupons (Figure 64 and Figure 68). Mode II 

contribution was clearly observed in all the fracture surfaces in the form of shallow cusps 

[191] (Figure 68). In this case, it has been shown that the asymmetry generated in coupon 

arms (like that observed in the DCB tests) do not led to a mixed mode fracture condition 

maintaining a pure Mode II contribution despite the asymmetry [189]. 

 

Figure 68. SEM pictures (×500) of the fracture surfaces obtained in first cycle load in a) 

‘Continuous’, b) ‘Length10’ laminates when subjected to 3ENF tests. Resin rich areas correspond 

to the resin gap created between the cut fibres, where crack have deflected. Arrows with number 1 

for shallow cusps. 

Once the crack tip moves from the midplane to the upper layers of the coupon (Figure 

66), the critical load to continue crack propagation increases (Figure 65). The inertia of the 

two arms section of 3ENF specimen with a crack is calculated as: 

𝐼𝑡 = 𝐼1 + 𝐼2 =
𝑏(ℎ1

3 + ℎ2
3)

12
 

Considering ξ the ratio between the arms’ thickness (ℎ1/ℎ2)  and total thickness: 

ℎ1 = 2𝜉ℎ ;  ℎ2 = (2 − 𝜉)ℎ  

𝐼𝑡 =  
2𝑏ℎ3

3
(𝜉3 + (1 − 𝜉)3) 
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Being It the specimen inertia; I1 and I2 the specimen’s arms inertias; b the specimen 

width; h1 and h2 the specimen’s arms thicknesses; 2h the specimen thickness; and ξ the 

ratio between specimen’s arms thicknesses and specimen thickness. These estimations of 

the moments of inertia assume the sections of the arms to be uniform during the whole test, 

not following a progressive stair-like fashion. Nevertheless, these estimations are sufficient 

to explain the higher loads required for crack propagation after successive load cycles, as 

previously shown in Figure 65. It is observed that the bending compliance of the specimen 

increases as the crack moves from the midplane towards the upper or lower faces of the 

coupon (Figure 69). Thus, the load required to trigger crack propagation is higher too 

(Figure 65). 

 

Figure 69. Moment of inertia of the 3ENF arms as a function of the delamination plane position. 

Moment of inertia is minimum when ξ =0.5; i.e. when the crack is in the midplane of the coupon. 

3.3.2.5 Compact tension test 

The representative load vs. displacement curves obtained in the CT tests are presented 

in Figure 70. ‘Continuous’, ‘Length50’, and ‘Length25’ laminates showed typical “stick 

and slip” type curves associated to unstable crack propagation [154,192]. However, 

‘Length10’ laminates curves showed a smoother curve, indicating a stable crack growth 

behaviour.  

The translaminar fracture toughness (GCT) results can also be observed in Figure 71. 

‘Length50’, ‘Length25’ and ‘Length10’ laminates showed increments of 19%, 13% and 

29% compared to ‘Continuous’ laminates, respectively. Due to the fibre configuration of 

the specimens, these fracture toughness values can be  interpreted as mode I critical energy 
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release rate for fibre fracture in the 0º plies (parallel to load direction) plus the critical 

energy release rate for matrix crack propagation in the 90º plies (perpendicular to load 

direction) [153]. In this study, since the 90º plies are continuous in all the laminates, any 

increment observed would be associated to the difference in the coupons’ with 0º 

discontinuous carbon fibre plies (the ones containing cuts, Figure 36). 

 

Figure 70. Representative load vs. extension curve obtained from CT tests for ‘Continuous’, 

‘Length50’, ‘Length25’ and ‘Length10’ laminates. 

 

Figure 71. Average translaminar fracture toughness values obtained from CT tests for 

‘Continuous’, ‘Length50’, ‘Length25’ and ‘Length10’ laminates. 

Figure 72 shows the fracture surfaces of the different specimens tested. ‘Continuous’ 

and ‘Length50’ samples showed small fibre bundles pull-out in the 0º plies (Figure 72a and 

b) probably caused by translaminar fibre tensile failure of the continuous plies [168]. This 

behaviour agrees with the “stick and slip” type curves observed for ‘Continuous’ and 
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‘Length50’ samples, since large load drops corresponds to an increase in crack propagation 

[154]. ‘Length25’ fracture surfaces showed a few fibre bundles as well (Figure 72c). 

However, ‘Length25’ specimens showed pull-out at ply-level of a few fragments with ca. 

6,2 mm of length (which is approximately FL/4, Figure 36) and ply thickness. Pull-out at 

ply-level can be also clearly observed for ‘Length10’ laminates, with several fragments of  

ca. 2,5 and 7,5 mm of length, which corresponds to FL/4 and 3FL/4, respectively (Figure 

72d).  

A simple analytical model can be considered to analyse which is the critical ply length 

(LCT) that prompt either fibre tensile failure or ply pull-out: 

𝜎𝑈𝑇−𝑏𝑟𝑖𝑐𝑘 ⋅ 𝑤 ⋅ 𝑡 = 2𝜏 ⋅ (𝑤 + 𝑡) ⋅ 𝐿𝐶𝑇 

Being 𝜎𝑈𝑇−𝑏𝑟𝑖𝑐𝑘 the ultimate tensile strength (ca. 1850 MPa), and τ the interface shear 

strength (ca. 85 MPa [166]); w is a characteristic distance in the direction of the crack 

propagation and t the ply thickness (0,184 mm). If 𝑤 ≫ 𝑡 the expression is written as: 

𝜎𝑈𝑇−𝑏𝑟𝑖𝑐𝑘 ⋅ 𝑡 ≈ 2𝜏 ⋅ 𝐿𝐶𝑇 

Therefore, the critical ply length is obtained as: 

𝐿𝐶𝑇 ≈
𝜎𝑈𝑇−𝑏𝑟𝑖𝑐𝑘 ⋅ 𝑡

2𝜏
= 2 𝑚𝑚 

Considering this value, it is evidenced that the shorter distance between the resin gap 

and the notch in ‘Length10’ coupons (FL/4, Figure 36), have led the crack to deflect, 

resulting in a higher amount of ply pull-out (‘brick’ pull-out). The ‘brick’ pull-out of the 

carbon fibre plies lead to an increment of the toughness GCT (mode I fracture toughness in 

the in-plane direction) by the energy dissipation via debonding and friction [193,194] what, 

at the same time, results in a more stable crack propagation as observed in Figure 70 

[69,194]. The ‘brick’ pull-out may also produce a non-linear geometric effect due to 

rotation of the delaminated plies, what is observed in Figure 70, where the load vs. 

extension curve for ‘Length10’ coupons present a permanent deformation (i.e., the load 

does not fall to zero). 

On the other hand, for ‘Continuous’, ‘Length50’ and ‘Length25’, the carbon fibre are 

long enough to transfer stress from matrix to the fibre via interface resulting in fibre tensile 

failure (Figure 72). Due to this different behaviour, the load-extension curves (Figure 71) 
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and failure mode of these three samples (Figure 72a,b,c) are clearly different from 

‘Length10’ samples (Figure 72d).  

 

Figure 72. Representative failure modes obtained when subjected to CT tests for a) Continuous, b) 

‘Length50’, c) ‘Length25’ and d) ‘Length10’ laminates. 

Dynamic Image Correlation analysis performed during the CT tests showed different 

strain distribution for the different laminates studied. Figure 73 shows the longitudinal 

strains (εyy) at the point of maximum load (just before crack growth). It can be observed 

how the areas near the resin pockets in the ‘brick-and-mortar’ laminates are under higher 

strains leads to multiple crack fronts in the outer layer (Figure 74).  

For all the above, it is evidenced that in the ‘brick-and-mortar’ laminates, several 

mechanisms are present. Apart from the fibre breakage and pull-out mechanisms of a 

conventional laminate, ‘brick-and-mortar’ laminates showed delamination of the fibre 

fragments cut by the ATL. Also, several cracks were present during the mechanical tests, 

however, in our current set up, these were only visible in the outer layer.   
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Figure 73. Longitudinal strain (εyy) distribution observed with Dynamic Image Correlation of 

‘Continuous’, ‘Length50’, ‘Length25’ and ‘Length10’ laminates when subjected to CT tests at the 

point of maximum load. 

 

Figure 74. Representative broken coupons after CT tests for ‘Continuous’, ‘Length50’, ‘Length25’ 

and ‘Length10’ laminates. White arrows indicating secondary crack fronts. 
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3.4 CONCLUSIONS 

‘Brick-and-mortar’ carbon fibre laminates were successfully manufactured following 

industrial procedures, using commercial materials and an automatic tape lay-up machine. 

This advances the current state-of-the-art, in which only manual and time-consuming 

methods have been used to manufacture this type of architecture. Several parameters (i.e. 

speed, cut quality, and fibre/gap length) were studied to optimize the process. The accuracy 

of the process followed to manufacture ‘brick-and-mortar’ laminates with different fibre 

lengths (i.e. 50, 25 and 10 mm) showed only a small deviation in fibre length (<2 mm), and 

the average gap length of 100 µm. When subjected to tensile stress, these ‘brick-and-

mortar’ laminates showed a non-linear response. 

Our industrial automated process gave results similar to those reported by other authors 

who applied lab-scaled manufacturing processes. A reduction of the tensile strength was 

observed for the ‘brick-and-mortar’ laminates with respect to the ‘Continuous’ sample, 

while the moduli of all the samples were similar. Slight differences in strength were 

observed among the ‘brick-and-mortar’ laminates. These were likely related to the 

particularly large interface between the ‘bricks’ and the matrix, which is directly related to 

the overlap length. Overall, the failure modes observed in this study confirm that the 

catastrophic failure mode of conventional CFRP composites can be avoided by applying 

the proposed bio-inspired nacre-like strategy. 

To characterize the interlaminar fracture toughness DCB and 3ENF tests have been 

performed and Compact Tension tests have been carried out to characterize the 

translaminar fracture toughness. The Area Method has been used in all the cases as 

calculation method. 

High increments up to 24% and 92% in interlaminar fracture toughness can be 

observed for DCB and 3ENF tests respectively for the ‘Length25’ and ‘Length10’ 

laminates, respectively. In DCB and 3ENF coupons the resin pockets act as crack arresters 

and crack deflection produces a shielding effect increasing the fracture toughness. In 

addition, for DCB coupons the asymmetry produced due to crack deflection led to a mode 

II contribution.  
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Translaminar fracture toughness shows increment up to 29% for the ‘Lentgh10’ 

laminates. ‘Brick’ pull-out is evidenced in ‘Length25’ and ‘Length10’ laminates, 

incrementing its fracture toughness due to energy dissipation by debonding and friction. 

This study shows promising enhancements in the fracture behaviour and fracture 

toughness properties due to the introduction of ‘brick-and-mortar’ structure in CFRPs 

which have been produced using processes, materials and standards already implemented 

in the aerospace industry such as ATL. Thus, this study is expected to pave the way for the 

development of a new family of industrial-scale bio-inspired composites materials that 

could take advantage of all the properties already reported for lab-scale discontinuous 

composite materials [60,69,74]. Also, the proposed methodology is compatible with 

additional strategies, such as hybridization or the application of multilaterals. 
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4. MULTISCALE CFRPs  

4.1 INTRODUCTION 

As previously mentioned in §1.2.3.2, multiscale FRP composites have been broadly 

studied to developed enhanced FRP. Among the different strategies to produce them, the 

addition of micro- and nanoreinforcements to the resin matrix has demonstrated to enhance 

the polymer and interplay characteristics [97,98,195,196]. Particularly, it has been proved 

that graphene-related materials (GRMs) lead to an enhancement of the mechanical 

properties of polymers while providing multifunctionality due to their strength, stiffness 

and toughness, as well as their thermal and electrical conductivities, together with the large 

specific surface area and aspect ratio [103,114,116,197,198]. Besides, GRMs can be 

produced by exfoliation of bulk graphite what allows producing large quantities and it is a 

scalable method suitable at industrial scale [199,200]. 

Great efforts from the European Community are being invested in developing scalable 

procedures in science to transfer them to the industry [16,96,103,107]. Within this 

framework, and considering the potential industrial benefits of the introduction of GRM in 

CFRPs for the aerospace industry, this study aims to produce multiscale CFRPs laminates 



Towards the industrialization of bio-inspired multiscale hierarchical CFRP composites 

86 

with commercial materials and using industrial procedures in every step of the process: 

from the production of GRMs to the final manufacturing of multiscale laminates.  

Furthermore, the final aim is to produce a multiscale composite which can be combined 

with the hierarchical strategies developed in the previous chapter. To that end, three kinds 

of commercial GRMs have been selected as nanoreinforcements with the aim of evaluating 

its potential application: graphite nanoplatelets (GNPs), graphene oxide (GO) obtained 

from in situ exfoliation of graphite oxide and reduced graphene oxide (rGO). A 2 wt.% of 

the GRMs have been mechanically dispersed in a solventless process in an epoxy resin and 

subsequently carbon fibre-reinforced epoxy prepregs (aerospace grade) have been 

produced by a hot melt process. These prepregs have been used to fabricate laminates 

cured in an autoclave, obtaining three different kinds of multiscale laminates.  

A complete characterization of the multiscale laminates has been carried out to 

evaluate the contribution of each kind of GRMs as well as to check any alteration they may 

have caused to the physical-chemical or mechanical laminate properties. This 

characterization is used to select the most appropriate material to develop multiscale 

hierarchical composites afterwards. 

 

Figure 75. Approach experimented in this chapter to obtain enhanced CFRP composites which 

consists of introducing an additional constituent at a different length scale (orange dots, 

nanofillers). 
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4.2 MATERIALS AND METHODS 

4.2.1 Materials 

The matrix used for manufacturing the prepregs consists of a multifunctional basis 

Bisphenol A diglycidyl ether epoxy system (1,22 g/cm3) supplied by Delta-tech (Rifoglieto 

60/a - int.1 55011 Altopascio, Italy) with a curing temperature of 180°C. This resin, named 

EM180, was used in A. Elmarakbi et al. work [201]. Unidirectional carbon fibre tape of 

aerospace grade T700G-12K (1,80 g/cm3 and FAW 200 gsm) provided by Toray Industries 

was chosen as the reinforcement.  

Three different kinds of GRMs were selected as nanoreinforcements: 

- commercial graphite nanoplatelets produced by Nanesa (referred in this document as 

GNPs), obtained by exfoliation of graphite. This material was used as 

nanoreinforcement as well by Elmarakbi et al. [201].  

- Graphene oxide (GO) was prepared by modified Hummers’ method from graphite 

flakes [202] by Avanzare for in-situ exfoliation in the resin. 

- Reduced graphene oxide (rGO) was obtained from the thermochemical reduction of 

the previous GO by Avanzare [202]. 

Details of the different GRMs provided by the suppliers are given in Table 7. TEM 

images of the three GRMs are given in Figure 76. 

 

Figure 76. TEM images of the different GRMs used in this study: a) GNP, b) GO, and c) rGO. 
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Table 7. Main characteristics of the GRMs present in this study. Details about the characterization 

techniques can be found in the Annex 2. 

 GNPs GO rGO 

GRM type Nanoplatelets 
Graphene 

oxide 

Reduced 

graphene oxide 

Average particle lateral size (µm) a 25 43 39 

Average particle lateral size (µm) b 15-30 20-25 20-25 

BET (m2/g) 30 562 780 

Average Nº of layers c 87,7 4,7 3,4 

Average Flake thickness (nm) d 14 3 1 

% Ox 0,9 30,6 e 12 f 

a Measured using laser diffraction in solid D50. 
b Measured by SEM. 
c Average Nº of layers =2630/BET. 
d Measured by TEM. 
e Measured by XPS after dry: (C=O: 23%, C-O: 77%). 
f Measured by XPS after dry (C=O: 35%, C-O: 43%). 

The number of layers of the graphene materials was calculated by dividing the 

maximum theoretical specific surface area of graphene by the experimentally determined 

BET [201,203]. The BET specific surface area of the materials (Table 7) is far below the 

theoretical value of fully exfoliated pristine graphene. Considering this factor, the average 

Nº of layers for GNP is higher than the value observed for GO and rGO. In addition, XPS 

analysis shows 0,9% of oxygen for GNP, 30,6% for GO and 7,9% for rGO. This indicates 

that the graphite nanoplatelets are pristine and could improve the electrical properties of 

the composite. GO and rGO, in turn, could present stronger interfacial interactions with the 

resin due to their high oxygen content. 

4.2.2 Addition of GRMs to the resin 

The addition of the GRMs to the resin was performed by the GRMs suppliers who 

optimized the processes to obtain a good dispersion. Therefore, different processes were 

followed for the addition of GNPs (by Nanesa) and for the GO and rGO (by Avanzare) to 

the resin.  

For the mixing of the GNPs, the neat resin was heated at 60°C for 2 hours to reduce 

viscosity up to 49 Pa·s [201]. Then, the GNPs were added slowly and gradually while 
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being dispersed with Disperlux cowless system (shaft mixing) at 2000 rpm for 60 min. 

Then, there was a second stage of homogenization and distribution of the nanoparticles 

with a Silverson high shear batch mixer at 3000 rpm for 30 min. This system allows 

homogenizing the GNPs by breaking the agglomerates formed during the initial dry 

mixing.  

The GO was dispersed in the resin using a DISPERMAT at 13000 rpm with a cowless 

helix for 20 min (10 min + 10 min to avoid the overheating of the motor due to the high 

viscosity of the resin). Then, a dip ultrasonication process was applied for 1 hour by a H40 

sonotrode (400 W) [201]. The rGO, was dispersed into the resin using the same method as 

for the GO. 

In this study the content of each GRM added to the resin is 2% by weight. In all the 

cases, viscosity was evaluated to ensure that it was appropriate for the production of 

prepregs according to Delta-tech requirements. The resin viscosity measured at 60º degrees 

(pre-impregnation process temperature) showed viscosity increments of 138, 26 and 18% 

when adding GNP, GO and rGO, respectively. 

4.2.3 Epoxy-GRM composites production and characterization 

Once the GRMs were added to the base of the epoxy resin, a small portion of the resin 

was used for the evaluation of the GRMs dispersion. The formulation of these resins was 

finished by adding the catalyst and the hardener and mixing. After completion of the 

formulation, the samples were cast and cured 2h at 180 °C, with heating rates of 1 °C/min. 

For the SEM characterization, epoxy-GRM composites were cryofractured and were 

studied by SEM using a Hitachi S-2400 microscope. 

4.2.4 Prepreg and laminate production 

Same procedure was used to manufacture the prepregs. The formulation of the resin 

with the GRMs was finished adding the catalyst and the hardener and mixing at 60°C using 

a laboratory mixer under vacuum. This mixture was filmed on silicon paper at the same 

temperature. Then, the fibres were impregnated by a hot melt process at 65°C [201], 

resulting in prepregs containing a 34% by weight of resin, which means a 0,68% by weight 
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of the corresponding GRM in the prepreg and a ply thickness of 0,2 mm. An additional 

batch was made with neat resin, to be used as a control.  

For laminate production several laminates with different stacking sequences were 

manufactured by hand lay-up of the prepregs with vacuum compaction (Figure 77). 

Considering the heterogeneous test campaign, three panels with different configurations 

were produced for each material as follows: 

• Configuration 1: Laminate with lay-up [0]10 to obtain coupons for acid digestion, 

DMA, TGA, static tensile, three-point bend, interlaminar shear and electrical resistance 

tests. 

• Configuration 2: Laminate with lay-up [+45/-45]16 to obtain 6 coupons for the ±45º 

tensile tests (EN 6031:1995). 

• Configuration 3: Laminate with lay-up [09/09] to obtain 6 coupons for the mode I 

interlaminar fracture toughness tests (EN 6033:1995). 

Furthermore, three coupons (20 × 20 mm2) for observing them at the microscope, as 

well as two coupons for DSC tests were obtained from each of the laminate manufactured. 

 

Figure 77. a) Hand cutting of the patterns and b) hand lay-up and compaction. 
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Figure 78. Sketch of the laminates manufactured for specimen machining. Numbers inside squares 

indicate the configuration type described above. FLEX states for three-point bend tests, DMA for 

dynamic mechanical analysis, A.D. for acid digestion, SBS for shot-beam shear tests, "Cond elect" 

for electrical conductivity through the thickness, "Cond elect XY” for electrical conductivity in the 

in-plane direction, IPSS for ±45º tensile tests and GIC for mode I interlaminar fracture toughness 

tests. 

All the laminates were cured in an autoclave with vacuum bag (Figure 79) at 6-7 bars. 

The heating rate applied was 1 °C/min until reaching 180°C and maintained for 120 min. 

The cooling rate was 2 °C/min.  

 

Figure 79. Sketch of the vacuum bag configuration applied. 

All the laminates were inspected by the ultrasound, following standards stated by the 

aerospace industry and all the laminates manufactured reached the established requirement 

(energy loss<6 dB for the thickness of these laminates). Figure 80 show a representative C-

Scan obtained. 
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Figure 80. Representative C-Scan result. No void, delamination or defects were observed. 

The different laminates have been identified as ‘Continuous-Delta’ for the reference, 

‘Continuous-GNP’, ‘Continuous-GO’ and ‘Continuous-rGO’ for the laminates having 

graphite nanoplatelets, graphene oxide and reduced graphene oxide, respectively. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Epoxy-GRMs composites characterization 

The GRMs agglomeration, dispersion and distribution in cryofracture samples of epoxy 

resin-GRMs composites have been observed by SEM (Figure 81a, b, c). In all the cases, 

agglomerates from 10 to 20 µm in lateral size are observed. These agglomerates are 

composed of discrete particles of GRMs. In the case of GO composite, hollow spaces 

between different agglomerates and the resin are observed (Figure 81b). 

 

Figure 81. SEM micrographs of the epoxy-GRMs composites: a) GNP, b) GO, c) rGO. GRMs are 

pointed out with white arrows. 
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4.3.2 Characterization of the GRMs dispersion in the laminates 

As seen, several steps are performed for producing the prepregs and laminates 

containing GRMs. It must be considered that the dispersion of the GRMs is presumably 

modified during the last step of the prepregs production, the pre-impregnation process by 

hot melt process. Because of this, a morphological evaluation of each laminate 

manufactured was performed. 

The optical micrographs of the laminates show material integrity, parallel and well 

stacked layers in all the cases (Figure 82). Details can be observed in Figure 83, which 

shows optical micrographs at a high magnification (1000x). Some differences can be 

appreciated between the reference (Figure 83a) and the multiscale laminates (Figure 83b, 

2c and 2d). In the multiscale materials, bright areas of 5 to 30 µm are observed in the 

interlaminar region (pointed with arrows) suggesting the presence of GRMs [122]. The 

size of the particles observed suggest that the GRMs are agglomerated.  

 

Figure 82. Optical micrographs at a magnification of 50x of a) ‘Continuous-Delta’ laminate b) 

‘Continuous-GNP’ laminate, c) ‘Continuous-GO’ laminate and d) ‘Continuous-rGO’ laminate. 
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In all the cases the observed particles are found in the interlaminar region and the first 

micrometres of the plies in the multiscale laminates, indicating that the size of the particles 

has hampered its penetration through the fibres. However, in Figure 83c (‘Continuous-GO’ 

laminate), the isolated particles without agglomeration have been found, while in Figure 

83b (‘Continuous-GNP’ laminate), a higher amount of particles concentrated in the 

interlaminar region can be observed, what may indicate agglomeration of GNPs. The 

particles in the ‘Continuous-rGO’ laminate (Figure 83d) some small agglomerates are 

observed. This difference in the dispersion of the nanoreinforcements among the samples 

could be due to the functional groups present in the GO and rGO. The hydroxyl groups 

present in GO and rGO (in less quantity as indicated in Table 7) increase the electrostatic 

attractive interactions and hydrogen bonding with the epoxy, enhancing the dispersion and 

integration of the nanoparticles into the resin [114,115,119,204]. On the other hand, the π-π 

interactions and van der Waals forces in GNPs together with its higher size could prompt 

the formation of aggregates [116,119], leading to GNP-rich and -poor regions [205]. 

 

Figure 83. Optical micrographs at a magnification of 1000x of a) ‘Continuous-Delta’ laminate b) 

‘Continuous-GNP’ laminate, c) ‘Continuous-GO’ laminate and d) ‘Continuous-rGO’ laminate. 

Arrows indicate GRM presence in the interlaminar region of the laminates. 
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In addition, fracture surfaces obtained from the broken in-plane shear coupons have 

been observed by SEM to study the GRMs dispersion in the multiscale laminates (Figure 

84). The SEM images of ‘Continuous-GNP’ broken coupon (Figure 84b) show GNPs 

agglomerates and stacked discrete GNP particles, with sizes ranging from 10 to 30 µm 

between the plies. This would be in accordance with the previously observed micrographs 

of ‘Continuous-GNP’ laminates (Figure 84b). Regarding the ‘Continuous-GO’ coupon, it 

should be noted that it was hard to find evidences of the nanoparticles and just one region 

with agglomerated GO particles was observed (Figure 84c). This failure region in the 

interplay showed similar stacking of GO particles (Figure 84c) than the observed in the 

epoxy-GO composite (Figure 81b). Finally, some rGO agglomerates could be observed in 

the ‘Continuous-rGO’ broken coupon, however, they were within the tow (Figure 84d), 

pointing to higher penetration than in the case of the GNPs. The rGO agglomeration 

observed in the interply could be similarly explained to the GNPs agglomeration, by the 

van de Waals forces and π-π interactions between rGO nanoparticles, considering the 

restoration of the graphitic network of sp2 bonds when reducing the GO [115]. 

 

Figure 84. SEM images of the fracture surfaces of the coupons subjected to ±45º tensile test being 

a) ‘Continuous-Delta’ (1500x), b) ‘Continuous-GNP’ (2000x), c) ‘Continuous-GO’ (2000x) and d) 

‘Continuous-rGO’ (3000x). Arrows point out graphene sheets. 
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4.3.3 Physical-chemical properties of the laminates 

The resin weight (Mresin), fibre volume (Vfibre) and void volume (Vvoid) contents 

obtained from the acid digestion tests are shown in Table 8, confirming that the fibre and 

resin contents are in accordance with the theoretical values (34 wt.%). Small variation in 

fibre content is observed from 56,9% in the case of unfilled resin to 55,2% in the GO filled 

one. The obtained void volume content is near 0%, in agreement with the non-destructive 

inspection and the microscopic analysis (Figure 80, Figure 82 and Figure 83) which 

showed no porosity (it should be noted that dark points found in the micrographs are 

caused by the polishing procedure but they do not indicate the presence of porosity in the 

laminates). These results indicate that it is possible to produce multiscale laminates with 

industrial quality through industrial approaches in terms of porosity and fibre volume.  

Table 8. Results obtained in the physical-chemical characterization of the multiscale and 

‘Continuous-Delta’ laminates: resin weight (Mresin), fibre volume (Vfibre) and void volume (Vvoid) 

contents, glass transition temperature (Tg-peak) obtained by DMA, decomposition temperature (Td) 

obtained by TGA (average ± standard deviation). 

 Mresin (%) Vfibre (%) Vvoid (%) Tg-peak (°C) Td (°C) 

Continuous-Delta 33,7 ± 0,4 56,9 ± 0,4 0,41 ± 0,04 201,4 ± 0,9 353,8 ± 0,4 

Continuous-GNP 34,6 ± 0,5 56,1 ± 0,6 0,14 ± 0,05 200,1 ± 0,3 353,0 ± 1,1 

Continuous-GO 35,4 ± 2,0 55,2 ± 2,2 0,18 ± 0,02 200,9 ± 0,8 355,4 ± 1,4 

Continuous-rGO 35,1 ± 1,1 55,5 ± 1,1 0,26 ± 0,12 201,1 ± 0,7 355,2 ± 1,3 

The laminates degree of cure was calculated using the average residual curing enthalpy 

observed in the DSC thermograms and the total enthalpy of reaction from the 

corresponding uncured prepregs, as indicated in the standard. The results point to an 

effective cure cycle where all the laminates manufactured presented a degree of cure 

higher than 97%. Representative DSC thermograms of each material are presented in 

Figure 85, indicating that the addition of GRMs did not significantly alter the curing and 

degradation process. 
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Figure 85. Representative DSC thermograms obtained for ‘Continuous-Delta’, ‘Continuous-GNP’, 

‘Continuous-GO’ and ‘Continuous-rGO’ laminates (exo up). 

From the DMA thermograms obtained (Figure 86), the glass transition temperature was 

analysed as the peak (Tg-peak) of loss tangent (tan δ). A similar result was obtained for the 

different laminates considering the standard deviation of the results (Table 8). This 

behaviour has already been reported by other researchers in multiscale materials [126,206]. 

Adding functionalized nanoreinforcements into epoxy matrices could activate several 

mechanisms that might contribute to either decrease or increase the Tg simultaneously 

[207]. In this case, the GRMs are not functionalized but two of them (GO and rGO) present 

a higher oxygen content. The oxygen could interact with the epoxy resin leading to a non-

stoichiometric balance in the resin and creating covalent bonds between it and the 

nanoparticles, which could decrease and increase the Tg respectively. In the case of the 

GNPs, with very low oxygen content, the two opposite effects could be related to the 

presence of agglomerates acting as defects and the steric interference that could reduce the 

matrix mobility, thus increasing the Tg (also could be applied to GO and rGO). The shape 

of the storage modulus and tan δ curves was similar for all the laminates, indicating that 

the polymer matrix has not been affected by the addition of GRMs. 
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Figure 86. Representative DMA thermograms obtained for ‘Continuous-Delta’, ‘Continuous-

GNP’, ‘Continuous-GO’ and ‘Continuous-rGO’ laminates. 

The TGA thermograms obtained (Figure 87) showed similar shape, indicating no 

significant differences in the decomposition process by the addition of GRMs. The first 

weight decrease (onset between 250°C and 400°C) was analysed and considered the 

beginning of the thermal degradation process. All the laminates presented a similar 

decomposition temperature (Td) with an increase of ~1°C for the ‘Continuous-GO’ and 

‘Continuous-rGO’ laminates (Table 8), negligible considering the standard deviation of the 

results. Zou et al. stated that an increment in the Td can be caused by the tortuous path 

effect, based on the barrier effect triggered by the nanoparticles, in which the entrance of 

oxygen is limited, and the elimination of the volatile products delayed [208]. However, this 

effect depends on the quantity, exfoliation and dispersion of the GRMs into the resin [209], 

resulting in studies in which this effect is negligible [210] as in our case, where no effects 

can be appreciated due to the low number of nanoparticles (0,68 wt.%) inside the 

composite samples. 
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Figure 87. Representative TGA thermograms obtained for ‘Continuous-Delta’, ‘Continuous-GNP’, 

‘Continuous-GO’ and ‘Continuous-rGO’ laminates. 

4.3.4 Mechanical properties of the laminates 

A broad mechanical characterization of the different multiscale laminates was 

performed to analyse the effect of the GRMs in its mechanical behaviour. Tensile, flexural, 

interlaminar shear, in-plane shear and mode I interlaminar facture toughness properties 

have been evaluated. Details about the calculation methods used are given in the §2.4. 

4.3.4.1 Tensile tests 

Regarding the tensile tests, hardly any differences could be observed between the 

results obtained for the multiscale laminates compared to those obtained for the 

‘Continuous-Delta’ laminate (Table 9). It should be noted that the tensile tests were 

performed in the 0º direction, which means that these properties are highly dependent on 

the CF behaviour. Considering that the CFs constitute 56% of the volume of the samples, 

the contribution of the GRMs (0,68 wt.% of the sample) is very small, which could explain 

the behaviour of ‘Continuous-GO’ and ‘Continuous-rGO’ laminates. However, when 

looking at the ‘Continuous-GNP’ laminate, a decrease of 11% in the tensile strength is 

observed. In addition, the deviation obtained in this material (20%) is considerable higher 

than the deviation obtained in the other laminates (4-5%), indicating that some coupons 

broke prematurely. This is could be caused by the aggregates observed in Figure 84b, 

which act as crack nucleators, prompting an early failure. Several authors report analogous 
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behaviours; T. Yokozeki et al. obtained similar results in tensile tests for CF-epoxy 

composites manufactured from prepregs with 0% to 5% of cup-stacked CNTs [128]; A. 

Ashori et al. observed a detriment to the tensile properties when adding more than 0,3 

wt.% of functionalized GO [211]; and F.H. Gojny et al. did not perceive either a difference 

in the tensile strength or Young’s modulus of CFRP with a 0,1% of CNT both in the 0° and 

90° directions [212]. Representative failure modes of each laminate can be observed in 

Figure 88 where no differences are appreciated. 

Table 9. Ultimate tensile strength (σUT) and modulus (E) obtained for ‘Continuous-Delta’, 

‘Continuous-GNP’, ‘Continuous-GO’ and ‘Continuous-rGO’ laminates when submitted to tensile 

tests in the 0° direction (average ± standard deviation). 

 σUT (MPa) E (GPa) 

Continuous-Delta 1220 ± 60 118 ± 2 

Continuous-GNP 1090 ± 230 116 ± 3 

Continuous-GO 1190 ± 60 112 ± 4 

Continuous-rGO 1190 ± 50 114 ± 5 

 

 

Figure 88. Representative failure modes of ‘Continuous-Delta’, ‘Continuous-GNP’, ‘Continuous-

GO’ and ‘Continuous-rGO’ laminates when subjected to tensile test. Similar failure modes are 

observed in all the materials, typical of conventional CFRP laminates. 
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4.3.4.2 Three-point bend test  

Flexural properties, in the same way, are sensitive primarily to volume fraction and 

mechanical properties of the CFs [213]. Results obtained are presented in Table 10, 

showing that multiscale laminates behave similarly to the non-nanoreinforced CFRP ones. 

No differences were appreciated neither between their failure modes (Figure 89). Similar 

results were obtained by W. Quin et al. for CF-epoxy composites manufactured by a 

prepreg lay-up with non-coated and GNP-coated CFs [213]; also by N.A. Siddiqui et al. 

and F. Inam et al. when adding functionalized CNT to CF reinforced epoxy composites 

[126,206] and by N.T. Kamar et al. when adding more than 1 wt.% of GNPs [214]. In this 

case, the deviation obtained in flexural strength in the ‘Continuous-GNP’ laminate is 

within normal (4%) and no detriment in strength was observed. This difference with 

respect to the results obtained in tensile tests for ‘Continuous-GNP’ laminates (despite of 

both being dependent on the CF behaviour), can be explained by the difference in stress 

distribution in both tests. In tensile tests, the whole coupon is subjected to a uniform stress 

condition; while in three-point bend test the distribution of stress is not constant, being the 

maximum in the section immediately under the roller (Figure 90). Considering this, the 

probability of finding a defect (aggregate) that lead to a premature failure of the coupon is 

considerably higher when subjecting a coupon to a tensile test, being therefore the tensile 

test more sensitive to a poor dispersion of the nanoreinforcements.  

Table 10. Flexural strength (σflex) and modulus (Ebend) obtained for ‘Continuous-Delta’, 

‘Continuous-GNP’, ‘Continuous-GO’ and ‘Continuous-rGO’ laminates when submitted to three-

point bend tests in the 0° direction (average ± standard deviation). 

 
σflex (MPa) Ebend (GPa) 

Continuous-Delta 1290 ± 60 96 ± 1 

Continuous-GNP 1300 ± 50 96 ± 11 

Continuous-GO 1220 ± 50 93 ± 1 

Continuous-rGO 1270 ± 60 94 ± 1 
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Figure 89. Representative failure modes of ‘Continuous-Delta’, ‘Continuous-GNP’, ‘Continuous-

GO’ and ‘Continuous-rGO’ laminates when subjected to three-point bend test. Similar failure 

modes are observed in all the materials, typical of conventional CFRP laminates. 

 

Figure 90. Tensile vs. flexural load and stress distribution. It can be observed that the maximum 

load is uniformly distributed throughout the entire section of the specimen in the tensile test 

contrary to the 3-point bend test in which the maximum load is localized in the transversal section 

in the midplane of the specimen.  

4.3.4.3 Short-beam shear test 

On the other hand, the short-beam strength and modulus have been obtained (Table 

11). Interlaminar shear tests in CFRP laminates usually prompts failure at the interply, as it 

is a resin rich region, where the matrix-fibre interactions and matrix properties play a key 

role [103,215]. In this case, ‘Continuous-rGO’ laminate presented 3% of improvement in 

strength compared to the ‘Continuous-Delta’ laminate, what might indicate an 

enhancement in the interfacial adhesion [213,216,217]. The fact that the improvement is 

just seen in the ‘Continuous-rGO’ could be related to the higher percentage of carboxyl 

groups (Table 7), as the graphene-C=O/epoxy system present higher interface attraction 

than graphene/epoxy or graphene-OH/epoxy system [218]. The fact that ‘Continuous-
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GNP’ laminate does not show a decrease in strength due to the presence of agglomeration 

could be due to the low GRM content, poor dispersion and the stress distribution in the 

tests (like the three-point bend test, Figure 90) as explained above. This also could explain 

the results observed for ‘Continuous-rGO’ and ‘Continuous-GO’ laminate which are very 

similar to the reference. Figure 91 shows the representative failure modes. Most of the 

coupons fail by single or multiple shear [139] indicating an interlaminar failure. Failure 

mode by flexion [139] was also observed, mainly in ‘Continuous-GNP’ laminate, which 

could indicate the presence of aggregates as observed previously, prompting failure in the 

coupon by flexure or plastic deformation [139]. 

Table 11. Short-beam strength (τSBS) obtained for ‘Continuous-Delta’, ‘Continuous-GNP’, 

‘Continuous-GO’ and ‘Continuous-rGO’ laminates when submitted to short-beam shear tests 

(average ± standard deviation). 

 τSBS (MPa) 

Continuous-Delta 1290 ± 60 

Continuous-GNP 1300 ± 50 

Continuous-GO 1220 ± 50 

Continuous-rGO 1270 ± 60 

 

Figure 91. Representative failure modes of ‘Continuous-Delta’, ‘Continuous-GNP’, ‘Continuous-

GO’ and ‘Continuous-rGO’ laminates when subjected to interlaminar shear test. Arrows indicate 

crack location.    
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4.3.4.4 ±45º Tensile tests 

Regarding the ±45º tensile tests, the ‘Continuous-GO’ laminate showed an increase of 

6,5% in in-plane shear strength and 2,6% in modulus with respect to the ‘Continuous-

Delta’ laminate (Table 12). These are complex tests in which matrix-dominated properties 

are evaluated [219,220]. The affinity of the hydroxyl groups of the GO and the polar 

groups of the epoxy has been proved to improve the dispersion of the nanoreinforcements 

[111,114], what might have led to an enhancement of the stress transfer among the 

composite [111]. On the other hand, ‘Continuous-GNP’ and ‘Continuous-rGO’ laminates 

present penalties of 9% and 12% in in-plane shear strength, respectively. As explained 

before, this test (tensile) entails a uniform stress distribution that makes it sensitive to the 

presence of aggregates (Figure 90), indicating that GNP and rGO could be aggregated or 

bad distributed (GRM poor- and rich-regions) as seen in Figure 84b and d.  

Table 12. In-plane shear strength (τ12) and modulus (G) obtained for ‘Continuous-Delta’, 

‘Continuous-GNP’, ‘Continuous-GO’ and ‘Continuous-rGO’ laminates when submitted to ±45° 

tensile tests (average ± standard deviation). 

 
τ12 (MPa) G (GPa) 

Continuous-Delta 93 ± 3 3,79 ± 0,12 

Continuous-GNP 85 ± 2 3,76 ± 0,03 

Continuous-GO 99 ± 1 3,89 ± 0,04 

Continuous-rGO 82 ± 1 3,70 ± 0,09 

Representative failure modes are presented in Figure 92. Fracture surfaces observed by 

SEM of these coupons are also presented in Figure 84, Figure 93, Figure 94 and Figure 95. 

A difference in the fracture morphology between the ‘Continuous-Delta’ (Figure 84a) and 

the multiscale laminates (Figure 93, Figure 94, Figure 95 and Figure 84b, c and d) was 

observed. Figure 84a shows a slight hackle pattern in the resin indicative of mixed mode 

fracture and some clean fibres can be seen. On the other hand, a rougher surface is 

appreciated in the ‘Continuous-GNP’ broken coupon (Figure 93 and Figure 84b) were 

GNP agglomerates were observed. Figure 84c showed a similar mixed failure mode to that 

observed for the ‘Continuous-Delta’ (Figure 84a). 
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Figure 92. Representative failure modes of ‘Continuous-Delta’, ‘Continuous-GNP’, ‘Continuous-

GO’ and ‘Continuous-rGO’ laminates when subjected to in-plane shear test. Similar failure modes 

are observed in all the materials, typical of conventional CFRP laminates. 

 

Figure 93. SEM images of the fracture surfaces of the coupons subjected to ±45º tensile test of 

‘Continuous-GNP’ laminate at a) 600x and b) 4000x. 

 

Figure 94. SEM images of the fracture surfaces of the coupons subjected to ±45º tensile test of 

‘Continuous-GO’ laminate at a) 600x and b) 3000x.  
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Figure 95. SEM images of the fracture surfaces of the coupons subjected to ±45º tensile test of 

‘Continuous-rGO’ laminate at a) 600x and b) 3000x. 

4.3.4.5 Double cantilever beam test 

 Moreover, to characterize the delamination behaviour of the multiscale composites, 

mode I interlaminar fracture toughness tests were performed. The fracture toughness (GIC), 

has been calculated by the Area Method (area inside the curve divided by cracked area) 

[143]. The results, together with the maximum load reached for each laminate, can be seen 

in Table 8. Regarding the ‘Continuous-GNP’ laminates, they present a decrease of 16% 

and 11% for both GIC values and 4% in maximum load achieved. These results are in 

accordance with the previously described (flexural, tensile, IPS), where the GNPs seem to 

be agglomerated and poor distributed, acting as paths for the cracks to propagate 

effortlessly [127]. Otherwise, ‘Continuous-GO’ and ‘Continuous-rGO’ laminates present 

an enhancement of the fracture toughness of 6 and 9% correspondingly when analysing the 

last propagation point. In addition, the maximum load achieved in ‘Continuous-rGO’ 

laminate is 4,5% higher than the non-charged ‘Continuous-Delta’ laminate. The observed 

enhancement could be related to a crack deflection mechanism, where the 

nanoreinforcements act as crack arresters [221,222]. This could explain the increment in 

the maximum load reached at the beginning of the tip propagation, where the epoxy resin 

has not still established the full interaction with the CFs [127]. In addition, when looking at 

the representative load vs. displacement curves (Figure 96), a “stick-and-slip” curve could 

be appreciated, what might indicate unstable crack growth due to the presence of GRMs 

[206]. This behaviour is accentuated in the ‘Continuous-GNP’ laminate, in which a stick-

slip failure mode is found (Figure 96), what may be caused by the presence of 

agglomerates. Representative pictures of the failure modes are shown in Figure 97. 
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Table 13. Maximum load and critical strain energy release rate (GIC) results obtained in fracture 

toughness tests for ‘Continuous-Delta’ and multiscale laminates (average ± standard deviation). 

 Continuous-Delta Continuous-GNP Continuous-GO Continuous-rGO 

Max Load (N) 56 ± 3 54 ± 5 56 ± 3 59 ± 2 

GIC (J/m2) 210 ± 10 180 ± 10 200 ± 10 210 ± 10 

 

Figure 96. Representative load vs. displacement curves obtained in mode I interlaminar fracture 

toughness tests for the multiscale and ‘Continuous-Delta’ laminates.  

 

Figure 97. Representative failure modes of ‘Continuous-Delta’, ‘Continuous-GNP’, ‘Continuous-

GO’ and ‘Continuous-rGO’ laminates when subjected to mode I interlaminar facture toughness 

test. Similar failure modes are observed in all the materials, typical of conventional CFRP 

laminates. 
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4.3.5 Electrical conductivity of the laminates 

Considering that these materials have a linear electrical behaviour, the slope of every 

Intensity-Voltage curve was calculated by the least-squares method, obtaining the 

electrical resistance of every panel by the Ohm’s Law. The results displayed in Figure 98 

indicate the electrical conductivity for each material, calculated considering the sample 

dimensions. The electrical conductivity along the “X/Y” direction (in-plane) does not 

present significant changes between the materials. This behaviour is expected considering 

that the electrical conductivity along the “X/Y” direction is dominated by the oriented CFs 

(with 103 – 106 S/m) [223] that create conductive pathways along the plane, explaining the 

exhibited anisotropy of this property between “X/Y” and “Z” (trough the thickness) 

directions as well. Regarding the results obtained in the along the “Z” direction, the 

‘Continuous-GNP’ laminates show an increment of 227%, which seems to indicate that 

GNPs form conductive paths between fibres and nanoparticles [210,224]. On the other 

hand, the ‘Continuous-GO’ presents a reduction of 37% and ‘Continuous-rGO’ of 21%, 

explained by the modification of the GRMs, which implies structural changes that cause a 

reduction in the electrical conductivity of the GRMs, with the laminate containing more 

oxygen being more insulating (Table 7).  

 

Figure 98. Conductivity results for ‘Continuous-Delta’ (C-Delta), ‘Continuous-GNP’ (C-GNP), 

‘Continuous-GO’ (C-GO) and ‘Continuous-rGO’ (C-rGO) laminates laminates for the in-plane 

(“X/Y”) and through thickness (“Z”) directions. 
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4.4 CONCLUSIONS 

Multiscale CFRPs with epoxy matrix and aeronautical grade carbon fibre containing 

three different GRMs have been successfully manufactured by prepreg hand lay-up and 

autoclave curing, using standard procedures implemented in the industry in every step of 

the procedure: from the production of GRMs to the final laminates.  

A complete characterization has been performed to evaluate the multiscale laminates. 

The multiscale laminates manufactured showed the quality was as good as the laminate 

without GRMs, as seen by C-Scans, optical microscopy and acid digestion tests where 

negligible void content and no delamination was appreciated. On the other hand, the 

physical-chemical characterization showed that the addition of GRMs did not alter the 

main physical-chemical properties what also explained the resulted good quality of the 

laminates (Table 14). On top of that, a rheological study on the multiscale prepregs was 

performed which is shown in Annex 3. It could be concluded that the addition of GRMs 

did not significantly altered the gelation temperature (at which there is an abrupt change of 

the viscosity) of the nanoreinforced prepregs in comparison with the baseline, what also 

indicate that the curing process does not significantly change with the addition of GRMs. 

Table 14. Increments (%) obtained in physical-chemical properties measured in multiscale 

laminates in comparison to ‘Continuous-Delta’ laminates. 

Property Continuous-GNP Continuous-GO Continuous-rGO 

Tg-peak -0,6 -0,2 -0,1 

Td (log) -0,2 0,5 -0,4 

α 0,2 -0,4 1,3 

Tgel -3,8 -1,7 0,8 

A summary of the mechanical results can be seen in Table 15. In general terms, the 

multiscale laminates containing GNPs have shown detriments regarding to the mechanical 

performance in comparison to the non-filled CFRP laminate, probably caused by a bad 

dispersion of the nanoparticles causing aggregates. On the other hand, the ‘Continuous-

rGO’ laminates seem to have lightly enhanced the matrix-fibre interface but probably a 

poor distribution of the nanoparticles and the low quantity (ca. 0,68%) impeded obtaining 

higher improvements. Finally, GO seem to be better integrated resulting in an 
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improvement of the matrix and therefore in-plane shear properties and delamination 

resistance.  

Table 15. Increments (%) obtained in mechanical properties measured in multiscale laminates in 

comparison to ‘Continuous-Delta’ laminates. 

Test Property Continuous-GNP Continuous-GO Continuous-rGO 
TENSILE 

σUT -11,0 -3,1 -2,7 
E -1,6 -4,8 -3,1 

FLEXURE 
σflexure 0,9 -5,3 -1,5 

Ebend 0,0 -3,1 -2,1 

SHORT-BEAM 

SHEAR 
τSBS 0,1 -0,6 2,9 

±45º TENSILE 
τ12 -12,0 6,5 -9,4 

G -2,4 2,6 -0,8 

DOUBLE 

CANTILEVER 

BEAM 

Max Load -3,6 0,0 5,4 

GIC -16,2 -2,9 -1,0 

In terms of multifunctionality, electrical conductivity along the thickness direction is 

improved for ‘Continuous-GNP’ laminates a 227%. Furthermore, barrier properties of the 

multiscale laminates were studied (Annex 4). 

The full industrial manufacturing of the multiscale composites provides a step forward 

to the application of this technology into the industry. However, the results obtained 

indicate that the quantity and dispersion strategies of the GRMs within prepregs have to be 

optimized and work need to be done in order to understand how the pre-impregnation 

technique influences this dispersion.  

In terms of material selection for further works, the prepreg containing GO seems to be 

the most appropriate one considering the results obtained for in-plane shear if looking for 

an enhancement in the mechanical properties of conventional CFRPs. On the other hand, 

the ‘Continuous-GNP’ laminates are the only ones with possibilities to enhance the 

electrical conductivity as explained before. 
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5 

5. HIERARCHICAL 

MULTISCALE CFRPs 

5.1 INTRODUCTION 

The mechanical performance of many biological materials such as bone or nacre, 

which function is the load-bearing, protection or skeletal support, is based in simple 

building blocks, arranged in multiple levels of hierarchical structure. The fracture 

behaviour of these materials has been proven to be linked to multiple structural length 

scales and showing mechanisms at several hierarchy levels that contribute to the overall 

behaviour [15,225]. 

It has been demonstrated that the number of hierarchical levels is directly associated to 

the material defect tolerance and its resistance to fracture for a given amount of crack 

advance length [226,227]. The localized crack initiation and propagation present for low 

hierarchy levels changes towards a distributed crack propagation for higher hierarchy 

levels. Such delocalization of the strain and stress distribution is the key of the 

improvement of defect tolerance in multi-level hierarchal materials [226]. This is because 

adding levels of hierarchies hinders crack propagation even in the presence of large pre-

cracks or defects [226]. The increment of hierarchies can also lead to reductions in the 



Towards the industrialization of bio-inspired multiscale hierarchical CFRP composites 

112 

materials strength [226,227] but it is a potential strategy to prevent catastrophic failure 

[226,227].  

In this thesis, the multiscale hierarchical approaches have been investigated separately 

in previous chapters (§4 and §3 respectively), both inspired in the literature. Based on the 

results previously obtained, a new approach in which both strategies are combined is 

explored. With the combination of both strategies, the materials studied in this chapter 

contain an extra level of hierarchy in comparison to the previous materials (multi-level, 

Figure 99).  

Regarding the multiscale materials presented in Chapter 4, the ‘Continuous-GO’ has 

been selected due to the better mechanical performance compared to the other nanofillers 

and the apparent good dispersion of the GO. It should be noted that the base materials 

presented in Chapter 4 (prepregs) were produced in a limited quantity so that the 

availability of this material is reduced. While the automatic process shown in Chapter 3 is 

more efficient than any manual methodology (like the hand lay-up shown in Chapter 4), 

trials with the ATL may produce large quantities of waste material. Considering the 

reduced availability of the nanoreinforced prepregs, a manual method is be used in this 

chapter to produce the laminates object of study.  

From the hierarchical materials presented in Chapter 3, the configuration ‘Length25’ 

has been selected for study the hierarchical multiscale materials. The manual 

manufacturing process used in this chapter and the lower precision in comparison to 

automatic processes, makes extremely difficult to produce laminates with a ‘brick-and-

mortar’ structure with fibre lengths smaller than 25 mm (like the ‘Length10’ laminates). 

On the other hand, the ‘Length50’ laminates did not show the overall potential of ‘brick-

and-mortar’ laminates in Chapter 3. 

To the best of the author's knowledge, this is the first time that nacre-inspired 

hierarchical and multiscale (containing GO) composites are manufactured and 

characterized. 
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Figure 99. Approach experimented in this chapter to obtain enhanced CFRP composites which 

consists of introducing an additional constituent at a different length scale and implementing a 

‘brick-and-mortar’ architecture. 

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

The materials used in this chapter were selected according to results obtained in 

Chapter 4.  

Two different pre-impregnated forms (prepregs) manufactured by Delta-tech were used 

in this study. In one hand, the epoxy carbon prepreg (baseline), composed by unidirectional 

carbon fibre tape of aerospace grade T700G-12K (1,80 g/cm3 and FAW 200 gsm) 

impregnated by hot melt process by with a multifunctional basis Bisphenol A diglycidyl 

ether epoxy system (EM180, 1,22 g/cm3) [131,201]. The second material is composed of 

the same matrix and resin, but in this case a 2% by weight of GO was added to the resin 

previously to the pre-impregnation process [131]. The GO was produced by modified 

Hummers’ method from graphite flakes by Avanzare [202]. The GO presents an average 

particle size of 43 µm, 4,7 average number of layers, 3 nm of average flake thickness, 

30,6% of oxygen content and surface area of 562 m2/g [131] (Table 7). Both prepregs had 

a nominal thickness of 0,184 mm.  
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5.2.2 Bio-inspired multiscale laminates manufacturing 

To study the influence of the hierarchies two configurations of laminates were 

manufactured: continuous and ‘brick-and-mortar’. The ‘brick-and-mortar’ configuration 

has been selected according to results shown in Chapter 3 and considering the 

manufacturing constrains mentioned in §5.1. Both configurations, continuous and ‘brick-

and-mortar’, were manufactured with the two materials described in Section 5.2.1, giving a 

total of four types of laminates (Figure 100): 

 

Figure 100. Scheme of the four types of laminates manufactured in this study obtained by 

combining two different configurations (continuous and ‘brick-and-mortar’ with FL=25 mm) and 

two different materials (CFRP and CFRP containing 0,68% graphene oxide by weight). Matrix is 

EM180 epoxy resin from Delta-Tech and CF T700G from Toray. 

The continuous configuration consists of unidirectional laminates (300 × 300 mm2) 

manufactured by hand lay-up of the prepregs. After hand lay-up, a vacuum bag was 

performed (Figure 102) and were cured in autoclave (6-7 bars, 1 °C/min until reaching 

180°C and maintained for 120 min, cooling rate 2 °C/min). The laminates manufactured 

with this configuration will be referred in this publication as ‘Continuous-Delta’ for those 

manufactured with the baseline prepreg and ‘Continuous-GO’ for those manufactured 

with the prepreg containing GO (Figure 100). 

The ‘brick-and-mortar’ configuration consists of aligned discontinuous unidirectional 

laminates with a design inspired in the structure of nacre based on results obtained in 

Chapter 3 [228]. To create the ‘brick-and-mortar’ structure, several steps were followed. 
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First, cutting prepreg patters of 300 × 300 mm2. Then, cuts perpendicular to the fibre 

direction were performed in the prepregs with a cutter blade and the help of a template 

(Figure 101). Two templates were used, one for even plies and other for odd plies, in both 

templates the distance between cuts was 25 mm (FL, Figure 100) [228]. Templates were 

designed in such a way that the distance between cuts of odd and even plies were 12,5 mm 

(FL/2, Figure 100). Following to that, the cut prepreg forms were lay-up by hand with the 

help of a cork dam (Figure 101). Finally, a vacuum bag was performed (Figure 102), and 

they were cured in an autoclave together with the continuous laminates. The ‘brick-and-

mortar’ laminates manufactured with the baseline prepreg will be referred as ‘Length25-

Delta’ and ‘Length25-GO’ those manufactured with the prepreg containing GO (Figure 

100). 

 

Figure 101. Pictures of the cutting, hand lay-up process and vacuum bag. 

 

Figure 102. Scheme of the vacuum bag used for autoclave curing. 
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Considering the four types of materials (‘Continuous-Delta’, ‘Continuous-GO’, 

‘Length25-Delta’ and ‘Length25-GO’), three laminates of each type have been 

manufactured with different number of plies (Figure 103): laminates with stacking 

sequence [0]10 for obtaining tensile coupons (Figure 103); laminates with stacking 

sequence [(0)8/(0)8] containing a 63 mm release film insert in the midplane of the laminate 

(25 µm thick) placed by hand to perform DCB tests (Figure 103); and laminates with 

stacking sequence [(0)9/(0)9] and a 50 mm release film placed by hand to perform 3ENF 

tests (Figure 103). Sequences were defined according to test standards and all laminates 

were inspected by the ultrasound. From C-Scans no voids, delamination, or defects could 

be observed and the gaps between the fibres in correspondence of the cuts presented same 

ultrasound attenuations than resin-rich regions in the composite.  

 

Figure 103. Sketch of the laminates manufactured for specimen machining a) stacking sequences 

of [0]6 for b) specimen tensile coupons (TENSILE), c) DCB specimens with stacking sequences 

[(0)8/(0)8], d) 3ENF specimens with stacking sequences [(0)9/(0)9]. The disposition of the coupons, 

samples for microscopy observations (micro1, micro2 and micro3) and samples for acid digestion 

(AD1, AD2 and AD3) can be observed. The machining of specimens from the ‘Continuous-Delta’, 

‘Continuous-GO’, ‘Length25-Delta’, and ‘Length25-GO’ laminates was conducted based on this 

sketch. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Tensile test 

- Analysis of the influence of the ‘brick-and-mortar’ structure. 

From the tensile tests, the representative stress–strain curves obtained are presented in 

Figure 104. The average tensile strengths and moduli obtained are collected in Table 16. 

The moduli were calculated between the strain range 1000–3000 µɛ. Details about the 

average thickness (mm), fibre volume content (%) and void volume content (%) of the 

tested laminates is shown in Table 16. 

 

Figure 104. Representative stress–strain curves obtained from tensile tests conducted on the 

‘Continuous-Delta’, ‘Continuous-GO’, ‘Length25-Delta’ and ‘Length25-GO’ laminates. 

Table 16. Average thickness (mm), GO content (%), maximum number of cuts contained per ply, 

fibre volume content (%), void volume content (%), ultimate tensile strengths (σUT) and moduli (E) 

of the ‘Continuous-Delta’, ‘Continuous-GO’, ‘Length25-Delta’, and ‘Length25-GO’ laminates  

(average ± standard deviation). 

 

Thickness 

(mm) 
GO  
(%) 

Cuts 

per ply 
Vfibre 

(%) 
Vvoid  

(%) 
σUT 

(MPa) 
E* 

(GPa) 

Continuous-Delta 2,03 ± 0,05 0 0 55 ± 2 0,18 ± 0,02 1220 ± 60 119 ± 2 

Continuous-GO 2,09 ± 0,03 0,68 0 56,9 ± 0,4 0,41 ± 0,04 1190 ± 60 114 ± 4 

Length25-Delta 2,14 ± 0,02 0 6 52,9 ± 0,2 0,00 ± 0,09 550 ± 30 107 ± 2 

Length25-GO 2,13 ± 0,04 0,68 6 52,4 ± 0,1 0,00 ± 0,07 620 ± 10 106 ± 3 
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The analysis of the results showed that the ‘brick-and-mortar’ laminates (‘Length25-

Delta’ and ‘Length25-GO’) presented a 47% reduction of tensile strengths compared to 

their continuous homologous (‘Continuous-Delta’, ‘Continuous-GO’ respectively). This 

behaviour was already reported in the literature for aligned discontinuous CFRPs [228] 

with high aspect ratio (α= T/( FL/2), Figure 100) which strength is governed by the mode 

II fracture toughness of the matrix or of the matrix-‘brick’ interface [75,171] as seen in 

previous chapter (§3.3.2.2). ‘Brick-and-mortar’ laminates failure is governed by the 

debonding of the plies/fibres (Figure 105) [75,171,228], what results in a macroscopic non-

linear behaviour (Figure 104a) [75]. Meanwhile, continuous laminates showed an 

explosive failure mode, governed by fibre failure and, thus, fibre strength, resulting in an 

overall brittle failure (Figure 105). 

 

Figure 105. Representative failure modes and fracture surfaces obtained for the ‘Continuous’, 

‘Continuous-GO’, ‘Length25-Delta’, and ‘Length25-GO’ laminates. 

The failure mode observed for both continuous and ‘brick-and-mortar’ laminates 

present some differences respect to those laminates with same configuration presented in 

Chapter 3 (§3.3.2.2). For the ‘Continuous-Delta’ and ‘Continuous-GO’, a “less explosive” 

failure is observed (presenting some fibre bundles) in comparison to the ‘Continuous’ 

specimens tested in Chapter 3 (Figure 56). Similarly, the delamination observed in 

‘Length25-Delta’ and ‘Length25-GO’ laminates is more localized than in ‘Length25’ 

laminates presented in Chapter 3. This behaviour can be related to the different matrix used 
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in each chapter. In Chapter 3, the 8552 epoxy resin was used while here the epoxy resin 

from Delta-Tech is used. When observing the stress vs. strain curves obtained after tensile 

testing (Figure 55 and Figure 104) it can be seen that the laminates with the 8552 resin 

presented higher strain at failure (>2000 µε) than the materials with the Delta-Tech resin 

(ca. 1750 µε) as well as higher ultimate tensile strength (1850 MPa vs. 1220 MPa 

respectively), suggesting that the materials presented in this Chapter have a more fragile 

performance. 

Regarding the moduli, ‘brick-and-mortar’ configuration showed a slight decrease (ca. 

10%) compared to continuous configuration (Figure 104b) as usually seen in aligned 

discontinuous CFRPs [228]. 

- Analysis of the influence of the GO. 

On the other hand, it was observed that the addition of GO resulted in an 13% 

increment of the tensile strength in the ‘brick-and-mortar’ laminates, obtaining 617 ± 10 

MPa in the ‘Length25-GO’ in comparison of the 548 ± 26 MPa obtained for ‘Length25-

Delta’ laminates. However, this behaviour is not appreciated in continuous laminates, for 

which similar values have been obtained (1186 ± 57 MPa and 1225 ± 63 MPa for 

‘Continuous-GO’ and ‘Continuous-Delta’ laminates respectively). Considering the failure 

mode that governs in ‘brick-and-mortar’ laminates, the increment in strength when adding 

GO may be caused by an enhancement of either the mode II fracture toughness of the resin 

or the matrix-‘brick’ interface caused by the nanoreinforcement [75,171]. This behaviour 

agrees with the results showed in previous chapter §4.3.4 where an increment of the in-

plane shear strength was observed when adding GO (6,5% increment). The increment of 

in-plane shear strength was associated to an enhancement of the stress transfer among the 

composite due to the GO [111], what may have led to an enhancement of the matrix-

‘brick’ interface. An increment of the resin mode II fracture toughness could also be 

caused by the addition of GO; either because of an enhancement of the fibre-matrix 

interface with to the resin, but most probably due to a crack arresting mechanism 

[221,222]. Well dispersed GRMs can act as crack arresters within the resin, what may 

produce and enhancement of the resin fracture toughness. 

Regarding the moduli, it was not significantly affected by the addition of GO. 
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5.3.2 Double cantilever beam (DCB) test 

- Analysis of the influence of the ‘brick-and-mortar’ structure. 

From the DCB tests the interlaminar fracture toughness has been calculated by the 

Area Method. The results obtained are shown in Table 17. The coupons presenting a 

‘brick-and-mortar’ structure present a 18% higher fracture toughness than the continuous 

configurations. The representative force vs. displacement curve obtained for each material 

as well as the R-curves are shown in Figure 106 and Figure 109. 

Table 17. Average thickness (mm), GO content (%), fibre volume content (%), void volume 

content (%) and total interlaminar fracture toughness GDCB (KJ/m2) measured in ‘Continuous-

Delta’, ‘Continuous-GO’, ‘Length25-Delta’ and ‘Length25-GO’ laminates subjected to DCB tests 

(average ± standard deviation). 

 Thickness (mm) GO content (%) GDCB (KJ/m2) 

Continuous-Delta 3,36 ± 0,01 0 0,22 ± 0,02 

Continuous-GO 3,37 ± 0,01 0,68 0,212 ± 0,005 

Length25-Delta 3,37 ± 0,02 0 0,254 ± 0,008 

Length25-GO 3,32 ± 0,05 0,68 0,26 ± 0,02 

As explained in previous chapters, the higher fracture toughness observed for ‘brick-

and-mortar’ coupons compared to continuous coupons is associated to a crack deflection 

mechanism. In a DCB tests when the crack of a ‘brick-and-mortar’ coupon reaches a resin 

pocket, crack blunting [179,229] and deflection [15,181] lead to a reduction of the stress 

intensity locally experienced at the crack tip and, therefore, the subsequent increment of 

fracture toughness. This behaviour is reflected in the stick-slip type curves observed in 

‘Length25-Delta’ and ‘Length25-GO’ laminates [144,178] (Figure 106 and Figure 107). 

Meanwhile, continuous samples presented a conventional mode I curve, indicating more 

stable crack growth (Figure 106) [145]. 

Also, the asymmetry caused in ‘brick-and-mortar’ coupons by crack deflection (Figure 

107) led to a contribution of mode II that increases as higher is the difference between 

arms’ thickness [182–185]. The mode II contribution produces a local increase in the 

amount of matrix fracture per unit surface area, increasing the toughness [175]. Evidences 

of the mixed mode were observed in the samples’ fracture surfaces. Continuous samples 

(Figure 108a and c) showed typical mode I fracture features: broken fibres and fibre 
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imprints [175,176]. On the other hand, ‘brick-and-mortar’ surfaces presented the shallow 

cusps usually seen in mode II fracture surfaces (Figure 108b and d) [175,187]. 

 

Figure 106. a) Representative force vs. displacement curves obtained in DCB tests for 

‘Continuous-Delta’, ‘Continuous-GO’, ‘Length25-Delta’ and ‘Length25-GO’ laminates. 

 

Figure 107. Correspondence of the force vs. displacement curve obtained for ‘brick-and-mortar’ 

coupons when subjected to a DCB test with the broken specimen. Load drops match with resin 

pockets created in the gaps between the cut fibres. 
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Figure 108. SEM pictures of the fracture surfaces a) (×1000) ‘Continuous-Delta’, b) (×1000) 

(×1000) ‘Continuous-GO’ c) (×1000) ‘Length25-Delta’ and d) (×500) ‘Length25-GO’ laminates 

when subjected to DCB tests. Arrows with number 1 for fibre imprint, arrows with number 2 for 

riverlines, arrows with number 3 for GO, arrows with number 4 for shallow cusps and arrows with 

number 5 the resin pocket where the crack have deflected. 

Both mechanisms, crack deflection and mode II contribution, produced a toughening 

effect with crack length in ‘brick-and-mortar’ coupons, i.e., as crack propagates, higher is 

the asymmetry and thus higher is the mode II contribution, rising the R-curve slope (Figure 

109). On the other hand, the continuous samples presented a near flat R-curve, as expected 

[145]. 

 

Figure 109. Representative R-curve obtained in DCB tests for ‘Continuous-Delta’, ‘Continuous-

GO’, ‘Length25-Delta’ and ‘Length25-GO’ laminates. Errors in the measurement have been 

considered (bars), assuring a reliable measure for the “propagation area” of the curve. 
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- Analysis of the influence of the GO. 

The presence of GO in the fracture surfaces can be observe din Figure 108b. However, 

the addition of GO to the laminates does not significantly modify the total interlaminar 

fracture toughness GDCB obtained in the DCB tests (Table 17). Both continuous laminates 

present a GDCB of ca. 0,22 KJ/m2 regardless the content of GO. Similarly, both ‘brick-and-

mortar’ laminates present a GDCB of ca. 0,26 KJ/m2 regardless the content of GO. 

When looking at the obtained R-curves, overall higher fracture toughness values can be 

observed the laminates containing GO in the continuous configuration (Figure 110). 

Although slight, this enhancement could be associated to the nanoreinforcements acting as 

crack arresters [221,222]. The change in the fracture surface caused by the GO sheet can 

be appreciated in Figure 111. 

 

Figure 110. R-curves obtained for ‘Continuous-Delta’ (black dots) and ‘Continuous-GO’ laminates 

(orange dots) when submitted to DCB tests.  

 

Figure 111. SEM pictures of the fracture surfaces a) (×1000) ‘Continuous-Delta’, b) (×1000) 

(×1000) ‘Continuous-GO’ laminates when subjected to DCB tests. Rougher surfaces caused by the 

GO sheet pointed out with an arrow. 
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Nevertheless, when analysing the R-curves obtained for the ‘brick-and-mortar’ 

configuration (Figure 112), the GO does not seem to contribute to the fracture toughness 

values obtained. Some ‘Length25-GO’ R-curves showed rising trends with intermittent 

load drops, indicating unstable crack growth or sudden propagation [127]. This could be 

associated with the presence of GO. Observing the fracture surfaces, some differences in 

surface roughness could be appreciated (Figure 113). Figure 113b and show the 

‘Length25-GO’ fracture surfaces in which is evidenced a difference in the fracture 

behaviour in comparison to the samples without GO (Figure 113a). 

The difference of behaviour between both configurations could be associated to the 

inherent dispersion of the results. The slight enhancement produced by the addition of GO 

is neglected in comparison to the enhancement caused by the deflection mechanisms and 

coupons asymmetry.  

 

Figure 112. R-curves obtained for ‘Length25-Delta’ and ‘Length25-GO’ laminates when 

submitted to DCB tests. 

 

Figure 113. SEM pictures of the fracture surfaces a) (×500) ‘Length25-Delta’ and b) (×500) 

‘Length25-GO’ laminates when subjected to DCB tests. 
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It should be noted that the enhancement of ‘brick-and-mortar’ coupons could be larger 

if the GO were located in the resin pockets created by the cuts, creating a second 

mechanism of crack arresting and enhancing the mechanical properties of those resin rich 

regions. However, the amount of GO in the laminates is limited (0,68 wt.%) and the 

probability of finding a nanoparticle in the resin pocket is small. 

5.3.3 Three-point end-notched flexure (3ENF) test 

- Analysis of the influence of the ‘brick-and-mortar’ structure. 

The interlaminar fracture toughness obtained GENF in each load cycle are presented in 

Table 18. It can be observed an increment of GENF with the number of cycles for the ‘brick-

and-mortar’ coupons. An increment of 39% and 27% is observed for ‘Length25-Delta’ and 

‘Length25-GO’ laminates respectively between its 1st and 4th load cycle. On the other 

hand, continuous coupons present uniform values in all the load cycles. 

Table 18. Thickness (mm), GO content (%) and fracture toughness (kJ/m2) obtained in each load-

unload cycle (GENF-1st load, GENF-2nd load, GENF-3rd load and GENF-4th load) for ‘Continuous-Delta’, 

‘Continuous-GO’, ‘Length25-Delta’ and ‘Length25-GO’ laminates subjected to 3ENF tests. 

 Thickness 

(mm) 
GO 
(%) 

GENF- 1st load 

(kJ/m2) 
GENF- 2nd load 

(kJ/m2) 
GENF-3rd load 

(kJ/m2) 
GENF4th load 

(kJ/m2) 

Continuous-Delta 3,27 ± 0,03 0 0,74 ± 0,01 0,84 ± 0,04 0,78 ± 0,04 0,82 ± 0,02 

Continuous-GO 3,40 ± 0,01 0,68 0,81 ± 0,08 0,85 ± 0,07 0,81 ± 0,03 0,86 ± 0,09  

Length25-Delta 3,30 ± 0,02 0 0,83 ± 0,02 0,91 ± 0,04 1,03 ± 0,10 1,2 ± 0,2 

Length25-GO 3,31 ± 0,03 0,68 0,87 ± 0,07 1,1 ± 0,2 1,1 ± 0,2 1,1 ± 0,03 

Figure 114 shows the representative curves obtained for the different materials when 

submitted to four load-unload cycles 3ENF tests. The average maximum force reached in 

every load cycle can be observed in Figure 115. ‘Brick and mortar’ laminates presented an 

increment of 21% and 25% between the first and the fourth cycle, for ‘Length25-Delta’ 

and ‘Length25-GO’ laminates, respectively. 
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Figure 114. Representative load vs. displacement curves obtained in 3ENF tests for ‘‘Continuous-

Delta’, ‘Continuous-GO’, ‘Length25-Delta’ and ‘Length25-GO’ laminates when subjected to four 

load-unload cycles and their corresponding tested sample. White dotted lines indicate the beginning 

and end of each load cycle performed in that sample with the corresponding crack length indicated. 
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Figure 115. Average maximum load obtained in 3ENF tests in each load step and for ‘Continuous-

Delta’, ‘Continuous-GO’, ‘Length25-Delta’ and ‘Length25-GO’laminates. 

As it was explained in §3.2.5, the ‘brick-and-mortar’ structure led to a crack deflection 

effect, in which the resin pockets act as crack arresters. The deflection causes an increment 

of the interlaminar fracture toughness due to a reduction of the stress intensity field near 

the crack tip [179,181,184,190] compared to their continuous counterpart.  

Also, due to the crack deflection in ‘brick-and-mortar’ coupons the crack tip is located 

in different interplies in each of the load cycles (Figure 116a). Meanwhile, the crack tip 

will be in the same middle interply during all the load cycles for continuous coupons 

(Figure 114). The asymmetry produced in the ‘brick-and-mortar’ coupons increases the 

bending compliance of the specimen (Chapter 3, §3.3.2.4, Figure 69), leading to an 

increment in the load needed for crack propagation as observed in the results presented in 

Figure 115 and Figure 114. 

 

Figure 116. a) GENF vs. Ply number in which each load cycle stars for each coupon tested. Since the 

crack is located between two plies, we indicate the plies between which the crack is located (#ply).  

b) GENF vs. Number of resin pockets contained in the area tested in the corresponding load cycle for 
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each coupon tested. The ply numbering considers the ply 1 that touching the rollers and the ply 

touching the load point would be the ply number 18, being the stacking sequence [(0)9/(0)9]. 

The fracture surfaces were analysed by SEM and crack deflection is shown in Figure 

117c and d. Signals of mode II contribution can be observed in all the laminates in the 

form of shallow cusps (Figure 117a and b). 

 

Figure 117. SEM pictures of the fracture surfaces a) (×1000) ‘Continuous-Delta’, b) (×1000) 

(×1000) ‘Continuous-GO’ c) (×500) ‘Length25-Delta’ and d) (×500) ‘Length25-GO’ laminates 

when subjected to 3ENF tests. Arrows with number 1 for fibre imprint, arrows with number 2 for 

riverlines, arrows with number 3 for GO, arrows with number 4 for shallow cusps and arrows with 

number 5 the resin pocket where the crack have deflected. 

- Analysis of the influence of the GO. 

Considering all the load-cycles for the continuous coupons, the average GENF obtained 

for the laminate containing GO is slight higher that for that nor containing GO (0,83 vs. 

0,79 KJ/m2 for ‘Continuous-GO’ and ‘Continuous-Delta’, respectively). This effect can 

also be appreciated in Figure 116b. An enhancement of the fracture toughness is also 

observed in the first two load cycles for the ‘brick-and-mortar’ laminates, (0,83 vs. 0,87 

KJ/m2 for ‘Length-Delta’ and ‘Length-25’, respectively for GENF-1st load values and 0,91 vs. 

1,1 KJ/m2 for GENF-2nd load values). Although slight, these increments in the interlaminar 

fracture toughness obtained when subjected to 3ENF test could be associated to and 

additional crack arresting mechanism produced by the presence of the nanoreinforcement 

and subsequent crack deflection at a smaller level [97]. The enhancement of mode II 
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interlaminar fracture toughness with the addition of GRMs has also been associated in the 

literature to an improved shear resistance of the matrix caused by the nanoreinforcements 

[127]. This last theory would be in agreement with the results obtained in the ±45º tensile 

tests showed in §2.4.3 in which the laminates containing GO showed a small increment of 

the in-plane shear strength. The fact that this enhancement is not observed in the last load 

cycles of the ‘brick-and-mortar’ laminates could be associated again to the dispersion of 

the results, being the GO effect hindered by the improvement caused by the ‘brick-and-

mortar’ structure.  

The presence of GO can be observed in Figure 117d. However, when analysing the 

fracture surfaces of the coupons no significant difference has been appreciated between 

coupons containing GO and without GO, indicating a poor contribution in the overall 

fracture behaviour. 

Regarding the average maximum forces obtained in the different load cycles, slight 

increments can be observed when adding GO to the laminate in both continuous and 

‘brick-and-mortar’ configurations (Figure 115 and Table 19). These slight increments 

could be associated and increment in the compliance of the laminates when adding GO. 

Table 19. Average maximum load increments (ΔFmax) obtained in each load cycle of 3ENF tests 

for continuous and ‘brick-and-mortar’ configurations when adding 0,68% GO. 

Configuration ΔFmax- 1st load (%) ΔFmax- 2nd load (%) ΔFmax-3rd load (%) ΔFmax-4th load (%) 

Continuous 8 0,9 3 5 

Brick-and-mortar 1 2 3 4 

5.4 CONCLUSIONS 

Bio-inspired multiscale hierarchical CFRP laminates have been produced with 

industrial procedures by hand lay-up and autoclave curing. Two different approaches have 

been followed to create the bio-inspired laminates plus the combination of the two 

approaches. First approach, the addition of a reinforcement at a different scale (the nano 

scale), GO. Second approach, the introduction of a ‘brick-and-mortar’ structure, increasing 

one level the hierarchy of the laminates. To the best of the author's knowledge, this study 

advances the state-of-the-art as the combination of these two approaches has not been done 

before in CFRP composites. 
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The differences obtained in the mechanical properties of all the configurations have 

been studied. Regarding the performance of the novel materials when submitted to tensile 

loading, it has been observed an enhancement by the combination of the two approaches. 

The ‘brick-and-mortar’ laminates led to a non-linear behaviour, but also to a reduction in 

the tensile strength (ca. 50%). When adding GO, this reduction has been reduced a 13%. 

This increment is associated to an improved interlaminar mode II fracture toughness of the 

resin or the matrix-‘brick’ interface caused by the nanoreinforcement.  

On the other hand, the combination of the two approaches did not affect significantly 

the total interlaminar fracture toughness when submitted to DCB tests. However, some 

clues of a change in the fracture behaviour were observed, as differences in the fracture 

surfaces or in the R-curves. The interlaminar fracture toughness when submitted to 3ENF 

tests seemed to be slightly increased by the combination of two approaches. Also, it was 

the maximum force reached in the different load cycles increased.  

When comparing both approaches, it was observed that the hierarchical materials 

present a clear greater change of the fracture behaviour than the multiscale materials in 

comparison to the reference. In fact, it was observed that the relatively high improvements 

obtained by the ‘brick-and-mortar’ structure may be hindering the mechanisms prompted 

by the nanoreinforcements. Launey et al. already stated that, from the toughening 

perspective, the main extrinsic toughening mechanisms (crack deflection and bridging) are 

better prompted by increasing instead of decreasing the reinforcements dimensions [15].    

This study demonstrates that the combination of both approaches has the potential 

increment the fracture toughness of CFRP composites as well as produce a non-linear 

behaviour. However, some improvements regarding the location and dispersion of the 

nanoreinforcements should be done. For example, if located in the resin pockets, the 

second additional mechanism of crack arresting due to the nanoreinforcements could lead 

to larger damage distribution and higher interlaminar fracture toughness properties. 
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6 

6. CONCLUSIONS AND 

FUTURE WORK 

6.1 CONCLUSIONS 

The individual conclusions related to each technical chapter have been already reported 

in their corresponding section. This chapter aims to collect general conclusions as well as 

the main contributions that this PhD brings to the state-of-the-art. 

6.1.1 Summary 

In this thesis, a new concept of bio-inspired multiscale hierarchical composites was 

developed to create CFRP laminates with enhanced fracture behaviour following industrial 

procedures. The hierarchical structure was inspired in the nacre microstructure with the 

aim of mimicking its main toughening mechanisms. The multiscale approach is tackled by 

the addition of nanoreinforcements, with the aim of improving the matrix mechanical 

properties and of adding an extra mechanism of crack arresting. By implementing these 

strategies, either together or separately, a change in the fracture behaviour of CFRP 

laminates has been achieved.  
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6.1.2 Concluding remarks 

The different achievements and conclusions arisen by development of this thesis works 

are collected below: 

- ‘Brick-and-mortar’ CFRP laminates have been developed inspired in the structure of 

nacre. The manufacturing process used supposes a step forward in the state-of-the-art, 

in which bio-inspired composites have been developed at a laboratory scale up to date. 

The automated process of fabrication also evidences its potential scalability to larger 

components. 

- The ‘brick-and-mortar’ laminates developed here showed a non-linear behaviour when 

submitted to tensile loading and a change in the failure mode which is in this case 

governed by mode II toughness of the matrix or of the matrix-‘brick’ interface. 

Reductions in the ultimate tensile strength are similar to those reported for other 

aligned discontinuous CFRP composites. These results confirm that the catastrophic 

failure mode of conventional CFRP composites can be avoided by implementing a 

‘brick-and-mortar’ design. 

- The interlaminar fracture toughness of ‘brick-and-mortar’ laminates was studied by 

DCB and 3ENF tests, showing increments up to 24% and 92% for the ‘Length25’ and 

‘Length10’ laminates respectively. Crack deflection, crack arresting and a generated 

mixed-mode due to the coupon asymmetry were identified as the main reasons of such 

enhancement. Translaminar fracture toughness was also studied by CT tests showing 

increment up to 29% for the ‘Lentgh10’ laminates due to energy dissipation by 

debonding and friction caused by crack deflection. In general terms, greater 

enhancements were obtained for those with higher number of cuts (shorter ‘brick 

length’).  

- Multiscale laminates have been developed by adding three different GRMs. The 

production process was performed together with industry partners and following 

aerospace procedures, providing a step forward to the application of this technology 

into the industry. 

- The multiscale laminates manufactured showed a quality as good as the observed in 

any conventional CFRP laminates in terms of physical-chemical properties, void 
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content and structural properties. However, the enhancement in the mechanical 

properties was lower than expected, indicating that the dispersion strategies of GRMs 

within prepregs should be optimized as well as its adhesion to the matrix. Additional 

work needs to be done in order to understand how the pre-impregnation technique 

influences this dispersion. Among the different materials studied, the prepreg 

containing GO was selected for future works due to the increments obtained for in-

plane shear strength and fracture toughness (6,5% and 5,8% respectively). 

- Based on the results of Chapter 3 and Chapter 4, bio-inspired multiscale hierarchical 

CFRP laminates were manufactured by the combination of a ‘brick-and-mortar’ 

structure and the addition of a nanoreinforcement. The combination of both strategies 

has never been reported before this study. 

- The behaviour of the novel materials was studied in terms of tensile loading and 

interlaminar fracture toughness. The results showed that the combination of both 

strategies leads to a non-linear behaviour when submitted to tensile tests with a 

reduction of 13% in the penalties previously observed for aligned discontinuous 

laminates (‘brick-and-mortar without nanoreinforcement). Regarding the interlaminar 

fracture toughness some differences in the fracture behaviour were observed but 

regarding the values obtained, no big differences were observed between ‘brick-and-

mortar’ laminates with and without GO. In any case, this study opens a door for a new 

design strategy that show promising results in terms enhancement of CFRPs fracture 

behaviour. 

 This study is expected to have an impact in the field bio-inspired and aligned 

discontinuous composites by the demonstration of its production using industrial 

procedures, equipment and materials. The obtained results open the door for a further 

investigation and optimization of the structure for target applications. 
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6.1.3 Contribution 

The work and achievements presented in this thesis has made some scientific 

contributions that can be reflected in the following list of publications and oral 

presentations: 

- Refereed published papers. 

▪ V. Rodríguez-García and R. Guzman de Villoria. Automated manufacturing of 

bio-inspired carbon-fibre reinforced polymers. Composites Part B: Engineering. 

https://doi.org/10.1016/j.compositesb.2021.108795 (accepted in March 2021). 

▪ V. Rodríguez-García, Julio Gómez, Francesco Cristiano, María R. Gude. 

Industrial manufacturing and characterization of multiscale CFRP laminates made 

from prepregs containing graphene-related materials. Mater. Res. Express 7 (2020) 

075601. https://doi.org/10.1088/2053-1591/aba0eb.  

- Refereed published papers in process. 

▪ V. Rodríguez-García, M. Herráez, Vanesa Martínez, Carlos D. González and 

Roberto Guzmán de Villoria. Interlaminar and translaminar fracture toughness of 

automated manufactured bio-inspired CFRP laminate. 

- Refereed conference papers. 

▪ V. Rodríguez-García, Vanesa Martínez and Roberto Guzmán de Villoria. 

Manufacturing and characterization of bioinspired CFRP. FiBreMoD Conference, 

Leuven, Belgium, 11th-12th December 2019. 

▪ V. Rodríguez-García, Vanesa Martínez, C. González and R. Guzman de Villoria. 

Automatically processed bioinspired hierarchical carbon fiber composites. ICCM22 

-22nd international conference on composite materials, Melbourne, Australia, 

11th–16th August 2019. 

▪ V. Rodríguez-García, Vanesa Martínez, C. González and R. Guzman de Villoria. 

Discontinuous carbon fibre reinforced polymers: manufacturing and 

characterization. EUCASS19 - 8th European Conference for Aeronautics and Space 

Sciences, Madrid, Spain, 1st – 4th July 2019. DOI: 10.13009/EUCASS2019-656. 

▪ V. Rodríguez-García and R. Guzman de Villoria. “Brick and mortar” carbon fiber 

reinforced polymers made by automated tape layup process. MECHCOMP 2019 - 

5th International Conference on Mechanics of Composites, Lisbon, 1st–4th July 

2019. 

▪ V. Rodriguez-Garcia, S. Calvo, M. R. Martinez-Miranda, T. Blanco, R. Guzman 

de Villoria and M. R. Gude. Characterization of multifunctional composites 

obtained from carbon fiber/epoxy prepregs containing graphene related materials. 

ECCM18 – 18th European Conference on Composite Materials, Athens, Greece, 

24th-28th June 2018. 

▪ V. García-Martínez, V. Rodríguez-García, M. R. Gude, T. Blanco. Carbon 

fiber/graphene doped epoxy demonstrator for aeronautic applications. 

Imaginenano2018, Bilbao, Spain, 13th-15th March 2018. 

https://doi.org/10.1088/2053-1591/aba0eb
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6.2 FUTURE WORK AND FURTHER RESEARCH 

As a result of the research developed in this thesis, some lines come out as interesting 

studies to be further researched: 

- ‘Brick-and-mortar’ structure optimization.  

Considering the results obtained in this work and the evidenced scalability to large 

parts, an optimization of the ‘brick-and-mortar’ structure could be performed for 

specific parts. The experimental results could be used for developing a model and 

obtaining the most appropriate ‘brick length’ for a given component. 

- GRM selection, dispersion and distribution within the composite. 

As observed in the technical chapters and conclusions, the GRM dispersion is the 

major point for improvement in the present work. Literature provide several examples 

of multiscale composites in which the addition of different kind of GRMs results in an 

enhancement of interlaminar properties and damage tolerance [97,103,120]. It is 

broadly known that the dispersion of the GRMs have a great influence in the overall 

composites’ behaviour [16,230]. However, there is a lack of manufacturing 

methodologies to produce multiscale materials in a large scale or using procedures 

already implemented in the industry [16,231]. As stated, prepreg technology presents 

several advantages in this aspect due to its high manufacturing ratio and efficiency 

[100].  

One of the main studies that arise from the results obtained in this thesis would consist 

of a deeper investigation focused on the nanoreinforced prepreg development. Such 

study could include a more profound GRM selection study, a closer look to the 

different parameters involved in prepreg manufacturing and to the previous steps 

regarding the dispersion techniques. With such study both an optimization of the 

dispersion for hot-melt process and the actual hot-melt process could be performed in 

order to obtained enhanced prepregs. 

A secondary study for further research could be focused on targeting the location of the 

nanoreinforcements on the resin pockets to obtain greater enhancements in terms of 
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fracture toughness for hierarchical ‘brick-and-mortar’ multiscale composites by 

enlarging the deflection mechanism (Figure 118). 

  

Figure 118. Optimization of GRM location to enlarge crack deflection mechanism. 

- Multifunctionality. 

An additional study of interest could be focused on providing multifunctionality to the 

hierarchical and multiscale composites. GRMs are broadly known due to its potential 

of providing multifunctional properties to composites due to their outstanding 

properties such as electrical conductivity, barrier properties or thermal conductivity 

[95,120].  

The results obtained in Chapter 4, already showed that the electrical conductivity can 

be enhanced. A study about the water moisture absorption is also included in Annex 4. 

Due to the mechanical performance, the multiscale hierarchical materials developed in 

Chapter 5 were focused on the GO, which is non-conductive. However, hierarchical 

materials with other types of GRMs could be developed also providing 

multifunctionality to these composites in addition to the enhanced damage tolerance 

and fracture toughness. 

- Study on the impact behaviour of hierarchical and multiscale composites.  

For aerospace structures, impact is a common phenomenon that can occurs either at 

low or high velocity, in service or under static due to maintenance services. 

Composites absorb the incident energy under impact in a variety of ways [232]. One of 

the main strategies to develop impact resistance composites consist of minimizing the 

damage produced on the structure. In general terms, in composites structures the out-

of-plane (through the thickness) impact forces generate shear stresses that prompt 

matrix cracks as first consequence [232,233]. The extension and bridging of the matrix 
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cracks produce blind delaminations. Finally, the bending of the laminate during the 

impact event and the associated interlaminar shear stresses (mode II) prompt 

delamination growth, which is the predominant failure mode in low velocity impact 

[232,233]. Considering this, the composite fracture properties, specifically mode II, 

have a great influence in the impact behaviour.  

In fact, some studies can be found in the literature where an improvement of mode II 

interlaminar fracture toughness and impact behaviour has been obtained in multiscale 

composites by the addition of GRMs [103,127,233]. 

Also, some exciting studies of bio-inspired composites have been investigated to 

enhance the impact behaviour of composites. Some inspired in the helicoidal structure 

of the exoskeleton of crustaceans (Bouligand structures) [92,234,235], bones [181] and 

nacre [60,81,88]. 

Therefore, considering the state-of-the-art and the enhancements obtained in the 3ENF 

tests regarding interlaminar fracture toughness and the change in failure mode, the 

‘brick-and-mortar’ structure could potentially enhance the composites performance 

under impact which also could be enhanced by the addition of nanoreinforcements. 

- Study on the formability of ‘brick-and-mortar’ structures. 

One of the main limitations of FRP composites regarding its applicability in a wider 

variety of aeronautic structures is the difficulty of creating complex shapes. 

Composites forming technologies are focused on forming a initially planar material 

(laminates) into a three dimensional shape [236]. However, these processes are limited 

due to the intrinsic continuity of fibres. Since continuous fibres cannot stretch, 

deformation occurs by interply or intraply shearing, resulting in wrinkling of the 

composite plies (Figure 121). Finally, wrinkling leads to a degradation in the composite 

structure performance [237]. 
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Figure 119. Deformation processes in forming of composites made by thermoset prepregs 

showing intra-ply shear test methods: bias-extension test and picture frame test [238]. 

Some tests have been proposed to study the formability of composites (i.e., “the level 

of ease or difficulty of forming certain materials in a forming process” [239]). Figure 

120 shows a typical forming test in which a fabric is subjected to a hemispherical 

plunger under a relatively uniform loading, forcing the preform to conform the 

hemisphere [239,240].  Also, extensive work have been perform in the field of 

simulation of this hemisphere forming process [241]. 

 

Figure 120. Forming test set-up [238]. 

The use of aligned discontinuous fibre reinforced composites has come as a trendy 

approach to overcome these limitations and enhance the formability of the laminates. 
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Discontinuous laminates allow fibres to stretch in the fibre direction, allowing 

successful forming with reduced interply shear [237]. So that, the use of discontinuous 

composites has the potential to change design criteria by allowing more complex 

geometries and, therefore, the potential to bring a low cost, high volume and more 

productive forming process techniques [68]. 

Considering the potential enhancement of the formability of the bio-inspired laminates 

in comparison to continuous CFRP composites, a future promising study could be 

focused on the simulation and testing of the formability features of these materials.  

- Develop hierarchical composites with prepreg scraps. 

With the use of composite materials on rise in several industries, the reuse and 

recyclability of CFRPs has come as a priority to address. Among the different waste 

products, prepreg scrap is highlighted as the one of the major residues generated 

[242,243]. There are numerous sources producing prepreg scrap within the 

manufacturing process of aerospace CFRP parts (preform trimming, end of the roll, 

out-life storage…), reaching buy-to-fly ratios from 1.2:1 to 3.5:1 according to the 

literature [242]. 

Some recycling process have been already developed but they are usually costly and 

high energy consuming [67,243]. Considering these issues, the research community 

have lately focused their efforts on the field of reuse, seeking to use the uncured scrap 

prepreg in their original form to produce CFRP parts [242].  

Therefore, different strategies to reuse prepreg scrap have been investigated, however, 

they are usually associated to a lost in the fibre alignment, leading to high detriment of 

its mechanical properties [242]. In order to retain the high value of these materials 

some approaches are being proposed to reform them maintaining fibre alignment 

[80,244]. 

The study performed in the Chapter 3 of this thesis focused on ‘brick-and-mortar’ 

composites could potentially be transferred to a strategy for designing discontinuous 

aligned CFRPs laminates from prepreg scrap. Consequently, a future work could be 

focused on developing an approach to transfer the proposed ‘brick-and-mortar’ 

structure and optimize it for scrap reusing purposes.  
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7. ANNEXES 

ANNEX 1. FRACTURE MECHANICS OVERVIEW 

Linear elastic fracture mechanics (LEFM) is valid till significant plastic deformation 

precedes failure [245]. 

 

Figure 121. Effect of fracture toughness on the governing failure mechanism [245]. 

LEFM can also be applied when the plastic zone remains small compared with the in-

plane specimen dimensions. Considering a material linear-elastic behaviour there are two 

approaches to fracture analyses. 

• THE ENERGY RELEASE RATE 

This model was developed by Irwin in 1956 [246]. It is based in the previously 

developed Griffith’s model [247], based on the first law of thermodynamics. 

The energy approach states that fracture (crack extension) occurs when the energy 

available for crack extension is enough to overcome the material resistance. Considering 
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this, the energy release rate (G) is defined as the rate of change in potential energy for an 

increment of crack extension (also known as crack driving force) [245]:  

𝐺 =
𝜋𝜎2𝑎

𝐸
 

Where σ is the applied stress, E the Young’s modulus and a half the crack length. 

Fracture occurs when G=Gc, the critical energy release rate, a measurement of 

material’s fracture toughness [245]: 

𝐺𝐶 =
𝜋 𝜎𝑓

2𝑎𝑐

𝐸
 

Where σf is the failure stress and ac crack size for failure. 

• STRESS ANALYSIS OF CRACKS 

On the other hand, it can be assumed that a material fails locally at a critical 

combination of stress and strain and thus fracture occurs at critical stress intensity KIC 

[245]. 

The in-plane stresses of an element near the crack-tip in an elastic material can be 

expressed as: 

 

Figure 122. Stresses near the tip of a crack in an elastic material [245]. 
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Each stress component is proportional to a constant, KI, the stress intensity factor. 

Therefore, fracture occurs when KI=KIC. In this case, KI is the driving force and KIC a 

measure of the materials’ fracture resistance. 

For the case shown in Figure 122, the stress intensity factor is: 

𝐾𝐼 = 𝜎√𝜋𝑎 

Where 𝜎 is the applied stress and a is the half-crack length. It should be noted that a 

crack can experience three types of loading or a combination of them: 

 

Figure 123. The three modes of loading that can be applied to a crack [245]. 

The stresses near the crack tip varies with 1/√r in each loading mode, but the singular 

stress fields and displacements relationships vary in each loading mode [245]. 

• RELATIOSHIP BETWEEN K AND G 

The energy release rate described a global behaviour while the stress intensity factor is 

a local parameter, and both are related in linear elastic materials [245]. For a through crack 

in an infinite plate subjected to a uniform tensile stress, previous equations combined led 

to: 

𝐺 =
𝐾𝐼

2

𝐸
 

and 

𝐺𝐶 =
𝐾𝐼𝐶

2

𝐸
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For plane strain condition E should be replaced by E’=E/(1-ν2). Being ν the Poisson’s 

coefficient. If more than one mode is present and assuming a self-similar crack growth 

(i.e., planar crack which remains planar), their contribution to G are additive as it is a 

scalar quantity (like energy) [245]: 

𝐺 =
𝐾𝐼

2

𝐸′
+

𝐾𝐼𝐼
2

𝐸′
+

𝐾𝐼𝐼𝐼
2

2𝜇
 

Where μ is the shear modulus. 

• INTERLAMINAR TOUGHNESS OF COMPOSITES 

The orthotropic nature of CFRP composites lead to particular failure mechanism such 

as delamination. These materials present high stiffness and strength in the fibre’s direction 

but relatively poor mechanical properties in the transverse to the fibre’s direction. So that, 

out-of-plane loads may lead to delamination, as in this direction the stiffness and strength 

are controlled by the matrix properties [245]. 

In CFRP composites, the delamination is treated as a crack, being the fracture 

toughness the resistance of the material to its propagation. Linear elastic behaviour is 

assumed in the calculation of G (the damage zone or nonlinear deformation, is small 

compared to the smallest specimen dimension) [145,245]. 

Considering the typical specimen geometry (DCB or ENF, Figure 124) configuration 

used for measuring the interlaminar fracture toughness under different loading modes, its 

energy release rate can be inferred from the beam theory: 

𝐺𝐼 =
𝑃𝐼

2𝑎2

𝐵𝐸𝐼
 

where 

𝐸𝐼 =
2𝑃𝐼𝑎3

3∆𝐼
 

and  

𝐺𝐼𝐼 =
3𝑃𝐼𝐼

2𝑎2

4𝐵𝐸𝐼
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For mixed-loading conditions it can be calculated considering unequal tensile loading 

of the upper and lower portions of the specimens (Figure 124). 

 

Figure 124. Mode I, II, and mixed mode loading of DCB specimens: a) mode I; b) mode II; and c) 

mixed mode [245]. 

However, linear beam theory may lead to wrong estimation of the energy release rate. 

It can alternatively be calculated using the area method [248,249]. Considering Figure 125 

representing a load-displacement curve obtained by loading and unloading, the energy 

release rate can be obtained from the incremental area inside the curve, divided by the 

change in crack area. The load in the curve is typically nonlinear, but the unload is usually 

linear and passes through the origin [245]. 

𝐺 =
∆𝑈

𝐵∆𝑎
 

 

Figure 125. Schematic load-displacement curve for a delamination toughness measurement [245]. 
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• TOUGHENING MECAHNISMS 

Toughness can be enhanced either by intrinsic or extrinsic mechanisms. Intrinsic 

toughening act inhibiting the damage process ahead of the crack tip. This damage 

processes are related to the materials microstructure such as debonding, microcracking or 

microvoid formation [15,59]. Thus, intrinsic mechanisms are focused on enlarging the 

plastic zone and are associated to ductile materials and plasticity. They are effective mainly 

against crack initiation but also propagation; however, brittle materials cannot be 

toughened by promoting plasticity [15,59]. 

On the other hand, extrinsic toughening mechanisms does not depend on the materials’ 

inherent fracture resistance. They act behind the crack tip (in the crack wake), reducing 

(shielding) the crack driving force (e.g., G or K) by reducing stress/strains experienced at 

the crack tip, so that they are only efficient against crack propagation. Some extrinsic 

mechanisms are crack deflection or bridging or phase. As they act on the crack wake, they 

are size-dependent, what is manifested in the R-curves, where the fracture toughness 

increases with crack extension [15,59].  

 

Figure 126. Schematic illustration of the mutual competition between intrinsic mechanisms of 

damage which act ahead of the crack tip to promote crack advance and extrinsic mechanisms of 

crack-tip shielding that act mainly behind the crack tip to impede crack advance [15]. 

In composites materials the fibre reinforcement can toughen the matrix (mainly if we 

consider brittle matrix as thermoset). When talking about FRP composites the main 

toughening mechanism is fibre bridging [15,145,245]. If the crack grows around a fibre, it 

then bridges the crack faces, inhibiting crack opening [15,245]. Finally, a more recent 

toughening mechanism in composites is the addition of nanoscale reinforcements in 

composites [15].  
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ANNEX 2. GRMS CHARACTERIZATION TECHNIQUES 

Laser diffraction (LD) particle size analysis was performed with a HELOS Sympatec 

Particle Size Analyzer (PSA). For LD measurements, graphene powder samples were 

dispersed in ethanol using a Sucell ultrasound system for 1 min.  

Scanning electron microscope (SEM) EVO MA10 Zeiss operated at 10 kV in 

secondary electron imaging mode was utilized to assess the lateral size and morphology of 

the graphene flakes. High-resolution transmission electron microscope (HRTEM) images 

were acquired using a HT7800 RuliTEM Hitachi model operated at 120 kV. Samples for 

HRTEM imaging were prepared on TEM grids.  

It was determined in a GEMINI 2390P surface analyser using the Brunnauer-Emmett-

Teller (BET) theory. Powder was conditioned at 200°C under vacuum and inert gas for 12 

hours before surface analysis.  

Elemental analysis was performed to determine the oxygen content by X-ray 

photoelectron spectroscopy (XPS). An Omicron XPS spectrophotometer with a 

monochromatic X-ray source Mg Kα (150 W, 50 eV) was used, with CASAXPS software 

for the integration. Each sample was degassed for 8 hours to achieve a dynamic vacuum 

below 10-8 Pa. 
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ANNEX 3. RHEOLOGICAL STUDY ON NANOREINFORCED 

PREPREGS 

A rheometer AR-G2 from TA Instruments has been used for measuring the gelation 

temperature (Tgel) of the different nanoreinforced prepregs. A system of 25 mm diameter 

parallel plates was used for testing at least three samples of each material in a Peltier Plate. 

The test was carried out in single frequency mode at 0,2 Hz and of strain 0,18% [250] and 

consisted of an oscillation temperature ramp of 1ºC/min til 180ºC - simulating the curing 

cycle. Five plies were hand laid-up with the stacking sequence [0/90]5 and cut according 

the dimensions of the geometry to form each sample. 

Viscosity of nano-charged resins has been broadly study with the aim of obtaining 

critical parameters of processing of CFRPs with additives [125,198]. In this project, those 

parameters have been already studied by the suppliers of the nanoreinforcements and resin, 

reaching a successful manufacturing process of prepregs. Once they have been produced, 

the study of its viscosity has been discarded because of the heavy influence of the carbon 

fibres. However, the gel point of the prepregs -in which there is an abrupt change in the 

viscosity- is easier to detect. Gelation in epoxy systems usually implies a modification of 

the mechanical properties but not a change in the conversion rate, not being showed in 

calorimetric measurements [251] because of that a rheometer has been used to measure it. 

In this case, a constant gap of 1 mm was set and the Normal Force (Fn) perpendicular to the 

plates was recorded, where the onset corresponding to the drop of the Fn has been 

considered the gelation temperature (Tgel) [252]. This criterion is based in the relation of 

the increase of material stiffness with cross-linking process in the resin, where the 

viscoelastic material reaches a measurable stiffness when reaching the initiation of the 

gelation phase.  

Corresponding results can be appreciated in Table 20. A slight decrease of the Tgel can 

be appreciated in the ‘Continuous-GNP’ prepreg. This behaviour has been reported 

previously [253,254]. The acceleration of the gelation process it is usually related to 

homogeneous and well dispersed nanoreinforcements which could act as thermal 

dissipaters [159] what, considering the other results obtained in this study, would not be 

expected for these prepregs. However, this has been reported for rheology measurements in 

samples without carbon fibres, which is thermal conductive as well. In this case, a deeper 

study should be carried out, but this decrease could be explained for the positions of the 
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nanoreinforcements within the fibres which, although in an agglomerate form, had 

facilitated the thermal dissipation more than impeding the movement of polymer chains. 

Regarding ‘Continuous-GO’ prepregs, show a slight decrease of Tgel as well. The GO is 

less thermal conductive than GNPs, however a good dispersion and a better interaction 

with the epoxy due to the functional groups, could act as accelerators in the process [253]. 

Finally, considering the standard deviation of the results, the influence of the rGO is 

minimal what could be related with the fact that it is more conductive than GO but less 

than the GNPs. 

Table 20. Gelation temperature, Tgel results (average ± standard deviation) obtained in the 

characterization of the nanoreinforced prepregs. 

 Continuous-Delta Continuous-GNP Continuous-GO Continuous-rGO 

Tgel (ºC) 119 ± 2 114,5 ± 0,5 117 ± 2 120 ± 2 
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ANNEX 4. WATER MOISTURE ABSORPTION STUDY 

A study on the barrier properties of the multiscale materials was performed. To do it, three 

samples of 75 × 75 × 3 mm3 of each material were dried and hydrothermally conditioned at 

70ºC and 85% relative humidity until reaching equilibrium according to EN3615 Method 

B [255] in a climatic chamber CCK AMB /80 of DYCOMETAL. The samples of each 

material where weighted periodically. 

The moisture water absorption has been calculated according to the following expression: 

𝑀𝑡  (%) =  
𝑊𝑡 − 𝑊𝑜

𝑊𝑜
· 100 

Where Mt is the water absorbed in a time t, Wt is mass of the samples in the time t and Wo 

is the initial mass. Representative curves can be observed in Figure 5. All the samples 

reached the equilibrium after 1400 hours and the total water absorbed at saturation (Ms) is 

shown in Table 3. The curves present a linear behaviour in the first part followed by an 

asymptotic tendency until reaching saturation. This behaviour is usually indicative of 

absorption mechanism predominated by diffusion following the Fick’s Law, where the 

following equation can be applied: 

𝑀𝑡

𝑀𝑠
= 𝑘 ·  𝑡∝  

being k and α parameters of the system and α=0,5 when the diffusion obeys Fick's law 

[256,257]. Taking this into account, the diffusion coefficient can be calculated in the first 

part of the curve where Mt/Ms<0,6 as [258]: 

𝑀𝑡

𝑀𝑠
=

4

ℎ
· √

𝐷 · 𝑡

𝜋
 

Where h is the thickness of the sample and D the diffusion coefficient. 

The ‘Continuous-GNP’ and ‘Continuous-GO’ laminates have absorbed a higher 

amount of water than the ‘Continuous-Delta’ ones as well as a lower diffusion coefficient, 

being this behaviour more pronounced in the ‘Continuous-GNP’ ones (Table 21, Figure 

127). The lower diffusion coefficient can be related to creation of tortuous paths due to the 
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nanoreinforcements, what hinders the diffusion of the water molecules through the 

laminate [257,259,260]. On the other hand, the higher water absorption of the nanofilled 

laminates is explained by C. Zou by the “water shell model”, which states that the water 

forms shells around the nanoreinforcements in the interface with the resin [261]. The 

dispersion of these nanofillers could affect to this behaviour, in a way that a shorter 

distance between particles would imply a minor water uptake [261]. This could explain 

why the ‘Continuous-rGO’ laminate does not absorb more water than the reference. 

 

Figure 127. Representative absorption curves of the multiscale and ‘Continuous-Delta’ laminates. 

Table 21. Diffusion coefficient (D) and the total water absorbed at saturation (Ms) of the multiscale 

and ‘Continuous-Delta’ laminates (average ± standard deviation). 

 Continuous-Delta Continuous-GNP Continuous-GO Continuous-rGO 

D (·10
-9

) (cm
2
/s) 7,63 ± 0,12 7,27 ± 0,13 7,24 ± 0,3 7,61 ± 0,4 

Ms (%) 1,39 ± 0,02 1,457 ± 0,012 1,419 ± 0,05 1,382 ± 0,005 

It could be concluded that, regarding water absorption, nanofillers did not significantly 

impacted on barrier properties. 
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ANNEX 5. NANOINDENTATION STUDY ON MULTISCALE 

COMPOSITES 

From the ‘Continuous-Delta’ and ‘Continuous-GO’ [0]10 5 × 5 mm2 samples were 

obtained for indentation experiments with the aim to measure the modulus of the baseline 

matrix and the nanoreinforced matrix.  The samples´ surfaces perpendicular to the fibre 

direction were polished with 4000 grit sandpaper and cleaned with acetone. Indentation 

tests were performed in resin rich areas of the sample using an MTS Nanoindenter XP (10 

nm/s, 0,05s -1, 45 Hz) with a Berkovich tip. Three different resin rich spots were selected in 

each sample to perform the tests. A total of three to six measurement were performed in 

each stop. 

 

Figure 128. MTS Nanoindenter XP at Weizmann. 

Modulus and hardness of the baseline matrix and the nanoreinforced matrix have been 

obtained from the nanoindentation tests according to Oliver-Pahrr method [262]: 

𝐸∗ =
𝑆√𝜋

2√𝐴
 

1

𝐸∗
=

1 − 𝜈2

𝐸
+

1 − 𝜈𝑖
2

𝐸𝑖
 

Where effects of non-rigid indenters on the load-displacement behavior can be 

effectively accounted for by defining a reduced modulus, E*, where E and v are Young's 
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modulus and Poisson's ratio for the specimen and Ei and vi are the same parameters for the 

indenter. 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴
 

where H is the hardness, Pmax is the peak indentation load and A is the projected area of 

the hardness impression. 

 

Figure 129. A schematic representation of load versus indenter displacement data for an 

indentation experiment. The quantities shown are Pmax: the peak indentation load; hmax: the indenter 

displacement at peak load; hf. the final depth of the contact impression after unloading; and S: the 

initial unloading stiffness. 

The results obtained can be observed in Table 22. The curves obtained are presented in 

Figure 130. 

 

Figure 130. Load vs. displacement curves obtained from the nanoindentation tests performed to a) 

‘Continuous-Delta’ and b) ‘Continuous-GO’ laminates samples. 
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Table 22. Modulus (GPa) and hardness (GPa) obtained from the nanoindentation tests performed 

to ‘Continuous-Delta’ and ‘Continuous-GO’ laminates samples (average ± standard deviation). 

 Modulus [150-300 nm] Hardness [150-300 nm] 
 (GPa) (GPa) 

Continuous-Delta 4,3 ± 0,2 0,32 ± 0,02 

Continuous-GO 4,1 ± 0,2 0,30 ± 0,02 
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