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Abstract  

 

 

Numerous research studies are carried out in order to investigate 

various properties and implement the potential of hybrid 

carbon/flax composites for technical applications. This review 

aims to present a summary of materials and manufacturing 

techniques, which are currently used for the fabrication of the 

carbon/flax composites, and describe the reported tensile, 

bending, impact, and damping properties of the resulting hybrid 

materials as well as the attempts to model some of these 

properties. 

 

Introduction  
 

In the recent years, promoted by the growing environmental 

awareness, the effective use of renewable resources in numerous 

lightweight applications gained the attention of scientists and 

industry. In this context, natural fiber-reinforced polymer 

composites have already validated their beneficial properties for 

use in selected structural components in the automotive and sport 

industries [1–5]. As an example, besides a better ecological 

performance, in comparison with synthetic fiber composites, like 

glass fiber composites, natural fiber composites offer lower 

density and compared with carbon fiber composites better 

damping properties. However, natural fiber composites show 

lower mechanical performance than the synthetic fiber 

composites. Currently, this drawback of the natural fiber 

composites limits their applications to structural components 

subjected to a minor mechanical loading, like, e.g., automotive 

interiors [2,3]. Hybridisation of natural and synthetic fibers in 
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one composite is a promising solution to combine the benefits of 

the individual fiber types in one hybrid composite and develop 

new materials with an optimal compromise between material 

properties and environmental aspects. One of the first reports on 

hybrid natural/synthetic fiber polymer composites containing 

pineapple leaf/sisal/glass fiber-reinforced polyester was 

published around 15 years ago [6]. Since that time onwards, this 

field shows a dynamic growth and numerous hybrid composites 

containing diverse combinations of fibers are described in the 

literature [7]. At the same time, until the recent years, 

predominantly, glass fibers were used as a synthetic fiber type in 

these hybrid composites. The widespread use of glass fibers is 

promoted by their high mechanical performance associated with 

a high density and low cost. Therefore, the hybridisation of glass 

and natural fibers enables manufacture of cost-effective hybrid 

composites demonstrating an optimal mechanical performance-

to-weight ratio. 

 

However, in the last 5 years, the potential of the hybridisation of 

flax with high-performance expensive carbon fibers has been 

actively investigated. This type of hybridisation is especially 

interesting for the fields where mechanical performance and low 

weight are more significant than the cost of the corresponding 

construction part, like, e.g., sport and leisure [8], orthopaedic 

implants [9], or the automotive, especially racing car, industry 

[10,11]. 

 

The aim of this study is to provide a review about the progress in 

the field of the carbon/flax hybrid composites, i.e., to describe 

components and techniques used for the manufacture of these 

hybrid composites and analyze the predicted and experimentally 

achieved mechanical properties, namely, tensile, flexural, 

impact, and damping properties. The dynamically growing 

application-oriented research on the carbon/flax polymer 

composites is actively supported by the industry. On the one 

hand, this support promotes rapid marketing of the developed 

hybrid composites. On the other hand, due to nondisclosure 

agreements or commercial reasons, the industry support may 

inhibit or hinder the publication of the experimental results. 

Consequently, this review focuses mainly on the reported studies 
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on carbon/flax composites, and it is important to consider that 

the overall number of the realized studies on this type of hybrid 

materials is significantly higher. 

Table 1 presents an outline of the main results of the reviewed 

studies on carbon/flax polymer composites published during the 

last seven years. In addition, Table 2 summarizes 

chronologically the main research issues of these studies. 

 
Table 1: Overview of the studies on carbon-/flax polymer composites. 

 
Year Purpose and main results of the study Reference 

2012 The study investigates the influence of the introduction of 

a carbon fabric layer on the bending and tensile properties 

of two different flax-epoxy composites including a thinner 

and a denser flax textile. The results show that depending 

on the textile density, the nonhybrid flax composites offer 

either high bending properties or high tensile properties. 

The introduction of the carbon fabrics improves 

significantly the mechanical performance. 

[12] 

2013 This work explores the influence of carbon/flax fiber 

hybridisation on the tensile, flexural, and thermal 

properties as well as on the water absorption. The results 

demonstrate that in the case of the hybrid composites, the 

carbon fibers significantly improve the water absorption 

behaviour, thermal stability, and mechanical properties, 
whereas the flax fibers enhance the toughness properties. 

[13] 

2013 The study aims to evaluate tensile and flexural properties 

as well as the hardness of a carbon/flax fiber-reinforced 

epoxy composite for its potential use as an orthopaedic 

long-bone fracture plate. The manufactured hybrid 

composite possesses sufficiently high tensile and high 

flexural properties. Furthermore, compared with the 

currently clinically used orthopaedic metal plates, the 

hybrid composite is closer to the human cortical bone, 

thus making it a potential candidate for use in the fixation 
of long-bone fracture. 

[9] 

2015 The purpose of the study is to investigate the effect of the 

stacking sequence and hybridisation of carbon/flax fiber-

reinforced epoxy on predicted and experimentally 

determined damping properties. The results show a good 

agreement between the modelled and the experimentally 

obtained damping coefficients. The stacking sequence 

plays an important role on the bending and damping 
properties. 

[14] 

2016 This study on the influence of stacking sequences on the [15] 



Prime Archives in Polymer Technology 

www.videleaf.com 

bending, tensile, and impact damage properties shows that 

it is possible to improve the bending properties or impact 

damage tolerance by adjusting the stacking sequence of 
carbon and flax textiles. 

2016 The article focuses on the comparison and identification 

of the dielectric properties and identification of the 

relaxation processes in flax composites and carbon-/flax-

epoxy composites. The results show that the presence of 

two carbon fiber plies in the hybrid composite leads to 

two interfacial polarization effects and locally decreases 
the adhesion of flax fibers in the epoxy matrix. 

[16] 

2016 This study investigates the effect of carbon/flax 

hybridisation with varying flax volume fractions on the 

tensile, flexural, impact, and vibration properties including 

comparison of modelling and experimental data. The work 

shows that compared with aluminium, the hybrid 

composites offer beneficial mechanical and damping 

properties. The micromechanical approach offers a viable 
tool for the modelling of mechanical properties. 

[17] 

2016 The study focuses on the correlation of theoretical and 

experimental values of the elastic modulus and damping 

properties with the fiber composition in carbon-/flax-

epoxy in longitudinal and flexural modes. The results 

show that in several cases, the stiffness-damping 

relationships in hybrid composites can be predicted for 

both modes using the rule of hybrid mixtures and the 
laminate theory. 

[18] 

2017 The work investigates the introduction of carbon fibers 

into a flax composite and the influence of the stacking 

sequence on tensile properties and water 

absorption/recovery behaviour. The results show that the 

introduction of carbon plies in certain stacking sequences 

acts as a barrier for the water and leads to a significant 
improvement of tensile properties. 

[19] 

2017 The study is aimed at investigating the damage 

progression during impact loading and postimpact fatigue 

loading using infrared thermography. The results show 

that the analysis in the transmission mode enables easier 

detection of the delamination defect. 

[20] 

2017 In the scope of the work, a bicycle frame made from a 

carbon-/flax-epoxy composite is evaluated with regard to 

vibration damping, stiffness, bending strength, and cost. 

The frame possesses similar or higher stiffness and 

strength than that made from other raw materials used 

commercially. Furthermore, the hybrid composite frame 

shows superior vibration-damping properties and lower 
cost while maintaining a biocontent of 40%. 

[8] 
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2017 The study focusses on the investigation of the stacking 

sequence effect of a carbon-/basalt-/flax-epoxy composite 

with regard to tensile, flexural, interlaminar shear, and 

impact properties. The analysis of the damage 

morphology and impact hysteresis cycles shows that the 

adjustment of the stacking sequence has beneficial 
influence on the flexural and interlaminar strength. 

[21] 

2017 The aim of the study is to characterize the influence of 

surface treatment of flax fibers on the bending and 

interlaminar properties of the hybrid carbon/flax 

composite. The study shows that the effect of surface 

treatment is dependent on the stacking sequence. 

[22] 

2018 The study describes use of the reclaimed carbon fibers in 

combination with flax fibers for the manufacture of hybrid 

composites. The tensile and damping properties of the 

manufactured composites offer a viable solution for 

applications where a compromise between reduced 

mechanical properties and enhanced secondary properties, 

like, e.g., vibration and noise mitigation, and cost 

reduction is needed. 

[23] 

2018 This work focuses on the effect of the stacking sequence 

and fiber orientation on the theoretical and experimental 

damping properties of carbon-/flax-epoxy composites. 

Close agreement is achieved between the predicted and 

experimentally obtained damping coefficients. 

Furthermore, flax textiles play a significant role regarding 
the damping properties of the hybrid composite. 

[24] 

2018 The study investigates the effect of the stacking sequence 

on theoretical and experimental tensile properties and 

damage mode of the hybrid carbon-/flax-epoxy 

composites. The theoretical and experimental values 

demonstrate good agreement in hybrid composites 

possessing linear behaviour. Moreover, the specific 

strength of these hybrid composites is higher than that of 

aluminium. 

[25] 

2018 The introduction of recycled short carbon fibers into a 

flax-epoxy composite leads to a significant enhancement 

of the flexural properties. Furthermore, the bending 

strength of the hybrid composite can be adjusted using 

random or layered distribution of the recycled carbon 
fibers within the hybrid composite. 

[26] 

2019 The study analyzes the effect of the stacking sequence of 

carbon-/flax-epoxy composites on static and fatigue 

tensile properties and shows that the modulus of these 
composites depends significantly on the fiber ratio. 

[27] 
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Table 2: Chronological summary of the studies on carbon/flax polymer 

composites. 

  
2012–2013 2015 2016 2017 2018 

Mechanical 

properties 

Damping 

properties 

Mechanical 

properties 

Mechanical 

properties 

Mechanical 

properties 

  Modelling Damping 

properties 

Damage 

progression 

Damping 

properties 

    Modelling Application-

specific 

construction 
parts 

Modelling 

    Dielectric 
properties 

Water 
absorption 

Use of 

recycled 

carbon fibers 

      Improvement of 

fiber 

compatibility 

  

      Use of a third 
fiber type 

  

 

The overview in Table 1 shows that the number of studies 

carried out in the field of carbon/flax fiber composites and the 

diversity of the studied scientific questions are raising with time. 

At the same time, the studies dealing with diverse composite 

constituents, like, e.g., different fiber forms or stacking 

sequences, end up with the conclusion that in comparison with 

other parameters, the amount of the used carbon and flax fibers 

and the stacking sequence significantly affect the properties of 

the resulting hybrid composites. Furthermore, various modelling 

approaches used to predict mechanical and damping properties 

show good agreement with the experimental results. Finally, in 

the newest studies, the application-oriented potential of the 

carbon/flax composites is evaluated with regard to the selected 

construction parts, which are produced commercially using 

metals as raw material. The results show that the hybrid 

composites show comparable or even higher mechanical 

performance than the same parts made of aluminium. 
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Table 2 shows that the reported studies focus mainly on the 

understanding and prediction of the mechanical performance of 

the hybrid composites, characterization of their properties, and 

possibilities to effectively integrate new fiber types. 

 

Hybrid Composites and Their Properties  
 

In general, the use of composite materials for various technical 

applications is an effective approach due to the diversity of the 

existing composite constituents and, therefore, a wide range of 

the offered composite properties, especially the mechanical 

properties. Similarly, as in the case of nonhybrid fiber-reinforced 

plastics, the design of the hybrid fiber composites is subject to 

Puck’s failure criteria: breaking strength and stiffness of the used 

fiber types must be greater than those of the polymer matrix and 

the matrix must have higher elongation at break than the fibers 

[28]. Furthermore, the fundamental mechanical processes taking 

place in a nonhybrid composite, like, e.g., load distribution from 

matrix to fibers and failure mechanisms, are also valid for the 

hybrid fiber composites. However, the failure mechanisms of the 

hybrid composites are more complex and specific due to the high 

variation of the constituents and the processing parameters. This 

study presents various approaches used to combine carbon and 

flax fibers in one hybrid composite. The simplest of these 

approaches is the so-called “hybrid interply” [29], i.e., a stacking 

sequence, where stiff carbon fabrics are positioned at the outer 

layers and more elastic flax fibers at the inner layers of the 

hybrid composite, Figure 1. This approach follows the classical 

“sandwich-structured composite” method, where two thin, but 

stiff, skins are attached to a lightweight but thick core, like, e.g., 

metal sheets attached to a polyurethane core. Consequently, 

similar to the sandwich-structured composites, the hybrid 

interplies offer especially high bending properties. The 

behaviour of the sandwich-structured composites and further 

hybrid synthetic fiber composites is extensively described in the 

literature using various models and experimental results [29, 30]. 
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Figure 1: Factors affecting the properties of the resulting hybrid carbon/flax 

composites. 

 

However, the hybridisation of flax and carbon fibers has been 

investigated merely on the basis of individual hybrid composites. 

Consequently, there is a demand for a systematic review of the 

properties of these hybrid composites and their dependence on 

the constituents and manufacturing process. 

 

Figure 1 represents a CAD model of flax textile sandwiches 

between two carbon fiber textiles. Furthermore, this figure 

summarizes the most important parameters affecting the 

properties of the hybrid interply composite: form and type of 

composite components and manufacturing process parameters as 

well as the conditioning and used testing settings. On the one 

hand, the broad assortment of the available fiber reinforcements 

and polymer matrices, as well as the manufacturing methods, 

enables realization of the desired composite properties. On the 

other hand, the used parameters should be considered during the 

evaluation of the resulting carbon/flax composite properties; i.e., 

an accurate comparison of different composites’ properties is 

possible only if the above-mentioned factors are comparable. 

Consequently, prior to the evaluation of properties of the 
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carbon/flax hybrid composites, the first sections of this review 

discuss the types and forms of the fibers and matrices as well as 

the manufacture methods. 

 

Materials  
 

The hybrid carbon/flax fiber-reinforced polymer composites 

represent predominantly textile composites consisting of carbon 

and flax fabric plies with various weave patterns. Both 

preimpregnated (prepregs) and conventional textiles are used to 

manufacture these hybrid composites. In general, the prepregs 

result in a better matrix infiltration quality and a higher fiber 

fraction in the resulting composites and, thus, offer higher 

mechanical properties. The summary of the reported 

reinforcement types used for the manufacture of carbon/flax 

hybrid composites is presented in Table 3. This summary shows 

that mostly reinforcements with unidirectionally (UD) aligned 

yarns and filaments like, e.g., UD fabric (also called UD mats or 

noncrimp) and UD prepregs are used for the fabrication of the 

hybrid composites. The UD-aligned reinforcing fibers possess a 

lower degree of a so-called “crimp,” which is the ratio of a 

stretched yarn from the textile to the textile strap [31,32]. In 

general, the crimp in textiles made of the same yarn material 

increases in the following sequence: UD, twill, and plain. One of 

the main advantages of the lower crimp is the higher mechanical 

performance of the resulting composites [31]. Hence, as a rule, 

the UD fabrics made of the same yarn material and possessing 

the same textile density offer higher mechanical reinforcement 

than the corresponding woven textiles. An extensive information 

about the types as well as the advantages and disadvantages of 

various textiles and weave patterns for composite applications is 

described in the literature [31]. Besides the types of textiles 

mentioned above, two studies on carbon/flax composites report 

use of the hopsack-weaved flax fibers, which is basically a 

modified plain weave pattern. Finally, two studies report the use 

of short fibers. In the former study, the carbon fibers are recycled 

from pyrolysis [23], and in the latter one, the recycled carbon 

fibers from production waste are used, e.g., from trimming or 

from cured carbon composite products [26].
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Table 3: Overview of the components used for the manufacture of hybrid carbon/flax composites. 

  
CF ρCF 

 (g/m2) 

Content CF FLA  ρFLA 
(g/m2) 

Content FLA Content CF & 
FLA 

Matrix Reference 

Twill 300 0–52 vol.% Twill 350 0–39 vol.% - EP [14] 

Twill 300 0–55 vol.% UD fabric 200 0–32 vol.% - EP [24] 

Twill 2/2 200 50 vol.% Plain 235 NS 32–40.5 vol.% EP [19] 

Twill 2/2 240 0–58 vol.% Hopsack 4/4 

Twill 2/2 

500 

420 

NS - EP [18] 

UD prepreg 476 37 wt.% 
(prepreg) 

Twill 2/2 prepreg 
Ribs 4/4 prepreg 

315 
190 

55 wt.% (prepreg) - EP [13] 

UD prepreg 300 NS UD prepreg 180 NS 56–62 vol.% EP [15] 

UD prepreg NS NS Quasi-UD-prepreg 180 NS 50 vol.% EP [16] 

UD prepreg NS 57 vol.% 

(prepreg) 

UD prepreg NS 58–60 vol.% 

(prepreg) 

NS EP [9] 

UD fabric 320 NS Twill 

Plain 

220 

150 

NS 49–51.5 vol.% EP [12] 

UD fabric 448 0–61 vol.% UD fabric 275 0–38 vol.% 38–61 vol.% EP [17] 

UD fabric NS   UD fabric NS   50 vol.%1 Bio-EP [8] 

Plain 197 0–66 vol.% Hopsack 4/4 500 0–29 vol.% 29–66 vol.% EP [25] 

Plain 200 12 wt.% UD fabric 380 27 wt.% 53 wt.%2 EP [21] 

Plain 200 ca. 10–20 wt.% Plain 435 ca. 27–31 wt.% ca. 27–51 wt.% Bio-EP [22] 

Short rCF 

(pyrolysis) 

- 100–0 wt.%3 Short fibers - 0–75 wt.% 35 vol.% EP [23] 

Short rCF 

(dry fiber 
cut-off) 

- 30–0 vol.% Staple fibers   0–30 vol.% 30 vol.% EP [26] 

Woven 

(NS) 

480 NS UD mat NS NS NS EP [20] 

Note: CF: carbon fibers; FLA: flax fibers; EP: epoxy; ρ: density; rCF: recycled carbon fibers; NS: not stated. 1Planned fiber volume fraction. 2Third fiber type used: 14 wt.% basalt fibers. 3Relative 

indication compared to other specimens. 
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Although the information on volume fraction of the composite 

constituents is a standard approach used in order to define the 

density, porosity, and mechanical performance of the synthetic 

fiber composites, the use of this data in the case of the natural 

fiber composites is controversial. On the one hand, the 

calculation of fiber volume fraction requires the measurement of 

the natural fiber density and this is a challenging task. Firstly, the 

challenge arises due to the nonuniform geometry and 

morphology of the natural fibers. Secondly, the measured density 

values depend on the measuring method. As an example, the 

values achieved using Archimedes’ principle and a helium 

pycnometer can differ by up to 12% [33]. As an example, the 

density values of flax available in the literature vary from 

1.0 g/cm
3
 [34] to 1.57g/cm3 [35]. Consequently, as shown in 

Table 3, in the case of the hybrid carbon/flax composites, the 

fiber volume fraction is rarely provided. However, on the other 

hand, an equal fiber volume fraction is one of the main 

parameters enabling accurate comparison of the properties of the 

composites. Theoretically, the use of one flax fiber type and one 

density measurement approach during the study would result in a 

constant error, enabling comparison of the specimens within one 

study. However, since the porosity volume fraction and therefore 

the matrix volume fraction in the hybrid carbon/flax with 

different sequences may differ, it is still challenging to ensure 

accurate adjustment of fiber volume fraction and compare 

mechanical performance [19]. 

 

Furthermore, the use of different carbon fibers induces certain 

challenges when comparing different composites. As an 

example, besides the form of the fibers, i.e., type of the textile or 

length of the short fibers, the type of the used CF also has a 

significant effect on the properties of the resulting hybrid 

composite. Basically, the carbon fibers can be classified 

according to the fiber structure and the degree of crystallite 

orientation as ultrahigh modulus (UHM), high modulus (HM), 

intermediate modulus (IM), high tensile strength, and isotropic. 

As an example, the UHM and HM carbon fibers are highly 

graphitized and offer a modulus higher than 500 GPa or 

300 GPa, respectively [36]. These types of carbon fibers and HT 
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carbon fibers have a crystallite orientation mainly parallel to the 

fiber axis. In contrast, the isotropic fibers with lower modulus 

possess randomly oriented crystallites. These differences are 

achieved using different heat-treatment temperatures of the 

carbon fibers. Further information on carbon fiber structure, 

manufacture, and properties is available in the literature [36]. 

The reviewed studies generally specify only the supplier and the 

trademark of the used carbon fibers without specifying the 

carbon fiber type. This should be considered during the 

evaluation of the hybrid carbon/flax composite properties. 

 

Remarkably, according to Table 3, only epoxy resin is used as a 

polymer matrix in all of the reported studies. At the same time, 

two studies report the use of a partially bio-based epoxy resin 

[8,22]. Consequently, further increasing the amount of a bio-

based content in the carbon-/flax-epoxy composites contributes 

to environmental conservation. 

 

Besides the fiber and the textile type used for the manufacture of 

a composite, the density of the used textile plays an important 

role. The textile density is directly linked to its thickness. 

Consequently, among other parameters, the textile density is a 

significant factor for the decision on the number of plies used for 

the manufacture of a composite specimen with a certain 

thickness. The required specimen thickness is generally 

predetermined by the testing standards. Furthermore, for the 

resulting composites, the textile density plays a significant role 

with regard to the fiber volume and mass fraction. In general, the 

higher fiber content leads to higher mechanical performance. 

However, if a critical fiber mass fraction is reached, i.e., there is 

not enough polymer matrix to infiltrate the fibers and hold them 

together, the mechanical performance starts to decrease [34]. At 

the same time, generally, the high porosity of natural fibers 

makes it difficult to produce composites with high fiber content 

[15]. The reported density of both the carbon and flax fiber 

textiles lies in the same region (Table 3). This data includes the 

density values of the textiles and prepregs. The latter group 

already contains a certain amount of epoxy resin. The assessment 

of this data shows that since all of the combinations offer certain 

benefits, there is no certain tendency regarding the densities of 
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the textiles hybridised in one composite. As an example, a 

carbon/flax composite with a thin plain-weaved carbon textile 

(197 g/m
2
) can be combined with a thick hopsack-weaved flax 

textile (500 g/m
2
) [25], or vice versa, a thick carbon prepreg 

(476 g/m
2
) is used together with a thin flax prepreg (190 g/m

2
) 

[13]. In order to make a more precise statement regarding the 

beneficial type and density of carbon and flax reinforcements for 

the manufacture of the hybrid composites, the individual cases 

should be analyzed with regard to the overall number of the 

textile plies used, the stacking sequences, and the fiber content. 

However, due to the large amount of this data, the review of this 

information goes beyond the scope of this study. 

 

Composite Manufacture  
 

Typically, conventional techniques, which are already 

established for the fabrication of nonhybrid thermoset 

composites, are also used for the manufacture of hybrid carbon-

/flax-epoxy composites. The summary of these techniques and 

the reported procedure details are presented in Table 4. 

Particularly, direct pressure moulding (or hot-pressing) or a 

vacuum bagging in combination with autoclave is used for the 

prepreg processing, and the vacuum bagging technique as a 

single step (vacuum infusion) or hand lay-up in combination 

with pressure moulding is used for the processing of fiber 

textiles. Specially developed techniques are used for the 

manufacture of carbon/flax short fiber-epoxy composites. These 

methods are presented in Table 4, including the fiber preparation 

steps [23, 26]. The basic information regarding the techniques 

used for the fiber-reinforced composite manufacture is described 

extensively in the literature [29,34]. 
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Table 4: Overview of the reported techniques used to manufacture carbon-

/flax-epoxy composites. 

 

Composite 

manufacture 

Procedure Reference 

  (1) Predrying of flax fibers for at 

110°C/1 h 

(2) Impregnation of textiles with resin 

(3) Curing at 20°C/0.5 bar, 7 h 

[24] 

Hand lay-up and 

pressure moulding 

(1) Impregnation of textiles one by one 

with resin 

(2) Curing at 35°C/3 h/5 bar 

[14] 

(1) Impregnation of textiles with resin 

(2) Curing in 2 steps: 200 kPa/8 h and 

80°C/1 h 

[8] 

(1) Impregnation of textiles with resin 

(2) Curing in 2 steps: 10 bar/RT, 24 h 

[20] 

(1) Impregnation of textiles with resin 

(2) Curing in 3 steps: at RT/0.9 bar/24 h 

and 80°C/30 min and 130°C/60 min 

[19] 

(1) Impregnation of textiles with resin 

(2) Precure of separate textile at 

105°C/10 min 

(3) Vacuum bagging for at RT/1 h 

(4) Curing in 4 steps: 

80°C/10 min/6 MPa, 

110°C/30 min/9 MPa, 110°C/24 h, and 

150°C/5 h 

[18] 

Pressure moulding (1) Pressure moulding at max. 

130°C/0.5 MPa/45 min 

[13] 

(1) Pressure moulding at 

150°C/500 kPa/60 min 

[9] 

(1) NS [16] 

Vacuum bagging (1) Vacuum bagging 

(2) Curing in 2 steps: at RT/24 h and at 

60°C/8 h 

[12] 

(1) Predrying of flax at 80°C/24 h 

(2) Vacuum infusion including 30 min 

debulk at 1 atm 

(3) Curing in 2 steps: at RT/24 h and at 

80°C/24 h 

[17] 

(1) Predrying of flax at 90°C/3 h 

(2) Vacuum infusion 

(3) Curing in 2 steps: at 25°C/24 h and at 

80°C/16 h 

[25] 

(1) Predrying of flax at 60°C/15 min 

(2) Vacuum infusion 

(3) Curing in 2 steps: 28°C/0.88 bar and 

[21] 
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at 80°C/14 h 

(1) Predrying of flax fibers at 80°C/24 h 

(2) Vacuum infusion 

(3) Curing for 30 min at 80°C 

[22] 

Vacuum bagging 

and autoclave 

(1) Curing under pressure in autoclave at 

120°C 

[15] 

Impregnation and 

autoclave 

(1) Suspension of short fibers in water 

(2) Alignment of fibers using sudden 

change of momentum of the fiber-water 

suspension 

(3) Drying and impregnation of fibers 

with resin 

(4) Curing in autoclave at 

135°C/6 bar/135 min 

[23] 

Single line infusion (1) Opening of fibers via process based 

on gas jet mixer 

(2) Mixing of fibers at a certain mass 

ratio 

(3) Carding process including 

compression of fibers 

(4) Line infusion of fibers via liquid resin 

infusion 

(5) Curing in 2 steps: at 85°C/120 min 

and 100°C/60 min in oven 

[26] 

 

Note: RT: room temperature; NS: not stated. 

 

 

Although the used techniques can be easily grouped into several 

manufacturing methods, some of the procedure parameters like, 

e.g., predrying conditions of flax fibers before the composite 

manufacturing or curing cycle of the carbon/flax composite 

differ from each other significantly. 

 

Hygroscopic behaviour of natural fibers is one of the sources 

leading to a poor fiber-matrix adhesion in natural fiber polymer 

composites and, therefore, lower mechanical performance and 

short durability of the resulting composite product. 

Consequently, the predrying of natural fibers before the 

composite manufacturing is an important step to ensure high 

quality of the resulting composites. However, there is neither a 

standard procedure for the predrying of the natural fibers nor a 

literature describing systematically the effect of the predrying of 

natural fibers on composite properties. Therefore, numerous 

research groups carrying out research on natural fiber-reinforced 
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composites develop and use their own internal standards, which 

may significantly differ from one another. The review of the 

reported studies on the carbon/flax composites shows that in the 

cases where the predrying of flax takes place, the conditions vary 

from drying at 60°C for 15 min [21] to drying at 110°C for 1 h 

[24] or at 80°C for 24 h [22] or at 90°C for 3 h [25]. Certainly, 

these differences have a certain influence on the properties of the 

resulting composites, because drying affects the mechanical 

properties of the natural fibers themselves. As an example, the 

tensile strength of the flax fibers after drying at 105°C for 14 h 

reduces on average by 44% and the failure strain by 39% [37]. 

However, with regard to the existing information, it is difficult to 

evaluate the influence of the predrying of flax fibers on the 

properties of the carbon/flax composites. 

 

The curing cycle is dependent on the epoxy system used for the 

composite manufacture. At the same time, generally, for one 

epoxy system, there are several curing cycles available. The 

number of the curing steps as well as the used temperatures 

define the physical and mechanical properties of the epoxy resin 

[38] and thus of the resulting composite. Frequently, there are 

two steps used for the curing of epoxy composites. During the 

first longer step, taking place at lower temperature, the cross-

linking between the resin and the hardener starts and progresses, 

so that the epoxy matrix becomes solid. During the second 

curing step (or postcure), the composite is subjected to a higher 

temperature for a shorter time, so that the cross-linking between 

the resin and the hardener is completed and the glass transition 

temperature (Tg) of the cured epoxy matrix is increased. The 

higher Tg broadens the operating temperature of the resulting 

composite. Further detailed information on the curing and 

postcuring of epoxy is broadly available in the literature [38]. 

The overview presented in Table 4 shows that in the case of 

prepregs, the curing is generally realized in one step via pressure 

moulding at 130°C or 150°C for 45 or 60 min [9,13] or vacuum 

bagging and curing in autoclave at 120°C [15]. In the case of 

hand lay-up combined with pressure moulding, the curing varies 

quite considerably from one-step curing at 20°C for at least 7 h 

to curing in 4 steps, with a temperature range from 80°C to 

150°C, which takes around 30 h. The curing during a single-step 
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vacuum bagging, which is also known as a vacuum infusion 

process, commonly takes place in 2 steps with a maximum 

temperature of 90°C. In the case of short fiber carbon/flax 

composites, at the beginning of the composite manufacture, the 

fibers are in the form of prepreg with mixed aligned carbon and 

flax fibers preimpregnated with epoxy resin [23] or mixed and 

compressed carbon and flax fibers [26]. Consequently, in the 

former case, the short fibers are processed similarly as typical 

prepregs via curing in autoclave. In the latter case, using a so-

called single line infusion method, the same line is used for the 

vacuum generation and for the resin infusion [26]. 

 

To sum up, conventional technical equipment is used for the 

manufacture of carbon-/flax-epoxy composites. Due to the 

adjustment of the selected manufacturing technique parameters 

and the used epoxy resin, it is potentially possible to control the 

duration of the fabrication process and the properties of the 

resulting hybrid composites. 

 

Tensile Properties  
 

The capacity of a composite material to resist the load tending to 

elongate it, namely, the tensile property of the composite, is one 

of the key material characteristics. Review of the reported 

studies on carbon/flax composites shows that the tensile 

properties and the corresponding failure mode of these hybrid 

composites are mainly dependent on the carbon fiber content, 

stacking sequence, and weave art of the used flax textiles. 

 

The strength and stiffness of hybrid composites increases with 

the increase of carbon fiber content. This tendency seems to be 

independent, whether carbon fiber textile [13,17,18] or short 

recycled carbon fibers [23] are used. As example, the 

replacement of one flax ply with a carbon ply in a composite 

with 6 plies leads to increase of the tensile modulus of about 

262.0% and tensile strength of 266.4% [12]. However, the 

increase of carbon fiber content in textile carbon/flax composites 

leads to the decrease of strain to failure [13]. At the same time, 

in the case of short fibers, the strain to failure is nearly 

independent of the carbon content [23]. 
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The stacking sequence of the carbon-/flax-epoxy composites also 

significantly affects the values of tensile strength and modulus, 

although this is not expected with regard to the classical laminate 

theory. According to the classical laminate theory, for symmetric 

balanced laminate layers of different nature, the tensile 

properties are not dependent on the stacking sequence [39]. 

Nevertheless, it is important to consider that this theory is based 

on the following assumptions: 

1. The laminate is composed of perfectly bonded plies. 

2. The normal to the midplane of the laminate remains 

straight and normal to the deformed midplane after 

deformation Consequently, it is assumed that the 

interlaminar transversal shear stress between the 

laminate plies is negligible. 

3. The normal to the midplane of the laminate does not 

change the length (constant thickness) 

 

However, the fiber-matrix adhesion at the carbon-epoxy and 

flax-epoxy interphase is different. Furthermore, the both fiber 

types differ in surface morphology; thus, the bonding between 

the plies can vary. In addition, real systems can possess a certain 

amount of porosity in the composite structure. Moreover, 

polymer composite structures can undergo deformation 

depending on the changes in temperature or moisture content, 

since the moisture absorption by matrices can lead to the 

swelling of the structure [39]. Consequently, under real 

conditions, the tensile properties of hybrid carbon/flax 

composites can show some deviation with regard to the stacking 

sequence. 

 

Particularly, the tensile modulus can differ by 23% and of 

strength by around 10% depending on the stacking sequence 

[19]. According to the authors, the improvement of the tensile 

modulus is mainly induced by the nature of the outer ply of the 

hybrid composite; i.e., carbon fibers at the outer layer lead to 

higher tensile properties. Furthermore, it is reported that the 

alternation of flax and carbon plies inside the hybrid composite 

also promotes this effect, but not significantly. 
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Furthermore, depending on the stacking sequence of the 

composite structure, the carbon/flax composite can show a more 

brittle or a more ductile behaviour. The hybrid composite 

behaviour under tensile loading tends to the brittle behaviour of 

the carbon composite, if carbon is the outer ply, or ductile 

towards the flax composite, if flax is the outer ply [19]. 

However, the tensile testing monitored via Digital Image 

Correlation shows that both hybrid composites with either 

carbon or flax outer plies possess a similar damage development 

with regard to the cracks and delamination. At the same time, in 

the stacking sequence carbon-flax-carbon, the failure starts 

earlier than in flax-carbon-flax, representing outer-inner-outer 

plies, respectively [15]. At the same time, the introduction of 

basalt fibers inside the carbon/flax composite with outer carbon 

plies and analysis of the tensile properties with regard to the 

changed stacking sequence inside the hybrid composite does not 

show any significant change [21]. Consequently, in the case of 

the varied stacking sequence, the outer fiber type plays the most 

important role. 

 

Analysis of the stress-strain curves shows that the weave art of 

the flax plies affects both mean values of the tensile strength and 

modulus as well as the failure mode. Particularly, hybrid 

composites with a plain-weaved flax (150 g/m
2
) result in a 

predominantly tensile failure of UD carbon plies (320 g/m
2
) 

followed by delamination between carbon and flax plies [12]. 

The same behaviour is observed in the case of the varied 

stacking sequences and fractions of UD carbon (448 g/m
2
) and 

UD flax (275 g/m
2
) composites, where this delamination ends 

with the rupture of flax plies [17]. According to the literature, 

this behaviour is caused by lower strain of failure of carbon 

fibers compared to flax and the twist of the yarns in flax fabric 

[17]. On the contrary, the use of twill-weaved flax (220 g/m
2
) 

textiles and UD carbon (320 g/m
2
) results in a brittle failure of 

the hybrid composites without delamination [12]. This brittle 

failure without the intermediate delamination step results in 

lower mean values of tensile properties [12]. The same brittle 

behaviour is observed in the case of 16 plies of UD flax and 2 

plies of UD carbon prepregs [9]. Additionally, the introduction 

of carbon fibers into flax composites with originally different 
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weave patterns and different tensile values can overturn the order 

of the mean tensile values. Particularly, the introduction of the 

same carbon ply into a plain-weaved flax composite, with lower 

tensile properties, and a twill-weaved flax composite, with 

higher tensile properties, results in hybrid carbon/plain flax 

composites with higher tensile properties and a hybrid 

carbon/twill flax composite with lower tensile properties [12]. 

This is also perhaps related to the differences in failure modes. 

 

Overall values of tensile strength and modulus of the reported 

hybrid carbon-/flax-epoxy composites in comparison with 

nonhybrid carbon- or flax-epoxy composites are presented in 

Figures 2 and 3, respectively. The data in Figures 2 and 3 

represent an overall ranking of the reported values independently 

of the types and forms of the used materials and manufacturing 

methods. Furthermore, these data also includes the values of the 

residual tensile testing, e.g., after the impact loading [15]. Only 

few reports on carbon-/flax-epoxy composites analyzed tensile 

properties in comparison with the corresponding nonhybrid 

systems. Consequently, in order to provide an accurate 

evaluation with respect to the properties of the nonhybrid 

composites, some of the data on the nonhybrid carbon- and flax-

epoxy composites are used from other studies, where similar 

materials and manufacturing techniques are used. The overview 

of these nonhybrid composites and the corresponding 

manufacturing techniques are described in Tables 5 and 6. 

 

 
 

Figure 2: Tensile strength of carbon-/flax-epoxy composites and nonhybrid 

carbon- and flax-epoxy composites [9,12,13,17,19,21,23,25,26,40–51]. 
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Figure 3: Tensile modulus of carbon-/flax-epoxy and nonhybrid carbon- or 

flax-epoxy composites [9,12,13,17,19,21,23,25,26,40–51]. 

 

Table 5: Materials used for the manufacture of nonhybrid composites (Figures 

2–5). 

 
 Density (g/m2) Matrix References 

Carbon fiber-epoxy composites 

Plain 200 EP [42] 

Satin (3K) NS EP [52] 

UD fabric 180 EP 1 

EP 2 

EP 3 

[40] 

Plain prepreg 
Eight harness satin 

NS EP 1 
EP 2 

[41] 

Flax fiber-epoxy composites 

Woven (NS) 280 EP [43] 

UD fabric 

Nonwoven 

NS 

NS 

EP 

EP 

[44] 

UD fabric 
UD mat 

NS 
NS 

EP 
EP 

[47] 

Needle-punched nonwoven 310 EP [48] 

Twill 2/2 prepreg 

Twill 2/2 prepreg 

196 

543 

EP [54] 

UD fabric 150 EP [49] 
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UD noncrimp NS EP [46] 

Quasi-UD-prepreg 170 EP [50] 

Fibers - EP [45] 

Woven fabrics (NS) 550 EP [55] 

Fibers - EP [53] 

Twill 2/2 prepreg 

Twill 2/2 prepreg 

200 

420 

EP 1 

EP 2 

[51] 

Note: NS: not stated. 

 

Table 6: Methods used for the manufacture of nonhybrid composites (Figures 

2–5). 

 
 Procedure Reference 

Carbon fiber epoxy composites  

Hand lay-up and 

compression 
moulding 

(1) Impregnation of textiles with epoxy 

resin 

(2) Compression moulding 
120°C/4 h/130 kN 

[52] 

Hand lay-up and 

vacuum bagging in 
autoclave 

(1) Impregnation of textiles with epoxy 

resin 
(2) Autoclave curing at 60°C/12 h 

[40] 

Autoclave (1) Autoclave curing at 

177°C/120 min/0.70 MPa or 121°C/90 min 
depending on the epoxy type 

[41] 

Hand lay-up (1) Impregnation of textiles with resin 

(2) Curing in 2 steps: RT/24 h, 75°C in a 
stove 

[42] 

Flax fiber epoxy composites 

Hand lay-up and 

vacuum bagging 

(1) Impregnation of textiles with resin 

(2) Conditioning at RT for 2 weeks 

[43] 

Autoclave (1) Impregnation of textiles with resin 

(2) Moulding under vacuum at 125°C/3 
bar 

[44] 

Film stacking and 

autoclave 

(1) UD alignment of fibers 

(2) B-staged epoxy sheets are put on the 

top, between, and under the textile layers 
(3) Curing in autoclave at 125°C/3 bar/1 h 

[53] 

Film stacking and 

autoclave 

(1) Pre-impregnation of fibers 

(2) Film stacking using B-staged epoxy 

sheets 
(3) Curing in autoclave at 125°C/3 bar/1 h 

[45] 

Hand lay-up Not stated [46] 

Autoclave (1) Curing in autoclave under varied [54] 
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parameters 

RTM (1) Pressure 1 or 2 bars depending on the 

fiber content. 
Injection at 50°C, curing at 80°C/8 h 

[47] 

Hand lay-up (1) Resin impregnation of mats 

(2) Curing in a mould at 80°C/1 h 

[48] 

Hand lay-up and 

compression 

moulding 

(1) Resin impregnation of fabrics 

(2) Compression moulding at 

120°C/15 min/2.5 bar and at 150°C/2 h/5 
bar 

[49] 

Vacuum bagging 

and autoclave 

(1) Curing at 130°C/4 bar [50] 

Hand lay-up and 

vacuum bagging 

(1) Resin impregnation 

(2) Vacuum bagging 
(3) Curing in 2 steps: RT/24 h, at 65°C/7 h 

[55] 

Vacuum bagging 

and autoclave 

(1) Curing at 120°C/60 min/0.62 MPa [51] 

Note: RT: room temperature; NS: not stated. 

 

 

Both Figures 2 and 3 show that using carbon/hybrid composites, 

it is possible to reach the tensile properties of the carbon 

composites. The highest tensile strength value of the hybrid 

composites in Figure 2, namely, 921.50 MPa, is reached using 8 

plies of UD flax prepreg with the density of 180 g/m
2
 as outer 

layers and 10 plies of UD carbon prepregs with the density of 

300 g/m
2
 inside the hybrid composite [15]. The second highest 

value, namely, 907.15 MPa, is the residual tensile of the same 

hybrid composite after impact loading with 10 J. The lowest 

values refer to the systems with nontextile short flax and 

recycled carbon fibers [23]. 

 

Similarly, as in the case of tensile strength, the ranking of the 

tensile modulus values represented in Figure 3 shows that the 

hybridisation of high-performance carbon fibers with flax fibers 

results in a significant improvement of the tensile modulus in 

comparison with nonhybrid flax or sometimes also carbon-epoxy 

composites. The specimens, which have the highest residual 

tensile strength, also result in the highest tensile modulus, 

namely, 63.25 GPa [15]. As expected, the lowest values are 

realized using short fiber hybrid composites [23,26]. 
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Bending Properties  
 

The bending properties of carbon-/flax-epoxy composites show 

dependency on the fiber content, weave art, and stacking 

sequence. Furthermore, the stacking sequence also affects the 

residual flexural properties after impact loading. 

 

Similarly as in the case of tensile properties, the increase of flax 

fiber content in hybrid composites leads to the decrease of the 

flexural modulus and the ultimate flexural strength [12,13,17]. 

However, due to the hybridisation of carbon with flax, the 

elongation of the break in comparison with nonhybrid carbon-

epoxy composites is improved [13]. 

 

Contrary to the tensile properties, the introduction of a carbon 

ply to a flax composite has a greater beneficial effect for flax 

composites, which already have higher bending values [12, 13]. 

Particularly, introduction of a carbon ply to a flax (plain) 

composite with bending strength of 76.42 MPa results in 

160.42 MPa, whereas introduction of a carbon ply to a flax 

(twill) composite with 61.05 MPa results in 85.00 MPa [12]. 

 

Bending properties are significantly influenced by the stacking 

sequence of the hybrid composites. The reason for this is that 

during the bending, the testing specimen is subjected to different 

loads at the top and bottom and in the middle, namely, 

compression, tension, and shear loading. As expected from the 

sandwich theory, the composites with outer carbon plies and 

inner flax plies result in significantly higher flexural properties 

than vice versa [15,17,22]. This tendency is valid also for hybrid 

composites with short recycled carbon fibers [26]. As an 

example, the use of carbon plies at outer layers results in a 

flexural strength and modulus of 641.11 MPa and 74.76 GPa, 

respectively, whereas the use of the same carbon ply at inner 

layers results in 534.90 MPa and 36.22 GPa, respectively [15]. 

However, the postimpact residual flexural strength of these two 

stacking sequences with 20 J or higher are overturned [15]. As an 

example, after the impact loading, the bending strength of the 

above-mentioned stacking sequence carbon-flax-carbon results 

in 287.54 MPa and the hybrid composite flax-carbon-flax in 
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339.56 MPa. At the same time, the bending modulus of the 

stacking sequence with outer carbon layers is higher, i.e., 

64.21 GPa compared to 33.87 GPa. This shows that the flax 

fibers at outer layers are more beneficial for impact loading, 

where they possibly hinder linear crack propagation [15]. 

Furthermore, the hybrid composites with outer plies from flax 

deliver higher mechanical and impact absorption than the hybrid 

composites with outer carbon plies (the overall number of carbon 

and flax is the same) [15]. Use of two carbon UD prepregs on the 

outer layers of carbon/flax composites leads to a tensile failure of 

the carbon ply followed by progressive delamination and 

buckling of the flax plies [9]. Introduction of carbon plies in the 

middle and outer layers of the hybrid carbon/flax composite 

results in a compression failure of carbon independently of the 

fiber fraction [17]. Scanning electron microscopy shows that 

both hybrid carbon/flax composites with UD and twill flax 

prepregs show mainly matrix cracking and fiber pullout. 

Furthermore, this failure is accompanied with delamination, fiber 

tearing, and breakage [13]. 

 

The ranking of the bending strength and bending modulus of 

carbon/flax composites including the residual flexural properties 

is represented in Figures 4 and 5, respectively. In the case of 

bending strength, the advantageous behaviour of hybrid 

composites in comparison with flax fiber-epoxy composites is 

obvious. In addition, via accurate selection of the reinforcement 

type, for both carbon and flax, it is possible to develop a 

carbon/flax composite with the bending properties in the field of 

carbon-epoxy composites, namely, higher than 500 MPa. 
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Figure 4: Bending strength of various hybrid carbon-/flax- and nonhybrid flax- 

or carbon-epoxy composites [8,9,12,13,15,17,21,22,26,40,43,45,46,51–55]. 

 

 
 

Figure 5: Bending modulus of hybrid carbon-/flax- and nonhybrid carbon- and 

flax-epoxy composites [8,9,12,13, 15, 17,21,22,26,40,43,45,46,51–55]. 

 

In the case of the bending modulus, Figure 5, the benefit of the 

hybridisation of carbon and flax is even more pronounced. The 

hybrid composites result in equal or higher bending modulus in 

comparison with nonhybrid carbon composites and significantly 

higher than the bending modulus of nonhybrid flax composites. 
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Damping Properties  
 

Damping capacity is an important parameter for materials 

employed in structural applications, where these materials are 

subjected to undesired vibrations during operation. Materials 

with low damping capacity transmit readily sound and vibration, 

e.g., steel or aluminium. Hybridisation of different fibers as a 

common method for improving damping characteristics in 

synthetic laminate composites is broadly discussed in the 

literature [56]. 

 

A hybridisation of carbon with flax fibers to improve the 

damping properties of carbon composites is promoted by the 

high damping ratio of flax fibers in comparison with titanium, 

aluminium, steel, or carbon [8]. Furthermore, the damping of 

nonhybrid flax fiber laminates is significantly higher than the 

damping coefficients of nonhybrid carbon fiber laminates [24]. 

Particularly, the damping coefficient of composites reinforced 

with flax fibers is found to be 4 times higher than that of 

composites reinforced with carbon fiber [18]. This beneficial 

damping effect of flax fibers in polymer composites is directly 

related to the multiple structure of the flax fibers [17,57]. 

Specifically, flax fibers consist of yarns of elementary fibers, 

each being composed of cell walls in which rigid cellulose 

microfibrills are embedded in a soft lignin and hemicellulose 

matrix. All of these flax components differ in their chemical 

composition, mass ratios, and morphology. Therefore, through 

friction between and within the cell walls, the structure of flax 

fibers promotes dissipation of energy and leads to an enhanced 

intrinsic damping in comparison with synthetic fibers [57]. 

Among various methods available for the testing of damping, 

free flexural vibration testing is mostly used in the case of the 

reported carbon/flax hybrid composites [8,14,17,18,24]. 

 

The reported results show that the damping properties of carbon-

/flax-epoxy composites depend on the fiber content, stacking 

sequence, and fiber direction. Furthermore, it is possible to 

predict damping properties of hybrid composites using various 

models. 
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The hybridisation of flax and carbon in one composite results in 

a damping capacity higher than that of carbon but lower than that 

of nonhybrid flax composites [14]. However, after a critical flax 

fiber volume fraction of 40%, the damping starts to decrease 

[17]. This damping decrease by the critical volume fraction is 

possibly related to the poor compatibility of flax and epoxy [17]. 

 

Besides the flax fiber content, the stacking sequence has a 

significant influence on the damping properties of carbon/flax 

composites. The hybrid composites with outer layers made of 

carbon fibers have lower damping than the hybrid composites 

with outer layers made of flax, since the energy dissipation is 

directed mainly by external layers of the composites [14,24]. In 

comparison with nonhybrid carbon composites, the damping of a 

hybrid composite with outer layers made of carbon is about 6% 

higher. At the same time, the hybrid composite with outer layers 

made of flax is 196% higher than that of the nonhybrid carbon 

composite [14]. 

 

Analysis of damping properties of the nonhybrid and hybrid UD 

composites as a function of fiber alignment shows that the result 

is also dependent on both fiber material and stacking sequence. 

As an example, in the case of UD nonhybrid flax composites and 

UD hybrid carbon/flax composites with outer flax layers, the 

maximum damping is achieved in the case of the 75° fiber 

alignment. On the other hand, in the case of UD nonhybrid 

carbon fiber composites and UD hybrid carbon/flax composites 

with outer carbon layers, the highest damping is achieved in the 

45° fiber alignment [24]. 

 

Moreover, there is a good correlation between the experimental 

and predicted damping properties. Particularly, using the finite 

element analysis of the carbon/flax composites, it is possible to 

evaluate the energy dissipation within each layer in the hybrid 

composite [14] or as a function of fiber direction [14, 24]. 

Furthermore, an effective correlation between elastic modulus 

and vibration damping of a hybrid composite is described using a 

rule of hybrid mixtures and laminate theory based on the 

properties of the nonhybrid carbon and flax composites [18]. 
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An application-specific study on the use of carbon/flax 

composite material for a bicycle frame shows that the achieved 

damping properties are better than all common frame materials 

[8]. 

 

Impact Properties  
 

Impact properties provide information about the energy absorbed 

by a material during fracture. Incorporation of small amounts of 

fibers with low modulus and high strength is an already 

described way to improve the impact properties of high 

performance composites, e.g., introduction of glass fibers into 

graphite composites [58]. Hybridisation of carbon and flax in 

order to improve the impact behaviour of carbon composites is 

promoted by the high toughness of the flax fibers. At the same 

time, the impact properties of nonhybrid carbon and flax 

composites are strongly dependent on the testing methods, e.g., 

Charpy impact testing or drop-weight testing. 

 

The impact strength defined by the Charpy impact test shows 

that the flax composite has a low impact strength of 38.4 kJ/m
2
, 

whereas the impact strength of carbon is nearly 820% higher 

[17]. According to the authors, these results are induced by the 

mechanical properties of fibers and the fiber-matrix adhesion in 

a composite. Particularly, flax composites show a dual-natured 

failure mode, consisting of fiber breakage accompanied with a 

fiber pullout from the matrix and a local fiber debonding from 

the matrix [17]. Both of these failure modes promote dissipation 

of energy during the impact testing. However, due to the low 

fiber-matrix adhesion and low mechanical properties of natural 

fibers, the overall energy absorption is low. On the other hand, 

carbon composites possess several failure modes, whereas two 

primary failure modes are fiber debonding and fiber breakage 

[17]. Since the fiber-matrix adhesion in carbon composites is 

better than in natural fiber composites, a greater energy 

dissipation takes places during the fiber-debonding event. 

Similarly, due to the higher mechanical properties of carbon 

fibers, more energy is required to break a carbon fiber than a flax 

fiber [17]. However, impact testing using drop-weight shows that 

nonhybrid flax composites possess better energy absorption than 
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the nonhybrid carbon composites and thus results in a high 

damage development in comparison with carbon fiber 

composites [15]. According to this study, this behaviour is 

attributed to the additional damage mechanisms such as 

debonding, fibrillation, and pull-out phenomena in flax 

composites. 

 

Regarding the impact properties of hybrid carbon/flax 

composites, both flax fiber content and the stacking sequence 

significantly affect the results. The comparison of two 

carbon/flax composites shows that the hybrid composites with 

outer layers made of flax have better mechanical and impact 

absorption than those with outer carbon layers [15]. In the case 

of hybrid composites with outer carbon plies, the amount of 10% 

flax inside the composite results in the increase of impact 

strength (Charpy impact) compared with the nonhybrid carbon 

composite, but the further increase of flax content leads to the 

decrease of impact strength [17]. The drop-weight impact testing 

of hybrid carbon/basalt/flax composites with outer carbon plies 

and varied stacking sequence of basalt and flax fibers inside the 

composite shows that the mean value of the impact penetration 

energy is not influenced [21]. However, the alternating stacking 

sequence, namely, carbon-flax-basalt-flax-basalt-flax-carbon in 

comparison with carbon-basalt-flax-basalt-carbon shows higher 

standard deviation of the single specimen values showing that 

the complexity of the composite has been enhanced [21]. 

 

Modelling Approaches  
 

Various modelling approaches have been studied in order to 

predict the properties of the hybrid carbon-/flax-epoxy 

composites: rule of mixtures [17], rule of hybrid mixtures [18, 

25], Halpin-Tsai method [17], and finite element analysis 

[14,24]. These approaches can be described briefly as follows: 

(i) The rule of mixtures is the simplest method, which is usually 

applied for the prediction of the properties of a nonhybrid fiber-

reinforced composite. In this case, the property of the composite 

depends merely on the individual properties of the composite 

components and their volume fractions in the composite. As an 

example, the tensile modulus of a composite depends merely on 
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the tensile moduli of the fibers and matrix and their volume 

fractions in the composite. The rule of hybrid mixtures can be 

described as a derivative of the rule of mixtures. However, this 

approach is applied for hybrid composites consisting of two fiber 

types. In this case, it is assumed that the hybrid composite is a 

system consisting of two single composites, which do not 

interact. Consequently, in this case, the modulus of the hybrid 

composite is estimated as a sum of the moduli of the two 

composites considering their volume fraction in the hybrid 

composite [59]. Generally, this approach is used for short fiber 

hybrid composites [60](ii)The Halpin-Tsai equations represent a 

set of empirical relationships based on the “self-consistent 

micromechanics method” [61]. These equations can be used for 

the estimation of the composite elasticity in terms of the 

individual properties of the matrix and reinforcing fibers 

considering their volume fractions and geometry. As an example, 

the Halpin-Tsai approach demonstrates a significant effect of a 

reinforcement geometry on the stiffness of a UD ply, even if the 

volume fraction and packing geometry are constant. A broad 

description of the Halpin-Tsai equations is presented in the 

literature [61].(iii)The finite element method (FEM) is an 

established application-oriented computer simulation approach 

used for conceptualisation and development of physical 

properties. The basic principle of the finite element analysis is 

that the volume or surface of the analyzed object is divided into 

smaller bodies or units (finite elements). Consequently, a 

physical property of the complete object, e.g., its stiffness, can 

be described as a sum of the finite elements’ matrix each having 

a certain stiffness. Besides the values of the finite element 

properties, the geometry of the object and the loading are taken 

in account. The finite elements’ matrix related to the geometrical 

parameters of the object and applied loads provides a linear 

system of equations with unknowns representing deformations at 

the joining points. The solution of these equations enables 

calculation of the load at each individual finite element [62]. 

 

These models have been used in order to study mechanical 

[17,18,25] and damping properties [14,18, 24] of the reported 

carbon/flax fiber hybrid composites. In general, all of the 

predicted values show good agreement with the experimental 
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results. At the same time, several tendencies can be emphasised. 

Firstly, the increase of the plain-weaved flax fiber content 

increases the difference between the experimental and predicted 

modulus values, e.g., from 2 to 12% in the case of the Halpin-

Tsai method and the rule of mixtures’ model [17]. According to 

the authors, this is explained by the deviations of the alignment 

of the flax fibers, which occurs during fiber processing, so the 

fibers are wound together rather than straight and inline. 

Secondly, it has been shown that the Halpin-Tsai method 

delivers more accurate prediction of elastic modulus than the 

rule of mixtures at flax fiber volumes lower than 15% [17]. The 

accuracy of the methods is determined by comparing the 

coefficients of variance. According to the study, this behaviour is 

explained by the additional parameters taken into account by the 

Halpin-Tsai method. At the same time, the higher content of flax 

fibers leads to lower prediction accuracy. Thirdly, the stiffness of 

the hybrid composites exhibiting linear behaviour, which is 

predicted using the rule of hybrid mixture, is within 10% of 

experimental values [25]. 

 

A close agreement of the experimentally obtained and predicted 

(FEM) damping properties and energy dissipation values is 

reported within the hybrid composite layers [24]. The calculation 

of the loss coefficient is based on the trade-off between the 

elastic modulus and damping of the carbon/flax composite. The 

damping is described as the elastic energy stored and multiplied 

by the amount of the energy dissipated over one radian of a 

vibration cycle and expressed over to the total stored energy 

[18]. However, in this case, the experimentally determined 

values of elastic modulus and loss coefficient and those 

predicted using the rule of hybrid mixtures are strongly 

depending on the stacking sequence and amount of flax fibers. 

Lower amount of the flax fibers leads to the minimal difference 

between the predicted and experimentally determined values, 

namely, 1% for the elastic modulus and 3% for loss coefficient 

[18]. 
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Summary and Outlook  
 

The aim of this review is to provide a systematic summary about 

the recent progress in the development of carbon/flax 

composites. This article includes information about the 

application fields, materials, and manufacturing techniques as 

well as tensile, bending, damping, and impact properties of 

carbon/flax composites. 

 

This review shows that the following parameters mainly 

determine the mechanical and damping properties of the 

resulting hybrid carbon/flax fiber composites: amount of the 

fibers and stacking sequence in the case of textiles and the type 

of the special distribution in the case of the short fibers. 

Furthermore, type of the textile (twill, plain, or UD) also has an 

effect on the mechanical properties and failure mechanisms in 

the hybrid composites. The results show that using an accurate 

adjustment of the stacking sequence and fiber fraction in the 

hybrid composites, it is possible to realize high tensile and high 

bending properties, which are competitive with those of the 

nonhybrid carbon composites. Additionally, the type of used 

textiles and the areal weight play an important role. Finally, it is 

possible to predict mechanical and damping properties of the 

hybrid carbon/flax composites using various models, like the 

rule of mixtures, Halpin-Tsai, or FEM. 

However, certain fiber fractions and stacking sequences can 

show a positive effect on one property and a negative effect on 

another. As an example, the introduction of flax properties in a 

nonhybrid carbon composite leads to the improvement of 

damping and impact properties but shows lower tensile and 

bending strength. A further example is that positioning flax 

fibers at the outer layers in hybrid composites is advantageous 

for impact properties, whereas outer layers made of carbon fibers 

offer higher stiffness. 

 

To sum up, the carbon/flax composites offer a great application-

oriented potential for lightweight industries. These hybrid 

composites have very good mechanical performance and 

damping properties. Using the above-mentioned parameters, it is 

possible to adjust the mechanical and damping properties with 
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regard to a certain application. Nevertheless, there are still 

several challenges associated with the systematic representation 

of the diverse types and forms of the used composite constituents 

as well as some questions related to the morphology of natural 

fibers. In order to overcome these challenges, the research on 

analytical methods regarding consistent characterization of 

natural fibers should be carried out. Furthermore, development 

of natural fiber reinforcements with stable and reproducible 

properties, including specially developed surface treatment, 

adjusted weaving art, yarn fineness, and twisting grade, would 

improve the compatibility of fibers in the hybrid composites and 

thus further improve their properties. 
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