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Abstract 
Fibre-hybrid composites are composed of two or more fibre types in a matrix. Such 
composites offer more design freedom than non-hybrid composites. The aim is often to 
alleviate the drawbacks of one of the fibre types while keeping the benefits of the other. 
Hybridisation can also lead to synergetic effects or to properties that neither of the 
constituents possess. Even though fibre-hybrid composites are attractive, they also pose 
more challenges in terms of materials selection than conventional, single fibre type 
composites. This review analyses the mechanisms for synergetic effects, provides 
guidance on the fibre and matrix selection and describes recent opportunities and trends. 
It finishes by describing the current applications, and by contrasting how the industrial 
use is different from the academic research. 
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1 Introduction 
Fibre-reinforced polymer composites are a family of materials consisting of a polymer 
matrix reinforced by fibres with diameters ranging from a few micrometres to several tens 
of micrometres. Although this depends on their orientation relative to the principal 
loading direction, the reinforcing fibres typically provide stiffness and strength to the 
composite. The matrix also has a vital role, as it binds the fibres together and makes them 
act as one entity. Fibre-reinforced polymer composites are attractive due to their high 
stiffness and strength in combination with their low density. They, however, also offer 
many other benefits that can be equally important in specific applications, such as their 
corrosion resistance or excellent fatigue life. In general, the combination of fibres with a 
matrix offers designers, scientists and engineers a plethora of design options.  
 
The design freedom of composites is not only reflected in the choice of fibres and 
matrices, but also in aspects such as the fibre orientations, stacking sequence, and preform 
types. Three well-known examples of this design freedom are listed below: 

 Unidirectional composites are significantly stiffer and stronger in the fibre 
direction than similar composites with fibres in multiple directions. 

 Placing 0° plies on the outside of a 0°/90° laminate increases the longitudinal 
flexural stiffness without changing the tensile stiffness. 
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 Choosing between unidirectional plies, textiles or random mats influences the 
impact behaviour1,2. 

 
Given that design freedom is a key benefit of composites over other material families3, 
designers, scientists and engineers are constantly aiming to further extend their design 
space. The logical next step is to use two fibre types instead of just one, the result of 
which is often called a fibre-hybrid composite. It is suggested to avoid the word hybrid 
composite, as this broader term applies to all materials consisting of three or more 
constituents. It also applies to (1) nano-engineered composites, which are composed of 
fibres, matrix and nanoparticles, (2) nanocomposites, which are composed of a matrix 
and two different nanoparticles, and (3) fibre-metal laminates, which are composed of 
fibres, matrix and thin metallic sheets. To distinguish such composites from the ones of 
interest here, this review proposes to consistently use the terminology ‘fibre-hybrid’ 
composite, as it emphasises the hybridisation of the fibres. 
 
Fibre-hybrids can be constructed in three different configurations. Figure 1 illustrates the 
three options: intrayarn, intralayer and interlayer)4-6. These three configurations are 
sometimes also referred to as fibre-by-fibre, intermingled or commingled, yarn-by-yarn 
and layer-by-layer or interlaminated, respectively5-8. We suggest to avoid such 
terminology for the following reasons: 

 Fibre-by-fibre implies that fibres are very well dispersed, which is not necessarily 
needed for an intrayarn hybrid. 

 Intermingled and commingled refers to the manufacturing process instead of the 
microstructure. As section ‘4.2.3 Commingling’ will show, those processes often 
lead to microstructures that are closer to intralayer than to intrayarn7,9. 

Interlaminated explicitly refers to the process of laminating, which is not necessarily 
needed to achieve an interlayer configuration. 
 

 
Figure 1: Three different fibre-hybrid configurations, illustrated for unidirectional composites: (a) 

intrayarn, (b) intralayer, and (c) interlayer. 
 
There are, however, two caveats to this simple categorisation. Firstly, even though Figure 
1 only shows unidirectional fibre-hybrids, they can also be multidirectional. One 
commercially available example is a woven fabric with carbon fibre yarns in the weft 
direction and glass fibre yarns in the warp direction. Such a fabric would be an intralayer 
fibre-hybrid. Secondly, these fibre-hybrid configurations can be combined together, for 
example by co-weaving an intrayarn fibre-hybrid yarn with a non-hybrid yarn. 
 
The categorisation proposed here is particularly common and useful, as it distinguishes 
one of the key features of fibre-hybrid composites: the degree of dispersion4,5,10,11. This 
degree is a measure for how well the fibre types are mixed. The degree of dispersion is 
crucial for the magnitude of synergetic effects (see section ‘2 Mechanisms’), for the way 
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damage progresses11,12, and for challenges in the manufacturability13. Despite its 
importance, the literature never rigorously defined the ‘dispersion’ terminology. We 
therefore propose the following definition: dispersion is the ratio of the low-elongation 
fibre radius LER  over the average centre-to-centre distance id  from a low-elongation fibre 

LE  to the six nearest high-elongation fibres iHE  . This ratio then needs to be averaged 

over all the LE  fibres, as indicated by the  symbol. Mathematically, this can be written 

as: 

      (1) 
By measuring the centre-to-centre distance from one low-elongation fibre to multiple 
high-elongation fibres, this definition measures how closely the low-elongation fibre can 
interact with the other fibres. By focusing on the distance from low-elongation to high-
elongation fibres instead of vice versa, it reflects the idea that the majority of synergies 
stem from changes in the failure development of low-elongation fibres. It is also vital to 
measure more than just the nearest neighbour distance, as otherwise Figure 2a and b 
would have the same dispersion. This would be insufficient, as it has been proven that the 
dispersion in Figure 2a leads to larger synergies than the one in Figure 2b14,15. The choice 
for six neighbours is arbitrary to some extent, as the definition should apply equally to 
random and regular packings.  

 
Figure 2: Schematic illustration of different fibre dispersions and the newly proposed definition for 
this term: (a) perfect isolation, (b) single fibre low-elongation layer, and (c) a thicker low-elongation 

layer. 
 
The larger design freedom of fibre-hybrid composites also carries the drawback of a more 
complex selection and design process. This review therefore starts by analysing the 
mechanisms controlling the mechanical properties of fibre-hybrid composites. The next 
section describes fibre and matrix selection. Selecting the best possible constituent 
materials is a particularly complex challenge to tackle. This review therefore aims to 
provide guidance and the necessary information so that the reader is aware of all relevant 
considerations in selecting the most suitable combination of fibres and matrix. Then, 
recent trends in the field of fibre-hybrid composites will be described, alongside several 
opportunities that have not been fully exploited yet. Finally, the review will provide an 
overview of where fibre-hybrid composites are currently being used. 

2 Mechanisms 
When two fibres are combined, the mechanical properties of the fibre-hybrid composite 
often end up lying in between the properties of the constituent composites. Synergetic 
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effects are found when the properties of the fibre-hybrid composite are higher or lower 
than expected. In some cases, this implies that a certain property remains constant 
irrespective of how many hybridisation fibres are added. This is for example the case for 
the failure strain of the low-elongation fibre4,5. In most cases however, the expectation is 
based on a rule-of-mixtures containing the relative volume fraction of the two fibre types. 
Such rules-of-mixtures are commonly used for impact resistance12,16. A vital consequence 
of this approach is that the magnitude of the synergetic effect depends on the 
sophistication of the expectation. Synergetic effects have been reported for a wide variety 
of properties, ranging from tensile strength17,18, flexural strength19, impact resistance12, 
fatigue27,56,59 to open hole tensile strength8. 

The next sections will describe the fundamental mechanisms governing synergies in 
fibre-hybridisation for a range of mechanical properties. Generally speaking, these 
synergies are governed by interactions between the fibres and they therefore show the 
following trend: they grow stronger when the fibres are more finely dispersed4,5. 
Similarly, the synergies tend to strengthen when the volume fraction of the low-
elongation fibres is lowered4,5. This is partially the consequence of dispersion as well: a 
lower fibre volume fraction of low-elongation fibres tends to improve dispersion 
according to equation (1).  

2.1 Initial failure strain in tension 
Based on first order approximations, the failure strain of the low-elongation component 
in a fibre-hybrid composite should remain the same in longitudinal tension irrespective 
of how many high-elongation fibres are added. Many authors, however, reported that this 
initial failure strain actually increases in a fibre-hybrid composites compared to the one 
in a composite with only low-elongation fibres17,18,20. This has been attributed to three 
mechanisms: thermal residual stresses, changes in fracture propagation, and dynamic 
effects.  

Thermal residual stresses can build up due to differences in the coefficients of 
longitudinal thermal expansion of the two fibre types. This can create compressive 
stresses into the low-elongation component, which counteract the applied stresses during 
a tensile test. For carbon/glass fibre-hybrid composites, however, these stresses have been 
shown to be relatively small compared to the experimentally measured synergies4,17. Note 
that this effect can also cause negative synergies if the coefficient of thermal expansion 
of the low-elongation fibre is larger than that of the high-elongation fibre. 

Changes in fracture propagation are generally considered to be the main reason for the 
synergetic effects on initial failure strain. Tensile failure of a unidirectional composite in 
longitudinal tension is controlled by the development of fibre breaks21,22. When a fibre 
break develops, that fibre locally sheds its load to the nearby fibres. This causes stress 
concentrations in the nearby fibres23, increasing their failure probability and causing a 
tendency for clusters of fibre breaks to develop. These clusters further increase the stress 
concentrations and hence the probability for more fibre breaks in their vicinity24. At some 
point, a critical cluster emerges that grows unstably and causes failure of the entire 
composite. The presence of high-elongation fibres hampers the development of these 
clusters and therefore delays the fracture propagation scheme10,25. 
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The third mechanism is closely related to fracture propagation. When a fibre breaks, it 
releases its strain energy and springs back. This causes dynamic stress concentrations to 
propagate through the composite23. In case of fibre-hybrids, the difference in longitudinal 
stiffness will cause the stress waves to propagate at different speeds in both fibre types. 
Xing et al.26 showed that the stress waves in both fibre types in a fibre-hybrid composite 
are smaller than in their respective non-hybrid reference composites. It remains difficult 
to assess how large the contribution of dynamic phenomena to the synergetic effects is, 
as they have not been incorporated into strength models yet21. 

2.2 Ultimate tensile strength 
The ultimate tensile strength of fibre-hybrid composites is generally expected to follow a 
bilinear rule-of-mixtures4,27,28. This is schematically illustrated in Figure 3. The relative 
volume fractions of the fibre types will determine whether the failure of the high or the 
low-elongation plies/bundles (see Figure 3b and d) corresponds to the ultimate failure 
strength of the fibre-hybrid composite. Deviations from this bilinear rule-of-mixtures can 
occur for several reasons: 

 The reasons mentioned in section ‘2.1 Initial failure strain in tension’ can delay 
the failure of the low-elongation component. This would lead to positive synergies 
for high volume fractions in Figure 3. 

 The strength of the high-elongation plies/bundles can be lowered due to damage 
introduced when the low-elongation plies/bundles fail. This would lead to 
negative synergies for low volume fractions in Figure 3. 

 
Figure 3: The tensile strength of fibre-hybrid composites: (a) the bilinear rule-of-mixtures, and 

example stress-strain diagrams (b) for low volume fractions of low elongation fibre composite, (c) at 
the minimum of tensile strength, and (d) for high volume fractions of low elongation fibre 

composite. 
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2.3 Interlaminar fracture toughness 
Interlaminar fracture toughness is the resistance against crack propagation in between 
plies, as illustrated in Figure 4. Several reviews have surveyed the literature on this topic 
for non-hybrid composites29,30. For intrayarn and intralayer configurations, the same 
testing methods can be employed. In interlayer fibre-hybrid composites, however, 
asymmetry needs to be carefully considered31,32. Standard testing methods for the 
translaminar fracture toughness require the crack to grow in the middle of a symmetric 
laminate. This requirement implies that the delamination runs between two plies of the 
same fibre type. Asymmetric laminates are therefore inevitable, but such laminates carry 
the risk of warping after manufacturing. The warpage can be minimised by using thin 
plies33 or a large sample thickness. 

 

Figure 4: The difference between an interlaminar and a translaminar crack. 
 
Jalalvand et al.34 did attempt to measure the mode II interlaminar fracture toughness 
between a carbon and glass fibre ply. However, their testing method was only able to 
measure a lower limit and not the actual value. Hwang and Shen31 found that a 
carbon/glass ply interface had a higher mode I interlaminar fracture toughness than a 
carbon/carbon ply interface. It is, however impossible to assess whether this was a 
synergetic effect, as the fracture toughness of the glass/glass ply interface was not 
measured. The studies of Thanomsilp and Hogg35 and Hwang and Huang36 suffered from 
a similar drawback: only one of the two reference composites was tested instead of both. 

Almansour et al.37 recently reported changes in the mode I interlaminar fracture toughness 
by hybridising flax fibres with basalt fibres: the initiation value decreased and the 
propagation value increased. The authors attributed the observed changes to a weaker 
fibre/matrix interface due to the basalt fibre plies reducing the moisture absorption, but 
did not prove this hypothesis. Interestingly, the interlaminar crack in their flax/basalt 
fibre-hybrid was not growing in between a flax and basalt ply, but in between flax plies. 
Even though the authors themselves did not comment on this, several of the observed 
differences were not statistically significant. Similar concerns can be raised for their mode 
II results in another paper38. 

The interlaminar fracture toughness of fibre-hybrid composites has received little 
attention. Synergetic effects have not convincingly been reported yet, making it difficult 
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to pinpoint the mechanisms governing those effects. More work is needed to clarify these 
mechanisms. 

2.4 Translaminar fracture toughness 
Translaminar fracture toughness is the resistance to crack propagation perpendicular to 
the fibres/plies (see Figure 4)39. In contrast to interlaminar fracture toughness, this 
fracture mode requires breaking the fibres/plies. Translaminar fracture can occur either 
in tension or in compression, but the focus here is on the tensile mode. In composites 
reinforced by brittle fibres, this toughness has two major energy contributions: the 
fibre/matrix debonding energy and the pull-out energy40,41. Only a few studies have 
reported results on the translaminar fracture toughness of fibre-hybrid composites.  

Donadon et al.42 tested carbon/glass woven fibre-hybrids, and found that the architecture 
of the intralayer woven fibre-hybrid fabric caused a more tortuous crack path. This added 
a mode II component to a test that is supposed to be mode I-dominated, and could 
potentially contribute to improved toughness values. Donadon et al.42, however, did not 
test the reference carbon or glass fibre composite. Without such a reference, it is 
impossible to assess whether the mode II component actually improved the toughness or 
whether they found any synergies.  

Ortega et al.43 tried different combinations of woven glass, woven carbon and 
unidirectional carbon plies. They found minimal changes to the translaminar fracture 
toughness, apart from when multiple unidirectional plies were blocked together. This 
blocking of unidirectional plies, which effectively increases ply thickness, is known to 
increase the translaminar fracture toughness44. Ortega et al.43 claimed that this is caused 
by increased matrix cracking and larger delaminations, whereas Teixeira et al.44 and 
Pimenta and Pinho41 attributed it to the possibility of creating longer pull-out lengths. 
Swolfs et al.12 found that the layup in their woven carbon/glass fibre-hybrids influenced 
the pull-out lengths, and therefore also the translaminar fracture toughness. The reported 
synergies were either +15% or -15%, depending on the layup. The positive effect was 
found for layups were the carbon plies were blocked together, which allowed longer pull-
out lengths to be created. 

Given the limited data on translaminar fracture toughness of fibre-hybrid composites, 
there is much more to be examined. From research up to now, it is clear that increasing 
pull-out lengths contributes to increasing the translaminar fracture toughness. Fibre-
hybridisation can have both negative and positive effects on these pull-out lengths, 
making an intelligent microstructural design vital.  

2.5 Impact resistance 
The impact resistance of fibre-hybrid composites has been extensively investigated. 
Understanding the mechanisms contributing to synergies, however, is particularly 
difficult for this mechanical property for several reasons: 

 There are different definitions used in the literature for the term ‘impact 
resistance’, such as the energy required for penetration, residual properties after 
impact and the size of the damaged area due to impact45. Positive effects for one 
type often do not extend to another type of impact performance4. 

 The impact velocity is a key parameter that can change the failure mechanisms as 
well as the performance4,45. 
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 Impact resistance tends to be sensitive to the geometry of the impactor and 
clamping device45,46. Compression-after-impact tests are well standardised and 
comparing values from different sources is reliable. For penetration impact 
resistance, however, different standards are being used, and they allow different 
impactor and clamping geometries46. This makes it difficult to compare results 
from different sources. 

 Most studies on the impact resistance of fibre-hybrid composites have limited 
themselves to relatively general statements and observations, with limited 
fractographic observations or supporting characterisation tests. 

 
A first key observation is that synergies for the mechanical properties explained in earlier 
subsections can all affect impact performance. An increase of the initial failure strain or 
ultimate tensile strength of the composite can increase the penetration impact resistance 
by delaying fibre/ply fracture. An improvement of the interlaminar fracture toughness can 
limit the damaged area, and therefore improve residual properties after impact but limit 
absorbed energy upon penetration impact45,47. An increased translaminar fracture 
toughness can be linked to increases in the penetration impact resistance12.  
 
Many impact studies on fibre-hybrid composites in the past focused on the influence of 
layup. It has for example been found that placing the low-elongation fibres towards the 
middle increased the penetration impact resistance12,48-50. The literature has not reached a 
consensus yet on how this trend can be explained. Several potential explanations have 
been suggested:  

 Placing low-elongation plies on the inside allows larger deflections prior to 
fracture onset49, as the outer plies are subjected to larger strains. 

 Sevkat et al.50 reported that delaminations were more extensive when the low-
elongation plies are placed on the inside. They remarked that fibre-hybrids 
delaminate more extensively due to incompatibility between the layers, but did 
not explain how delaminations were influenced by the layup of the fibre-hybrid 
composite. 

 The translaminar fracture toughness is affected by the layup, and contributes to 
the energy absorption during penetration impact12. However, it remains unclear 
how placing low-elongation plies on the inside would affect the translaminar 
fracture toughness. 

The direct link between these effects and improved penetration impact resistance, 
however, remains unclear. Other effects are even less clear in the literature. The damaged 
area for example was found to increase by placing the low-elongation plies towards the 
middle by some authors50,51. Gonzalez et al.52, however, contradicted this trend and found 
a decrease in damaged area. It therefore seems that the basic mechanisms of impact 
resistance of fibre-hybrid composites are insufficiently understood.  

2.6 Fatigue 
Fatigue is the property degradation or damage development in a material when it is 
subjected to repeated loading. In composites, repeated loading often creates internal 
damage, such as matrix cracking, fibre-matrix debonding, delamination and fibre 
breaks53. This internal damage development progresses and may lead to a stiffness 
reduction, which is important for practical applications54. This reduction has been studied 
extensively in non-hybrid composites, but received little attention for fibre-hybrid 
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composites. This is likely due to the fact that many fatigue studies on fibre-hybrids were 
performed on unidirectional composites27,55-59. Since the initial stiffness reduction is 
primarily caused by off-axis ply cracks60,61, studies on unidirectional composites would 
not reveal significant stiffness reductions. 

Compared to stiffness reduction, the fatigue life has received more attention in the 
literature on fibre-hybrid composites. Many authors measured an increased fatigue life 
when carbon fibres were added to a glass fibre composites27,55-59. Several studies 
compared the fatigue life of fibre-hybrid composites to that of their non-hybrid reference 
composites, and found synergetic effects27,56,59. Dickson et al.56 and Shan and Liao27 both 
gave the following justification for the observed positive synergies. The imposed 
displacement-controlled conditions imply that the glass and carbon fibres are subjected 
to the same strain level. Due to their higher static failure strain, the glass fibre plies or 
bundles are at a strain level that is further away from their fatigue limit than for the carbon 
fibre plies or bundles. In most cases, the fatigue performance of the carbon/glass fibre-
hybrids was therefore dominated by the carbon fibre composite. Since carbon fibre 
composites tend to perform better in tension-tension fatigue27,59, adding carbon fibres to 
a glass fibre composite improves the fatigue life. Note that a similar effect is also present 
in multidirectional non-hybrid composites: stiffer 0° plies will reduces the stresses in the 
90° plies and therefore delay the onset of cracking in those 90° plies. 

Shan and Liao27 also found that increased dispersion enlarged the synergies in tension-
tension fatigue of unidirectional carbon/glass fibre-hybrid composites. They attributed 
this to improved crack arrest when the carbon fibres are dispersed better. This confirms 
the importance of fibre dispersion even for more complex loading scenarios than tension. 

These studies have one important caveat: they all focused on tension-tension fatigue. The 
results for tension-compression fatigue are significantly less promising. Bach62 observed 
a reduced tension-compression fatigue life when carbon fibres were added to a glass fibre 
composite. Dai and Mishnaevsky63 confirmed this finding numerically. Both sources 
attributed this to the poorer compressive strength of carbon fibre composites relative to 
that of glass fibre composites. 

2.7 Summary 
Synergies in fibre-hybrid composites have been achieved for many different mechanical 
properties. For a basic mechanical property, such as tension in the fibre direction, the 
mechanisms are reasonably well understood. For more complex properties, such as 
interlaminar fracture toughness or impact resistance, the level of understanding is 
significantly more limited. This is partially attributed to the fact that many authors do not 
test both reference composites, making it impossible to assess whether any synergetic 
effects occurred. 

3 Materials selection 
This section focuses on fibre-hybrid composites in a polymer matrix, which is by far the 
most common combination. There is some limited information on fibre-hybrid 
composites in ceramic and metal matrix composites, but not enough to provide useful 
guidelines on materials selection for those types of composites. Nevertheless, this section 
will also draw upon knowledge from metal and ceramic matrix composites. 
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A previous review4 went in great detail on the fundamental mechanisms controlling 
synergetic effects for mechanical properties, so this will not be repeated here. In general, 
the majority of the mechanical synergies can be explained as interactions between the 
failure mechanisms (see section ‘2 Mechanisms’). It is therefore essential to understand 
how different fibres and matrices fail, and how those mechanisms can interact. In some 
cases, this allows fibre-hybrid composites to demonstrate behaviour that neither of the 
constituent composites have. An excellent example is pseudo-ductile behaviour which 
can be obtained by combining carbon and glass fibre composites, both of which are brittle 
on their own. Even though this does not increase the ultimate failure strain compared to 
the glass fibre reference composite, it does lead to a more desirable, gradual failure. This 
example and others will be described in section ‘5.1 Pseudo-ductile and ductile fibre-
hybrids’. 
 
For functional and physical properties, the properties of both fibre types can differ by 
several orders of magnitudes, see Table 2. Aspects, such as thermal and electrical 
conductivity, damping behaviour or electromagnetic properties, have received 
significantly less attention . The improvements that can be achieved in this type of 
properties is larger than for mechanical properties, but unfortunately have also been 
explored much less in the literature. 
 
To help the reader in his/her materials selection, this section is split up into two sections: 
one on fibre selection and one on matrix selection. Since the topic is fibre-hybridisation, 
the focus lies on the selection of the fibres. The importance of the matrix should, however, 
not be underestimated as it plays a vital role in determining the failure mechanisms, and 
hence the interactions between the fibres. Through the combined choice of fibre and 
matrix, one can also control the fibre/matrix interface properties. These properties govern 
the extent to which the intrinsic fibre properties are exploited in the composite. For a more 
detailed review on interface properties, the reader is referred to a recent review article by 
Karger-Kocsis et al.64 

3.1 Fibre selection 
The fibre selection process does not only involve selecting the most suitable fibres, but 
also the most suitable fibre combination for the given requirements. The fibre selection 
is hence often a challenging task that strongly depends on the specific application at hand. 
This section provides an overview of the properties that are relevant for fibre-
hybridisation. It is important that not only the benefits but also the drawbacks are 
identified, so fibre-hybridisation can be used to mitigate some of those drawbacks. 
 
For each fibre type, the micro- or nano-structure will be described, as this governs the 
mechanical and physical properties, as well as the failure behaviour of the composite. 
Getting a clear understanding of this structure is therefore the key in understanding the 
fibre behaviour and hence in selecting the right fibre types. At the end, Table 2 presents 
an overview of the mechanical, physical and functional properties of common 
reinforcement fibres. This table can be used as a starting point for selecting fibre types. 

3.1.1 Carbon fibres 
Most commercial carbon fibres are either polyacrylonitrile (PAN) or pitch-based. The 
production processes for both fibres starts from a different base material, which lead to a 
different microstructure and hence different mechanical, thermal and electrical properties. 
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PAN-based carbon fibres contain graphite planes that are oriented preferentially in the 
fibre direction, but are strongly folded, see Figure 5. Pitch-based carbon fibres on the 
other hand contain much less folding of the graphite planes65,66. Pitch-based carbon fibres 
are typically rather uniform over their diameter, whereas PAN-based carbon fibres tend 
to have a skin-core gradient (see Figure 5)66-68. The skin tends to have a higher modulus 
than the core, with differences reported of about 20%69. The core constitutes between 25 
and 45% of the fibre diameter, depending on the temperature history68,69.  

 
Figure 5: Example of a typical microstructure of a PAN-based carbon fibre (adapted from 

Bennett14). This microstructure has been confirmed by other authors65,66, and similar schematic 
figures can be found in Qin et al.65. 

 
Pitch-based carbon fibres typically have very high moduli, ranging from 400-940 GPa, 
with accompanying low failure strains, ranging from 0.3-0.8%. The potential property 
range is, however, much broader than for PAN-based carbon fibres. The pitch-based XN-
05 fibre for example has a stiffness of only 41 GPa and a failure strain of 2.82%70. This 
range is more limited for PAN-based carbon fibres, with a typical longitudinal stiffness 
of 200-400 GPa, and some fibres going up to 700 GPa71. 
 
A vital consequence of the aligned graphite planes is that carbon fibres are transversely 
isotropic. While the longitudinal stiffness of standard carbon fibres ranges between 200 
and 400 GPa, their transverse stiffness ranges between 5 and 30 GPa, depending on the 
fibre type, source and measurement method71,72. This has several implications: 

 The stress concentrations around carbon fibres in transverse loading are 
significantly lower than for isotropic fibres like glass or steel fibres73. 

 The transverse stiffness of a unidirectional carbon fibre ply is lower than for for a 
similar ply with isotropic fibres74. For typical values71,75 and using Chamis’ 
formulae74, the transverse stiffness of a carbon fibre ply is about two times lower 
than that of a glass fibre ply. 

 The lower transverse stiffness, however, also has a beneficial effect: it results in 
smaller longitudinal laminate stiffness reductions when the off-axis plies start 
cracking76. 
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Although these implications may be obvious to many researchers in the field of 
composites, to the best of our knowledge, they have not yet been exploited in fibre-
hybridisation. 
 
Table 2 reveals that carbon fibres are expensive compared to most other fibres. They 
hence tend to be used in areas that are more performance-driven than cost-driven77,78. 
Many approaches are actively pursued to reduce the price, such as alternative precursors, 
heavier yarns and process optimisation79. Fibre-hybridisation does not change the price 
of carbon fibre itself, but can reduce the amount of carbon fibre needed in a composite 
and contribute to reducing the overall cost of the composite. 

3.1.2 Glass and basalt fibres 
Glass and basalt fibres are amorphous and unoriented fibres75,80. Both fibre types are 
relatively similar in terms of mechanical and physical properties, and mainly differ in 
atomistic composition80. E-glass fibres have been the default glass fibre type for many 
decades75. The second most well-known type is S-glass, which offers higher stiffness and 
strength and better corrosion resistance than E-glass75,81. Its atomic composition, 
however, leads to poor drawability and hence increased cost75.  
 
Glass fibre manufacturers are constantly improving their fibre compositions, and current 
E- and S-glass compositions and properties are not the same as they were thirty years 
ago75,81. As a consequence, many new glass fibre types have entered the market, most 
notably: 

 EC-R-glass: This fibre type is similar to E-glass, but with lower fractions of boron, 
which helps to reduce costs and undesirable emissions during production. 
Advantex from Owens-Corning is the most well-known commercial example of 
this glass fibre type81. 

 AR-glass: This fibre type has a better resistance against alkali environments, 
making it particularly suited for reinforcing concrete82. 

 R-, C- and T-glass: These three fibre types are specifically designed for increased 
chemical resistance75. 

 
Basalt fibres are often considered to be a separate class of fibres, as they are made from 
a different natural source80. Basalt fibres are made from crushed basalt, typically without 
any additional components. Basalt fibres are more difficult to spin than most glass fibres, 
and hence more expensive80. The strength and modulus of basalt fibres are however 
higher than E-glass (see Table 2), and they also offer excellent chemical and heat 
resistance80. A drawback is that their density is slightly higher: 2800 kg/m³ compared to 
2400-2700 kg/m³ for most glass fibre types83. 
 
A drawback of glass and basalt fibre composites relative to carbon fibre composites is 
that they are more sensitive to moisture81. Glass fibre strength is known to depend on 
moisture exposure75, whereas this is not the case for carbon fibres84. A second 
consequence of moisture is that it deteriorates the fibre/matrix interface85. Both effects 
affect glass fibre composites more than carbon fibre composites85,86. Several authors87,88 
reported 15-25% reductions in flexural strength for glass/polyester and glass/vinylester 
composites after being immersed in sea water. When the glass fibre composites were 
loaded during immersion, the strength loss increased to up to 36%87. These drawbacks 
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can be successfully overcome, as there is a wide range of glass fibre-based boat hulls that 
are constantly immersed in water. Successful strategies include matrix selection89 and the 
use of coatings90. Moisture absorption in glass fibre composites can, however, also have 
benefits. Zenasni and Saadi91 for example found an increase in interlaminar fracture 
toughness for glass fibre composites exposed to moisture, whereas the opposite was found 
for carbon fibre composites. 
 
A common feature for all types of glass and basalt fibres is that they are isotropic: their 
tensile moduli are the same in all directions. This has two important implications: 

 In transverse loading, their composites have higher stress concentrations around 
the broken fibre than for carbon fibres73, which are transversely isotropic. 

 The relative contribution of the off-axis plies to the modulus of a multidirectional 
composite is larger, but this also means that damage in the off-axis plies can lead 
to earlier onset of non-linear behaviour during tensile loading. 

These two implications reinforce each other: the higher stress concentrations lead to 
earlier and more pronounced damage development, which further enhances the non-
linearity. 
 
A final consideration in terms of fibre-hybridisation is the thermal behaviour. The 
coefficient of thermal expansion for glass fibres ranges between 1.6 and 7.3 10-6/K75, 
depending on the glass fibre type. This is significantly higher than for carbon fibres, for 
which the range is -1 to +0.5 10-6/K71. During the cooling down from the curing or 
moulding temperature, the glass fibres want to shrink significantly more than the carbon 
fibres. The presence of the matrix, which is now solid, forces both fibre types to shrink 
to the same extent. This creates thermal residual stresses in carbon/glass fibre-hybrids: 
compressive stresses in the carbon fibres and tensile stresses in the glass fibres. These 
stresses contribute to delaying the initial failure strain of the carbon fibre plies or bundles, 
although the fracture propagation effects are more significant (see section ‘2.1 Initial 
failure strain in tension’ for more details). 

3.1.3 Polymer fibres 
Polymer fibres contain molecular chains that are preferentially oriented in the fibre 
direction. This orientation is typically achieved by drawing, and imparts improved 
stiffness and strength compared to isotropic polymers. Polymer fibres typically have 
densities similar to the isotropic polymer, which implies that they are lighter than 
traditional reinforcement fibres such as carbon and glass (see Table 2). In some cases, 
such as highly drawn polyproyplene, they can even be lighter than the isotropic polymer92. 
 
There are essentially two categories of polymer fibres: standard and high-performance 
polymer fibres. The first category is very diverse, as nearly every thermoplastic polymer 
can be drawn into fibres. Depending on the molecular backbone, the maximum draw ratio 
strongly varies, which has direct implications on the molecular orientation and hence the 
mechanical performance. Common fibres in this category include polypropylene (PP), 
polyamide (PA) and poly(ethylene terephthalate) (PET). Typical stiffnessess for these 
fibres range from 5 to 15 GPa93-95. 
 
High-performance polymer fibres have a stiffness and strength above 50 GPa and 2000 
MPa respectively. An overview is presented in Table 1. The two most well-known 
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examples are aramid or polypara p-phenyl terephtalamine (PPTA) fibres and ultrahigh 
molecular weight polyethylene (UHMWPE). Aramid, polybenzobisoxazole (PBO), and 
polyarylate (PAR) are all liquid-crystal polymers, which implies that they can exhibit 
molecular orientation in the liquid state. This also implies that it is easier to achieve high 
molecular orientation when they are subsequently drawn into fibres. 
 
Table 1: Overview of high-performance polymer fibres with their technical name, tradename and 
manufacturer. Endumax is an exception in this table, as it is not available in fibre form but only in 

tape form.  
Technical name Tradename Manufacturer 

Aramid or polypara p-phenyl 
terephtalamine (PPTA) 

Kevlar Dupont 
Twaron Teijin 

Ultrahigh molecular weight 
polyethylene (UHMWPE) 

Dyneema DSM 
Spectra Honeywell 

Endumax Teijin 
Polybenzobisoxazole (PBO) Zylon Toyobo Corporation 

Polyarylate (PAR) Vectran Kuraray 
 
The high molecular orientation implies many primary bonds in the fibre direction, which 
leads to high longitudinal stiffness and strength. The consequence is that the transverse 
direction contains mainly secondary, intermolecular bonds, which are weak. This has 
several implications, such as poor transverse and compressive properties96-100. The 
compressive modulus of some polymer fibres can be up to three times lower than the 
tensile modulus97. 
 
Polymer fibres fail differently than carbon and glass fibres. Figure 6a illustrates that 
polymer fibres fibrillate in tension, whereas Figure 6b illustrates that they yield and 
microkink in compression99,101. The fibrillation is due to the poor bonding in between the 
fibrils of the fibres, and can potentially absorb large amounts of energy. The yielding and 
micro-kinking in compression leads to more gradual failure in compression and flexure, 
which can be beneficial for some applications99.  
 

 
Figure 6: Illustrations of how polymer fibres fail: (a) through fibrillation in tension and (b) through 

kinking in compression (reprinted from Hunsaker et al.101 and Leal et al.99, with permission from 
Elsevier and SAGE publications, respectively). 

 
High-performance polymer fibres often suffer from the following problems: 
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 Low axial compressive modulus and strength96,97,99,100 
 Poor transverse and shear properties96,102,103 
 Poor fibre/matrix adhesion100,104,105 
 Poor ultraviolet light resistance for PBO, PPTA and PAR fibres96,102 
 Significant moisture absorption for aramid fibres96,106 

The first two points are particularly important, as they have limited the use of high-
performance polymer fibres in structural applications. Instead, they have mainly been 
used in rope and impact applications96,102. Fibre-hybridisation, however, offers 
opportunities to partially resolve those problems. 

3.1.4 Metal fibres 
Metal fibres have a higher density than most other fibre types. They, however, possess a 
feature that is impossible in other fibre types: the strength and failure strain can be 
significantly altered without changing the stiffness. A cold-drawn steel fibre for example 
has a high dislocation density and a fine microstructure, leading to a high strength, but 
limited failure strain. During annealing, the dislocation density reduces and the 
microstructure coarsens, which can increase the failure strain to 30% without changing 
the stiffness107. This is, however, accompanied by a drop in yield stress and tensile 
strength108. 
 
The number of different metal fibres that have been used in composite applications is 
rather limited. There is a wide body of research on steel wire-reinforced rubbers109, which 
is relevant to car and truck tires. Similarly, there is a large body of research on steel-wire 
reinforced concrete and steel-wire reinforced polymers110. In these cases, the correct 
terminology is wires instead of fibres, as they have diameters of 100 µm or more. When 
fibres/wires with large diameters break, they require a long length to recover stresses in 
them, which limits composite performance. Such fibre diameters also create other issues: 
the handleability in textile processes is reduced and achieving layer thicknessess 
comparable to traditional fibre ply thicknesses is challenging. 
 
Research on metal fibres with diameters well below 100 µm is more scarce. Zou et al.111 
and Sabine-Netto et al.112 used short steel fibres with diameters of 40-50 µm, whereas 
they were 25 µm in Fu et al.113. Fu et al. and Sabino-Netto et al. investigated friction and 
wear properties, and only Zou et al. reported mechanical properties. Continuous stainless 
steel fibres with a 30 µm diameter were used by Callens et al.108,114,115, Allaer et al.116 and 
McBride et al.117. These stainless steel fibres have been annealed and achieved a failure 
strain of 13-20% for the fibres and the composites. The ductility of the matrix is vital to 
achieve these values, as Callens et al.115 reported that a brittle epoxy matrix resulted in a 
composite failure strain of 8%, compared to 14% for a ductile polyamide-6 matrix. The 
8% failure of the epoxy-based composite is remarkable, as the epoxy used in this study 
had a failure strain of a mere 4%. Hannemann et al.107 also used annealed stainless steel 
fibres, reaching failure strains of 32% for the fibres. In their epoxy composites however, 
they only achieved failure strains of 14%. 
 
The high toughness and ductility is an additional benefit of metal fibres compared to 
conventional fibres. This can lead to penetration impact resistance of up to 68 J per mm 
of panel thickness114, compared to 9-30 J/mm for carbon and glass fibre-reinforced 
composites tested on the same setup12. Metal fibres also offer significant scope due to 
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their physical properties being different from other fibre types. The high electrical 
conductivity of some metal fibres, such as copper or aluminium, is commonly exploited 
in airplanes for lightning strike protection118 (see section ‘4.1 New fibre types’). 
 
A peculiar effect of metal fibres is that they do not always have a circular cross-section. 
The bundle drawing process, which is used for many of the fine metal fibres, leads to 
polygonal cross-sections115, allowing them to reach very high local fibre volume 
fractions. However, this also increases the stress concentrations for transverse loading 
scenarios73,119, but its effect on longitudinal strength and failure development remains 
unknown.  

3.1.5 Natural fibres 
A wide range of natural fibres has been available for centuries or even millennia. Most of 
them were however used for making textiles instead of composites. In the last two 
decades, the number of natural fibres specifically for composite applications has strongly 
increased120,121.  
 
The most important group of natural fibres are plant-based, and have cellullose as their 
main load carrying component. In its crystalline form, cellullose has a theoretical axial 
stiffness of 130-165 GPa122. The elementary fibres in plant-based natural fibres are 
essentially composites made of cellullose as reinforcing elements and pectin, lignin and 
hemicellullose as matrix. On the next hierarchical level, a pectine-rich layer binds the 
elementary fibres together to form the technical fibres. It is these technical fibres that are 
extracted from the plants and used as reinforcing fibres in composites. Natural fibres offer 
a very wide range of properties, which are governed by the relative fractions of the 
constituent materials as well as the orientation of the crystalline cellullose. 
 
Coir and flax fibres are good illustrations of the potential range of mechanical properties. 
The ranges of stiffness, strength and failure strain for flax fibre is 50-90 GPa, 350-1000 
MPa and 1,5-4%, respectively122-128. In contrast, the range for coir fibre is 1-6 GPa, 50-
350 MPa and 26-60%, respectively126,129,130. These ranges seem relatively large, but this 
does not reflect a large scatter in the properties of natural fibres. The ranges were set up 
based on data from different sources, meaning that the fibres came from different species 
and were processed differently. For the same species processed in the same manner, the 
scatter is much smaller. Property variations based on varying climate each year are also 
limited131,132. 
 
Just like polymer and metal fibres, natural fibres often display non-linear tensile 
behaviour122-124. The exact reason for this non-linearity is not clear for all natural fibre 
types. Different authors have attributed this to different reasons: microscale damage122,124, 
viscoplasticity of the amorphous constituents133, shear deformation of the elementary 
fibres133, and reorientation of fibrils124,133. 
 
Natural fibres are transversely isotropic: their transverse stiffness and strength are 
significantly lower than their longitudinal stiffness and strength123,134. This sometimes 
leads to transverse failure of the composite through the fibres134. This is significantly 
different from conventional composites, where transverse failure normally occurs by a 
combination of matrix cracking and fibre/matrix interface failure. 
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Two reviews are available that go into greater detail on the available works in the area of 
natural fibre-hybrids: Jawaid and Abdul Khalil135 and Nunna et al.136. Two common 
themes in many of these works is the reduction in moisture absorption and limiting the 
variability in properties. All natural fibres are prone to moisture absorption, which causes 
swelling issues as well as changes in mechanical properties121,137-139. The modulus 
typically decreases with increased moisture absorption, but the strength and failure strain 
can increase124,139.  

3.1.6 Summary 
Fibre-hybridisation offers a unique opportunity to alleviate some of the drawbacks of one 
fibre type by adding a second fibre type. The range of fibre types is extensive, and the 
above discussion provided better insight into the fundamental differences between the 
fibres. The fibre stiffness and failure strain is an important factor in the fibre selection 
process. Figure 7 therefore presents an overview of the balance between stiffness and 
failure strain, showing that most fibres are either stiff but brittle or ductile but compliant. 
 

 
Figure 7: The failure strain as a function of stiffness of a wide range of reinforcing fibres for 

composites (modified from Callens140). 
 
An overview of the mechanical, physical and functional properties is provided in Table 
2. This table has to be interpreted with care, as most fibre types can have a diverse range 
of properties, depending on the specific type that is chosen. Several properties are also 
known to depend on the testing conditions, making it difficult to compare literature 
sources. The fibre strength is one such example:  

 For glass fibres, pristine fibres are known to be stronger than fibres coming from 
a bobbin75,141. 

 The fibre strength depends on the gauge length, which is particularly important 
for natural fibres due to their hierarchical structure124. 

 
Table 2 was set up to help in the fibre selection for fibre-hybridisation by providing 
information on a broad range of fibres. The table also contains properties, such linearity 
of the tensile behaviour and fibrillation, which are not commonly found in similar tables 
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in text books. Such properties are often important for fibre selection in fibre-hybrids. 
Fibres that have significantly different mechanical or physical properties provide the 
largest scope for synergetic effects and achieving unique property combinations. The cost 
will often serve as a first criterion to select or eliminate certain fibre types. It also provides 
a first idea on whether any cost benefit can be expected through fibre-hybridisation.  
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Table 2: Overview of the mechanical, physical and functional properties of typical reinforcement fibres. 

 

 

PAN-based 
carbon fibre 

70,79,142 
 

Pitch-based 
carbon fibre

70,79,142 

E-glass 
fibre 

75,141,143-145 

Basalt fibre
80,83,146 

Aramid 
102,142,147-150

UHMWPE  
102,142,148,151,15

2 

PBO 
98,142,148,153

PAR 
142,147,148 

Annealed 
stainless steel

115 

Flax 
122-128 

Coir 
126,129,130 

Density (kg/m³) 1730-1980 1570-2200 2540 2630-2800 1390-1470 970 1540-1560 1400-1410 7800 1400-1500 1000-1300
Fibre diameter 

(µm) 
5-7 5-12 10-20 6-23 10-14 12-30 11 15-25 14-50 10-50 150-250 

Tensile modulus 
(GPa) 

200-700 40-940 72-79 89-110 55-150 75-135 180-270 75-105 193 50-90 1-6 

Tensile strength 
(MPa) 

2700-7100 1000-4000 1600-3500 2800-4840 2700-3400 2100-4000 5500-5800 3000-3200 400-700 350-1000 50-350 

Tensile failure 
strain (%) 

0.7-2.2 0.4-3 3.0-5.0 3.1-6.0 2.0-4.4 2.9-4.1 2.5-3.5 2.8-3.8 10-20 1.5-4.0 26-60 

Linear tensile 
behaviour 

Almost Almost Yes Yes Almost Almost to no Almost Almost No Almost No 

Transversely 
isotropic stiffness

Yes Yes 
No, 

isotropic 
No, isotropic Yes Yes Yes Yes No, isotropic Yes Yes 

Strain rate 
sensitivity 

Low Low Medium Medium Medium Medium Medium - Medium Medium High 

Fibrillation No No No No Yes Yes Yes Yes No No No 
Compressive 

modulus (GPa) 
200-700 40-940 72-79 89-110 30-60 40-50 40-80 40-50 193 - - 

Compressive 
strength (MPa) 

1000-9900 2000-3000 2000-3000 3800 400-900 60-200 200-400 400-600 - - - 

Thermal 
conductivity 

(W/mK) 
5-150 26-1000 1.2-1.5 0.031-0.038 0.04-2.5 20-40 18-23 1.5 16.2 - - 

Coefficient of 
thermal expansion 

(10-6/°K) 
-1-0.5 -0.5-0.0 5.4-5.7 8 -4.9 -12 -6 -4.8 16 -1-0 - 

Electrical 
conductivity 

High High No No No Very low Very low Very low Moderate Very low Very low 

Cost $$$-$$$$ $$-$$$$ $ $$ $$-$$$ $$-$$$ $$$$ $$$$ $$$ $$ $ 
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3.2 Matrix selection 
Even though the focus of fibre-hybrids is on the selection of the fibres, the matrix also 
influences the performance of fibre-hybrid composites. The selection of the matrix is 
therefore an often underestimated problem in fibre-hybrid composites. There is a large 
body of knowledge on choosing the optimal matrix for a given fibre type. In fibre-hybrid 
composites, however, the matrix is typically the same for both fibre types.  

The choice between a thermoplastic and thermoset composite is an important one. This 
not only has strong implications on the manufacturing route, but also on the matrix and 
hence composite properties. Thermoplastic composites not only offer shorter cycle times, 
but also improved toughness and recyclability compared to thermoset composites154. The 
drawbacks of thermoplastic composites lie in impregnation difficulties due to higher 
viscosities, and their poorer fibre/matrix interface due to the lack of chemical bonds154. 

3.2.1 Mechanical properties 
Some fibres work better with one matrix system than with another. For ductile steel fibres 
for example, it has been shown that a ductile matrix leads to a composite failure strain of 
12.7% compared to 7.3% for the same fibres in a brittle matrix115. These results imply 
that a matrix that is optimal for one fibre type, may be suboptimal for the other one. 

The mechanical properties are often an important factor in matrix selection155,156. The 
matrix stiffness contributes to the overall composite stiffness, but this contribution is 
small in the fibre direction for most fibre types74. Conventional polymer matrix systems 
have a stiffness ranging between 1 and 4 GPa, which is significantly lower than most fibre 
stiffnesses in Table 2. While the contribution of the matrix stiffness to the transverse 
stiffness of a unidirectional composite is more significant74, the primary effect of the 
matrix lies in the way damage develops and propagates. In off-axis loading for example, 
the ratio of transverse fibre stiffness over matrix stiffness ratio determines the magnitude 
of the stress concentrations around the fibres73. This stress concentration together with 
the matrix strength and fibre/matrix interface strength will determine the onset of damage 
and composite strength157. Most of these off-axis loading studies have been performed on 
non-hybrids, with studies on fibre-hybrids being rare158. 

For on-axis loading, the matrix properties also play a significant role in the damage 
development and composite strength. A stiffer matrix with higher shear strength leads to 
more localised stress concentrations around fibre breaks, which will increase the 
longitudinal tensile strength21. While many models have analysed the longitudinal tensile 
strength of fibre-hybrid composites (see section ‘4.3 Simulation tools’), their focus was 
on the influence of fibre rather than matrix properties. Studies on the influence of matrix 
properties on on-axis fibre-hybrid performance are rare. 

3.2.2 Compatibility 
The compatibility issues depend on whether prepregs are used or the resin is impregnating 
all plies at once. When combining two different prepregs, the compatibility of the resins 
should be considered. For thermoset prepregs, this compatibility has three vital 
requirements: 
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 The curing cycle should be similar for both resins, so the prepregs can be cured 
together in one process. If they are too dissimilar, the curing process risks being 
too severe for one prepreg or insufficient for the other. 

 The curing cycle of the resin should not degrade the performance of the 
reinforcing fibres. 

 The resins should be chemically compatible. Since the resins are not cured yet, 
they can blend with each other and significantly alter their properties159. 

 
The first and second point can often be evaluated from the material data sheets. Special 
care should be taken when natural or polymer fibres are being used. In an oxidative 
environment, most natural fibres start degrading at about 200°C135. Unless oxidising 
circumstances can be avoided, this strongly limits the choice of thermoplastic matrices120. 
The maximum temperature that natural fibres can withstand, however, also depends on 
the dwell time and moisture content120,135. It should be noted that the maximum 
processing temperature of polymer fibres may be well below their melting temperature. 
Molecular relaxation and/or shrinkage can onset at a lower temperature and strongly 
deteriorate the mechanical properties. In some cases, this can be overcome by high 
pressures or constraining the polymer fibres, as this stabilises the molecules and increases 
their melting temperature160. The above considerations can impose limits on the 
temperature window for processing of fibre-hybrid composites containing natural or 
polymer fibres. 
 
The third point is much more difficult to evaluate. Czél et al.161 for example combined 
Skyflex USN 020 A carbon fibre/epoxy prepregs with HexPly 913 glass fibre/epoxy 
prepregs. Both prepregs require a 125°C cure, implying that their curing cycles were 
compatible. The authors, however, also mentioned that both resins were found to be 
compatible, but they did not evaluate that compatibility in terms of chemistry or 
mechanical properties. To the best of our knowledge, no other works in the field of fibre-
hybrid composites reported on resin compatibility issues.  
 
Although rarely used in composites, it is possible to combine two resins with different 
polymer chemistry. This could happen at the interface between two different prepreg plies 
in fibre-hybrids, but can also be done on purpose in non-hybrids. Turcsan and Meszaros159 
for example mixed different thermoset resins, such as unsaturated polyester/epoxy or 
vinylester/epoxy. These hybrid resins can offer improved damping due to their 
interpenetrating polymer network162. Such resins have to be used with great care, as their 
complex morphologies depend on the mixing and thermal history, and this in turn changes 
their mechanical and physical properties159,162,163. These changes can be positive or 
negative. 

3.2.3 Functional properties 
The matrix bonds the fibres together and makes them deform as whole. The matrix can 
also impart functional properties to the composite, such as electrical conductivity or fire 
retardancy. In case of fibre-hybrid composites, however, many of these functional 
properties can be added via fibre selection as well. A careful analysis should be performed 
to decide which strategy is most suitable to achieve the desired functional properties. 
 
The scientific literature contains little information on imparting functional properties 
through matrix selection in fibre-hybrid composites. In industry, fibre-hybridisation often 
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has the direct aim to add a functionality (see section ‘5.2 Functional properties’). There 
is, however, a wide body of research on imparting functional properties in non-hybrid 
composites through matrix selection or adding particles to the matrix. The electrical 
conductivity for example can be strongly improved by adding carbon nanotubes to the 
epoxy matrix164. Such composites can then be used as damage sensors165. Similar damage 
sensing functionalities can be imparted through selection of the fibre types: Wisnom et 
al.166 exploited the visual appearance of damage in carbon/glass fibre-hybrid composites 
to create an overload sensor. Such sensors can be tailored to trigger at a desired strain 
level by choosing the right fibre types. 
 
Fire resistance is another example that can be resolved through matrix selection as well 
as fibre selection167,168. The fire resistance of polymer matrix composites can be improved 
through the addition of fillers or choosing a different matrix altogether167. Phenolic resins 
are often used to improve fire resistance, as they create a char that prevents spreading of 
the fire. Similar improvements in fire properties can be achieved by replacing 
conventional reinforcement fibres by aramid fibres, as they have no melting point and 
create a similar char as phenolic resins168. 

3.2.4 Summary 
Matrix selection in non-hybrid composites is a very active topic, with many researchers 
aiming to modify matrices to obtain better or new composite properties. Matrix selection 
in fibre-hybrid composites however, has received relatively little attention. Special care 
should be taken so that the resin is compatible with both fibre types, in terms of both 
processing and interfacial bonding. The compatibility issues for fibre-hybrid composites 
mainly follow the same guidelines as for non-hybrid composites. When the matrix 
selection is performed based on the desired functional properties, it should be considered 
whether the same properties can be achieved more efficiently through intelligent selection 
of the fibres. 

4 Recent developments in materials, preforms and simulation tools 
Compared to the early research on fibre-hybridisation in the seventies and eighties, 
several key technologies have significantly improved. This opens up new avenues for 
improved fibre-hybrid composites. This section therefore reviews the latest developments 
in fibre types, preforming technologies and simulation tools for fibre-hybrid composites. 

4.1 New fibre types 
Carbon169-171 and glass fibres155 were already available before fibre-hybridisation took off 
in the seventies and eighties5. Nevertheless, there have been significant improvements in 
the mechanical properties. Standard carbon fibres like Toray’s T300 and Hexcel’s AS4 
have been in production for over 30 years172-175. Newer fibre types like Toray’s T1000G 
offer better combinations of stiffness (294 GPa), strength (6370 MPa) and failure strain 
(2.2%)176. 
 
In the past decades, many new high-performance polymer fibres have been developed, 
such as PAR and PBO (see section ‘3.1.3 Polymer fibres’). These fibres have excellent 
mechanical properties in tension, and can even compete with carbon fibres in the case of 
PBO fibres (see Table 2). Many of these fibres are primarily used in rope and ballistic 
applications, where their poor compressive properties are less of an issue102,149. A limited 
number of fibre-hybridisation studies have been reported. There have only been a few 
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studies that hybridised PAR and PBO fibres with other fibres. Yusuff et al.177 studied the 
low velocity impact behaviour of carbon/PBO/epoxy fibre-hybrids and found strong 
improvements compared all-carbon fibre composites. Sohn et al.178 and Walker et al.179 
proved that 6 mm long PBO fibres are effective interlaminar reinforcements, as the 
reduced damaged area after impact and increases energy absorption. UHMWPE and 
aramid fibres have been around longer than most other high-performance polymer fibres, 
and there is hence a richer body of research available. Peijs et al.180-184 for example 
performed an extensive study of carbon fibre/UHMWPE composites, and a range of 
authors studies carbon/aramid fibre-hybrid composites14,177,185-188. Many of these studies 
focused on impact performance, and found significant improvements relative to all-
carbon fibre reference composites177,182,183,185,186,188. 
 
High-performance polymer fibres can also impart functional properties to the fibre-hybrid 
composites. Many of these fibres offer excellent thermal, fire retardancy and chemical 
properties (see Table 2). They can also improve vibration damping. In aramid/epoxy 
composites for example, it has been proven that the loss factor is 10 times higher than for 
carbon/epoxy and 6 times better than glass/epoxy156. This loss factor indicates how much 
intrinsic damping the material offers. Functional properties of fibre-hybrid composites 
are, however, rarely examined in the literature, so it is difficult to evaluate how they are 
carried over into fibre-hybrid properties. 
 
Metal wires have been around for many decades, but fibres with diameters below 100 µm 
have only become available more recently189,190. The key development in metal fibres was 
the technological progress in bundle drawing, allowing the production of fibres with 
diameters below 100 µm. While a few studies on metal fibres were reported in the 
eighties189,190, much more studies have appeared in the past decade107,108,111,112,114,115,191. 
Much of the metal fibre composite work so far has focused on trying to understand the 
failure behavior of non-hybrid composites140,191,192 (see section ‘3.1.4 Metal fibres’). 
There have been some limited studies on fibre-hybridisation, but this is still in its early 
stages107,117,193. These studies reported significant improvements in penetration impact 
resistance107,193 and notch sensitivity107,117.  
 
Natural fibres have made significant progress in the last two decades120. The main 
progress has been in the improvement of the extraction processes, a better control and 
understanding of the fibre-matrix interface, and the development of new textiles and 
preforms that are optimised for composite applications120,123. The natural fibre technology 
has reached a point where many researchers are trying fibre-hybridisation. This can either 
be combinations of natural fibres with each other194-196 or with glass fibres197-200. 
Mitigating the moisture problems is a common driver for fibre-hybridisation of natural 
fibres. By adding a thin glass or basalt fibre layer on the outside, the moisture absorption 
can be delayed and its associated problems can be reduced201-203. This is true in spite of 
glass and basalt fibres being sensitive to moisture (see section ‘3.1.2 Glass and basalt 
fibres’). Their performance, however, is affected less than natural fibres201-203. 
 
Carbon nanotube fibres are perhaps the most recent addition to the list of promising new 
fibre types, with the first report appearing in 2000204 and many more since then205-207. The 
quantity of material available, however, is currently limited, and, to the best of the 
authors’ knowledge, hybridisation of these fibres with conventional fibres has not been 
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performed yet. Once they are available in larger quantities, they would be an interesting 
candidate for fibre-hybridisation studies. 

4.2 Preforming technologies 
With the increased performance and reliability of design tools for fibre-hybrid 
composites, there is now also an increased drive to improve preforming 
technologies6,7,208. Four preforming technologies will be described here: thin plies, co-
weaving, commingling, and aligning discontinuous fibres. 

4.2.1 Thin ply technology 
Thin ply technology is a key preforming technology that was nearly non-existent a decade 
ago. There is no strict definition, but, generally speaking, plies with a thickness below 
100 µm are considered to be thin plies. The first reports on spreading technology were 
coming from the Fukui Prefecture in Japan in 1997209,210, but it was only about 10 years 
ago that the technology really took off. Currently, there are many companies producing 
thin plies, such as Oxeon (Sweden), North Thin Ply Technology (Switzerland), Chomarat 
(France), TPCM (Germany), Mitsuya (Japan) and SK Chemicals (South-Korea). The 
thinnest plies have layer thicknesses down to 20 µm, which is equivalent to about 3 carbon 
fibre diameters. 
 
Non-hybrid composites based on thin plies have many advantages over those with 
standard thickness plies. These are summarised in Table 3. 
 

Table 3: Benefits and drawbacks of thin ply composites over thick ply composites 

Benefits Drawbacks 

Greater versatility in optimising the 
stacking sequence211,212 

Lower translaminar fracture toughness44 

Higher unnotched tensile strength213,214 Higher material cost 

Delay of the onset of micro-damage, and 
longer linear elastic regime213-215 

More time-consuming layup 

Better fatigue resistance and better post-
fatigue resistance211,213 

Lower mode I fracture toughness216 

Suppression or delay of 
delamination211,212,217 

 

Higher compressive strength211,218  
 
All of the benefits and drawbacks in Table 3 apply to thin plies in non-hybrid composites. 
Some of these advantages, however, can be exploited to achieve unique properties in 
fibre-hybrid composites. By suppressing unstable delamination through the use of thin 
plies, it becomes possible to avoid a significant load drop when the brittle component 
fractures219. Such drop is normally linked to the creation and sudden growth of 
delaminations. Avoiding this drop leads to pseudo-ductility, with a gradual transfer of the 
load from the brittle to the more ductile component161,220-222. Pseudo-ductility will be 
described in greater detail in section ‘5.1 Pseudo-ductile and ductile fibre-hybrids’.  
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Thin plies are also an effective strategy to achieve good dispersion (see section ‘1 
Introduction’). This dispersion allows strong interactions between fibres, and can lead to 
synergetic effects for the initial failure strain in tension (see section ‘2.1 Initial failure 
strain in tension’). Synergies of 10-40% have been described in the literature for 
carbon/glass fibre-hybrid composites4, although some of those measurements were likely 
affected by gripping artefacts223. More reliable measurement methods recently found 
synergetic effects of up to 20% for a 29 µm thick carbon fibre ply sandwiched in between 
155 µm thick glass fibre plies17. 

4.2.2 Co-weaving 
Co-weaving technology is, in principle, the same as regular weaving. Instead of using 
weft and warp yarns that are all of the same fibre type, some yarns are replaced by yarns 
of another fibre type. The versatility in the weft direction is greater than in the warp 
direction224. In the warp direction, the desired yarns need to be set up on the loom, which 
is a time-consuming task. In the weft direction, only one or a few of the weft shuttles or 
insertion systems need to be changed, and there is no technical need for the yarn carried 
by the shuttle to be of the same type as the warp yarns. Replacing only a part of the weft 
yarns is also possible, but is technologically slightly more difficult. Fibre-hybrid weaves 
therefore tend to have the two distinct weft yarns, but only one warp yarn. 
 
Hybrid weaves can be commercially sourced from many manufacturers225,226 or can be 
custom-made227-230. In some cases, these are quasi-UD fabrics, where a weft yarn with a 
low linear density holds together the main reinforcing fibres in the warp direction193. The 
mechanical contribution of the weft yarns is hence limited. Balanced fibre-hybrid fabrics 
are, however, also available on the market. Fibre-hybrid woven fabrics using spread tows 
are commercially available as well231. Such fabrics combine co-weaving and thin ply 
technology in a single product. 
 
3D weaves are another category of co-woven fabrics. The additional z-yarns hinder the 
development of delaminations and yield an improved damage tolerance86,232. Fibre-hybrid 
composites are relatively common in 3D weaves225,229,230,233, most likely due to the 
different requirements for the different yarns. The z-yarns, which are the ones that go 
through the thickness, have different property requirements than the other yarns232. One 
of their key functions is to hinder or prevent delaminations224,232. Selecting a tough fibre 
for the z-yarns is therefore more beneficial than a brittle fibre in preventing delaminations. 

4.2.3 Commingling 
Commingling is a composite preforming technology that intimately blends yarns of fibres 
together. The technology has been around since the eighties234, and is used on a regular 
basis to combine carbon or glass fibres with polymer fibres7,235,236. In most cases however, 
the polymer fibre is sacrificial: its goal is only to melt to form the matrix7,9,234-236. 
Commingling hence serves to minimise impregnation length by creating the polymer 
matrix in between the reinforcement fibres9. 
 
Commingling of two structural fibres is challenging. The traditional commingling 
technology is based on air-texturing, which mixes yarns by blowing air through them 
using air jets. This process typically leads to a dispersion that is not on the fibre level, but 
more on the yarn level. Figure 8 shows a typical example.  
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Figure 8: Microstructure of commingled glass (white) and PP (black) fibres, revealing a low degree 

of dispersion (reprinted from Selver et al.7). 
 
Several other technologies are available: co-wrapping, core-spinning and stretch 
breaking9. Co-wrapping wraps the polymer fibres around the reinforcement fibre, which 
is of less interest to fibre-hybrid composites. Core-spinning is similar to co-wrapping, but 
uses short thermoplastic fibres instead of continuous ones. This process is often referred 
to as ‘Dref spinning’237. Stretch-breaking involves breaking the reinforcement fibres. 
When these fibres break, they spring back, leading to intimate mixing with the polymer 
fibres.  
 
A potential disadvantage of commingling is that it can introduce damage to the fibres9,238. 
This reduces the strength of the fibres, which offsets potential positive synergies. One 
solution to reduce the inflicted damage could be the approach proposed by Mäder et al.239, 
which is to spin the polymer fibres while commingling. This led to a glass fibre yarn 
tensile strength of 1100 MPa, which was significantly higher than the air-textured yarns 
with a 700-800 MPa strength. As commingling equipment is mainly available in industry 
and only rarely in academia, there is little quantitative information available on the 
introduced damage. 

4.2.4 Aligning discontinuous fibres 
In the past 5 years, there has been a two-sided push for better alignment processes for 
discontinuous fibres. Firstly, finely dispersing two fibre types is a very challenging task 
for continuous fibres. Achieving a fine dispersion is relatively straightforward for 
discontinuous fibres, as (1) they are much less entangled than continuous fibres and (2) 
their processes often anyway involve a mixing step. To achieve high performance from 
discontinuous fibre-reinforced composites, however, the fibres need to be well-aligned. 
 
Secondly, the high growth rates of composites in the past decades has led to a strong 
increase in composite parts that are nearing their end-of-life240. This implies a strong push 
for improved recycling strategies. Now that recycling can yield short carbon fibres with 
nearly no degradation in stiffness and strength241, the focus has turned to maximising the 
performance of recycled composites. Aligning recycled, discontinuous fibres has 
therefore become a crucial issue to be tackled240. Several approaches have been developed 
at different universities and companies. The HiPerDiF process by the University of 
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Bristol employs parallel plates with a small gap opening to align the fibres that are 
suspended in water and pumped through the small opening6,208,242. They achieved 65% of 
the fibres to be within +3° of the main axis. This good alignment allowed them to achieve 
fibre volume fractions up to 55%.  
 
The University of Nottingham also employs a water suspension, but sprays it onto a 
rotating drum240,243. Although they did not quantify their alignment, it seems lower than 
that of the HiPerDiF process based on the mechanical properties: Turner et al. reported a 
tensile modulus and strength of 36.5GPa and 350 MPa243, respectively, compared to 115 
GPa and 1509 MPa242, respectively, for the HiPerDiF process. Gifu University has 
developed a dry alignment process, which resulted in 70% of the fibres to be within 
+14°244. They achieved a tensile modulus of 12.2 GPa and a tensile strength of 78 MPa. 
While this was significantly higher than for the randomly oriented composites they tested, 
it is significantly lower than the HiPerDiF and University of Nottingham processes. This 
is largely due the poor alignment combined with the resulting low fibre volume fraction 
of 13.3%, but their lower strength is also partially because they used polypropylene 
instead of epoxy as matrix. Materials Innovation Technologies LLC has developed the 3-
DEP process245, claiming it provides control of fibre placement and orientation. They, 
however, did not measure fibre orientation, so it is difficult to assess how well aligned 
the fibres are. The I2M process is another alignment process, but details on how it works 
are not publicly available246,247. 
 
Some work has already been performed on hybridising short, aligned fibres using the 
HiPerDiF process6,208. This yielded excellent dispersion, as illustrated in Figure 9. The 
process is inherently versatile, as it is easy to disperse different fibre types in water, 
provided that they have suitable surface characteristics. The resulting pseudo-ductile 
behaviour is discussed in more detail in section ‘5.1 Pseudo-ductile and ductile fibre-
hybrids’. It should be noted though that, even with such good dispersion, not every fibre-
hybrid was found to be pseudo-ductile. In the work of Yu et al.6, the pseudo-ductile 
behaviour of carbon/glass fibre-hybrids disappeared when the relative volume fraction of 
carbon fibre increased from 40% to 50%. 

 

Figure 9: Excellent dispersion in aligned discontinuous fibre-hybrids. The larger, white circles are 
XN90 carbon fibres, whereas the smaller, grey circles are E-glass fibres. (reprinted from Yu et al.6). 
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4.3 Simulation tools 
It is well recognised that the microstructure governs the mechanical and functional 
properties of fibre-hybrid composites. Design tools can help to more efficiently determine 
the optimal structure10,63,221,222,248. There has been significant progress in this area in 
recent years. 
 
Most models that were not specifically developed for fibre-hybrid composites fail to 
predict synergetic effects between fibre types. The most interesting tools for this review 
are hence the ones that were developed specifically for fibre-hybrid composites. 
Essentially, the models can be split up into two categories. Category 1 are fibre break 
models that model individual fibre breaks and how they develop into clusters of fibre 
breaks, eventually leading to final failure21. Category 2 are ply level models, which make 
abstraction of the damage development inside a ply, and instead focus on predicting what 
happens when one or several plies have failed. 
 
The initial developments of fibre break models date back to the twenties and forties of 
last century with the work of Peirce249 and Daniels250, respectively. These models 
assumed that a fibre, when it breaks, losses its load carrying capacity over its entire length. 
This is a simplification that can be overcome by applying shear lag theory to capture the 
stress recovery in the broken fibre. Rosen251 and Zweben252 were the first to incorporate 
these shear lag theories into a strength model.  
 
The first models for fibre-hybrid composites were reported in the seventies and eighties 
by Zweben253 and Fukuda et al.254,255, and were based on Zweben’s non-hybrid model252. 
These models used 1D packings, which is essentially a single row of parallel fibres. This 
is a rather severe simplification, as the stress concentrations around fibre breaks in such 
packings are much higher than in 2D packings256. From the nineties onwards, models for 
non-hybrids therefore started using more realistic 2D packings combined with more 
accurate representation of the physical mechanism257-259. 
 
Fibre break models for continuous fibre-hybrid composites only caught up recently with 
developments by Mishnaevsky and Dai63,248 and Swolfs et al.10,17,25,260. The model of 
Mishnaevsky and Dai248 uses direct finite element simulations, which limits the number 
of fibres that can be modelled to 10-20. The key benefit of their model, however, is that 
it captures fibre misalignment as well as fatigue in tension and compression. Dai and 
Mishnaevsky63 also developed a micromechanical model, based on simple load 
redistribution mechanisms with misaligned fibres. This allowed them to model the tensile 
behaviour of fibre-hybrid composites with several hundreds of fibres. The model of 
Swolfs et al.10,17,25,260 uses finite element simulations, but only to capture stress 
concentrations around single fibre breaks in fibre-hybrid packings. This information is 
then used in a numerical simulation with thousands of fibres.  
 
Fibre break models have led to valuable insights into the potential synergetic effects 
offered by fibre-hybrid composites. It is now well understood which parameters can help 
to maximise such synergetic effects, and such conclusions can be used to guide materials 
and process selection4. Models can also be used to guide fibre/preform selection and 
manufacturing decisions10. The importance of the dispersion and hence microstructure 
has long been recognised in the literature261-264, although it was often thought that 
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commingled yarns were the optimal route for achieving this. Detailed modelling studies, 
however, revealed that thin ply hybrids can yield larger hybrid effects than commingled 
hybrids10. Similarly, it was shown that the relative fractions of both fibres strongly 
influence synergetic effects14,25,265, which is important information for manufacturers. 
 
The second category of models for fibre-hybrid composites, namely ply level models, can 
be readily adapted from models for non-hybrid composites. These models ignore the 
micromechanical features, such as matrix cracking and fibre breaks, but investigate ply 
level features. Their main focus is predicting what happens after the first failure of the 
ply with the lowest failure strain. Essentially, there are four different options: 
 Immediate fracture of the entire composite. 
 A growing delamination that detaches the broken ply from the rest of the plies. 
 Fragmentation of that ply, with a limited delamination around the ply fracture 

locations. 
 Fragmentation of that ply without any delamination around the ply fracture locations. 

The largest progress in this area has been made by the University of Bristol161,220-222. They 
developed the concept of damage mode maps221, which are useful to predict the type of 
behaviour that is expected. Figure 10 illustrates how this damage mode map typically 
looks like. For interlayer fibre-hybrids, these maps predict the maximum carbon fibre 
layer thickness and relative volume fraction that results in fragmentation, and hence 
pseudo-ductility. Another example of ply level models is the work of Dong et al.19,266,267. 
They developed finite element models to predict flexural strength of fibre-hybrid 
composites. This was achieved by implementing failure models for tensile and 
compressive failure of the plies. 
 

 
Figure 10: Example of a damage mode map for carbon/glass fibre-hybrid composites, based on the 

equations and E-glass/TR30 properties of Jalalvand et al.268, 160 mm gauge length and 20 mm 
width. 
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There is still significant scope for further improvements in simulation tools. Detailed fibre 
break models are sometimes limited to predicting the failure strain of the ply or bundle 
type with the lowest failure strain10,17,25. Other models do capture the entire stress-strain 
diagram, but achieve this by ignoring the effects of ply fragmentation, delaminations and 
bundle debonding260,269,270. There is hence great benefit in combining both approaches: 
by incorporating delamination or fragmentation, it should become possible to reliably 
predict the entire stress-strain diagram of fibre-hybrid composites. Similarly, ply level 
models tend to ignore micromechanical effects that are known to be important. A good 
example is size scaling effects. Many ply level models assume a constant, uniform 
strength for the plies19,266,267, whereas, in reality, that strength is size-dependent271. The 
size effect automatically arises in fibre break models271,272. Such models are, however, 
often limited by the size of the model. A key challenge for the future will therefore be to 
incorporate the micromechanical effects into ply level models. 

Advanced model development could push new developments in fibre-hybridisation. 
Another significant step forward would be to include such models into structural design 
tools273. At the moment, such design tools completely ignore synergetic effects, which 
also leads to suboptimal materials selection and design of the fibre-hybrid composite 
microstructure. 

4.4 Summary 
The field of fibre-hybrid composites is rapidly evolving, especially in the last 10 years. 
New fibre types offer many opportunities for achieving new combinations of properties. 
Design tools have strongly improved and can provide useful guidelines for 
material/preform selection and manufacturing choices. The range of possible 
preforming/manufacturing technologies has strongly expanded in the last decade, which 
opens up new avenues for manufacturing intelligently designed microstructures. 

5 Recent trends in fibre-hybridisation 
In recent years, several trends have developed that hardly received attention a decade ago. 
These include pseudo-ductile and ductile composites, functional properties and 
environmental impact. These three areas can have a strong effect on boosting the use of 
fibre-hybrid composites in applications. 

5.1 Pseudo-ductile and ductile fibre-hybrids 
Toughness is a major problem for many composite applications: most composite 
materials are stiff and strong, but brittle. Breaking through this stiffness-toughness 
dilemma could be possible by using fibre-hybridisation. One strategy for achieving this 
is through pseudo-ductility. Even though the pseudo-ductile terminology has been around 
for more than twenty years274-276, the past five years showed a strong 
revival6,8,161,166,208,219,220,222,277-282. There is no clear definition for what constitutes pseudo-
ductility, although it can be quantified using the pseudo-ductile strain. The pseudo-ductile 
strain is defined as the strain difference between the final failure strain and the strain at 
the same stress level, but on the extrapolated linear elastic region222. This definition is 
illustrated in Figure 11. 
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Figure 11: Schematic definition of pseudo-ductile strain. 

 
Pseudo-ductility can address some of the key drawbacks of composite materials. Firstly, 
composite materials show no or little warning prior to final failure. This lack of warning 
leads to large safety factors and hence sub-optimal design relative to more ductile 
materials8,161. Secondly, linear elastic materials such as carbon fibre composites tend to 
be highly notch-sensitive8,283, as they fail to blunt the stress concentrations like ductile 
materials do284. This has made the open-hole tensile strength, which measures notch 
sensitivity, an important design driver in the aerospace sector285,286. Pseudo-ductility has 
been proven to improve the open hole tension strength of composites8. Thirdly, fibre-
hybrid composites often show a strong vertical stress drop when the low-elongation layers 
fail20,219. Such loss in load-carrying capacity is unacceptable in certain applications, and 
hence would require pseudoductility161. 

Pseudo-ductility also received extensive attention in concrete276,287. Pseudo-ductile 
concrete is often referred to as engineered cementitiuous composites. Pseudo-ductility is 
achieved by careful addition of short fibres as well as by deliberate control of the fibre-
matrix adhesion276. The key is not to suppress cracks, but rather to engineer the material 
to develop distributed microcracks, thereby allowing much larger failure strains, as 
revealed in Figure 12. The example of pseudo-ductile concrete illustrates the general 
requirement for achieving pseudo-ductility: a careful control of the damage mechanisms. 
Several different mechanisms have been proposed for pseudo-ductile fibre-hybrids: ply 
fragmentation through the use of thin plies8,161,220, fibre reorientation280,282,288,289, 
interfacial slip278, fibre fragmentation6,208, or combinations thereof. Ply and fibre 
fragmentation are the two most commonly exploited mechanisms relevant to fibre-
hybrids. 
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Figure 12: Concrete can allow large deflections in flexure, but only if the fibre-reinforcements are 
engineered to create distributed microcracks (taken from Li287, with permission from the author). 

 
Ply fragmentation is sometimes considered to be a mechanism that is exclusively 
observed in thin ply fibre-hybrids290. While this is certainly the most common composite 
type where fragmentation has been observed8,161,219,220, ply fragmentation can also occur 
in other composite types. One key requirement is having a relatively thin low-elongation 
ply, as this reduces the strain energy release rate for the delamination161. This either 
prevents a delamination from occurring, or it limits the extent of the delamination221. The 
requirement for thin plies, however, only applies to the low-elongation component. The 
high-elongation plies can be thick plies. In fact, thicker high-elongation plies make 
fragmentation more likely to occur, as can be seen in Figure 10. Finally, it should be noted 
that ply fragmentation can also occur in non-hybrid composites. Fuller et al.280 showed 
that [+θ/0]s carbon fibre composites can also achieve 0° ply fragmentation. This proves 
that the key requirement for ply fragmentation is that low-elongation thin plies are 
surrounded by higher elongation plies that are sufficiently thick. The higher elongation 
plies can achieve that higher elongation through using different fibre types8,161,220, but 
also through being oriented at a different angle280. 
 
Fibre fragmentation occurs in continuous22,291 and discontinuous6,208 fibre-reinforced 
composites. The term fibre fragmentation merely implies that the fibres break, which is 
the expected damage mechanism for longitudinal tensile loading of a 0° ply21. This 
mechanism itself, however, is not enough to achieve pseudo-ductility. The fibre break 
density needs to be sufficiently high to result in non-linear tensile behaviour. In non-
hybrid composites, the degree of non-linearity is typically very small and hard to detect, 
as a critical cluster of fibre breaks develops before significant non-linearity can develop. 
To achieve pseudo-ductility through fibre fragmentation, two requirements need to be 
satisfied6,208: (1) the low-elongation fibres need to be well dispersed in between the high-
elongation fibres, and (2) the fraction of high-elongation fibres needs to be large enough. 
 
Realising truly ductile fibre-hybrids has only been achieved through the use of ductile 
constituent composites or fibres. Ductile composites are not common, and ductile fibre-
hybrids have, to the best of the authors’ knowledge, only been described in one study, 
namely where ductile steel fibres were combined with self-reinforced polypropylene193. 
There are only a limited number of fibres that could lead to ductile composites: certain 
metal fibres114,116,292 and certain polymer fibres95,293. Highly drawn metal fibres lose their 
ductility and they need to be annealed to regain their ductility. Similarly, high-
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performance polymer fibres like aramid, PBO and PAR are brittle (see Table 2). Only 
certain lower stiffness and strength polymer fibres, such as PP95, PA94 or PET93 fibres, 
can yield ductile composites.  
 
Swolfs et al.193 hybridised woven self-reinforced composites with quasi-unidirectional 
steel fibre/PP composites, both of which are ductile on their own. The achieved failure 
strains ranged from 10% to 14%. Such high strains also yielded additional effects due to 
differences in the Poisson contractions. The low Poisson contraction of the steel fibre/PP 
layers constrained the contractions of the self-reinforced composite layers. This created a 
triaxial stress state, which led to a higher longitudinal stress than expected at a given 
strain. 

5.2 Functional properties 
As shown in Table 2, the mechanical properties of the common reinforcement fibres 
typically differ by one to two orders of magnitude. The functional properties however, 
can differ by many orders of magnitudes. These large differences create opportunities as 
well as challenges.  

A composite can easily be made electrically conductive by adding one electrically 
conductive fibre type294. A glass fibre composite can be made electrically conductive by 
hybridisation with carbon fibres295. If done intelligently, the opposite is also possible: a 
carbon fibre composite can be made electrically insulating in the through-the-thickness 
direction by adding glass fibre layers. In that case, the path for electrical conductivity 
would be interrupted, and this approach is already being used to avoid galvanic corrosion 
between carbon fibre composites and aluminium in airplanes296,297. Another common 
exploitation of fibre-hybridisation for electrical conductivity is the addition of a metal 
fibre mesh on carbon fibre laminates in airplanes118. This mesh creates a Faraday cage, 
protecting the airplanes against lightning strikes and contributing to electromagnetic 
interference shielding. A similar effect can be achieved by incorporating metal fibres into 
a carbon fibre laminate298. 
 
Vibration damping is very limited in carbon fibre-reinforced composites, and leads to: 

 Discomfort in some sports applications and in some cases even repetitive strain 
injuries299,300. 

 Lower control when skiing or snowboarding at high speeds301,302. 
 Lower maneuvring accuracy in fishing rods and archery301. 

A well-known example of fibre-hybridisation to improve damping is the use of flax fibres 
in carbon fibre-reinforced bicycle parts300,303. The non-linear behaviour of flax fibres 
results in energy dissipation, which leads to good vibration damping.  
 
The coefficients of thermal expansion of different fibre types can vary significantly (see 
Table 2). The highly anisotropic nature of carbon fibres and polymer fibres can even lead 
to negative coefficients of thermal expansion (see Table 2). These differences are 
important to consider in the manufacture of fibre-hybrid composites. In some cases, this 
leads to unwanted thermal residual stresses304. They can be avoided or reduced by 
changing the curing cycle for thermosets304 or process temperature and cooling rate for 
thermoplastics305. In other cases, the differences in thermal expansion can be exploited to 
achieve synergetic effects (see section ‘2.1 Initial failure strain in tension’). In the case of 
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carbon/glass fibre-hybrids, however, simple analytical equations can be used to show that 
the thermal residual stresses are limited4,17. Table 2, however, shows that larger 
differences in coefficients of thermal expansion can be achieved by combining other fibre 
types. 
 
Fire resistance is a functional property that can also be easily improved through fibre-
hybridisation306-308. Some of the high-performance polymer fibres described earlier offer 
excellent fire resistance96,308. Aramid fibres for example often do not melt309, but are 
carbonised when exposed to fire. This creates a char layer, similar to that generated by 
phenolic resins168,309. Kim et al.168 exploited this effect by adding aramid fibre layers to a 
sandwich made with glass fibre/phenolic skins. This increased the post-fire tensile 
strength of the skins by 95% and the post-fire flexural strength of the sandwich by 240%. 
The layup also plays an important role: aramid/glass/aramid had a significantly lower fire 
growth rate than glass/aramid/glass308. 
 
Moisture absorption can yield problems in most natural fibres120,310 and some polymer 
fibres311,312, such as strength degradation120,310-312, toughness degradation120, and 
swelling. These problems can be mitigated to a large extent by replacing the outer layers 
by a fibre type that is not sensitive to moisture. Several authors have shown that the 
moisture resistance of natural fibre-reinforced composites can be significantly improved 
through hybridisation with glass or basalt fibres201-203,313. Such effects are more important 
in interlayer fibre-hybrids than in intrayarn fibre-hybrids, but also depend on edge 
effects314: through-the-thickness moisture diffusion can be drastically reduced by adding 
a glass fibre layer, but would hardly help for moisture diffusion from the edge. 
 
Another possibility is to use fibre-hybrid composites as damage sensors. One method 
would be to exploit the visual appearance of fragmentation of the more brittle fibres in 
fibre-hybrids, as illustrated in Figure 13. This visual indication can be used to create 
damage sensors. Wisnom et al.166 revealed that the sensors can be activated at different 
strain levels by selecting the right fibre combinations. Such sensors would not require any 
operator training, as they are straighforward to inspect, provided the outside, non-
fragmenting plies are semi-transparent. Their design can be supported by using damage 
mode maps, such as the one in Figure 10. 

 

Figure 13: Fragmentation visible on the surface of fibre-hybrid composites can be used as damage 
sensor: (a) in carbon fibre/self-reinforced polypropylene fibre-hybrid composites (reprinted from 
Swolfs et al.219, with permission from Elsevier), and (b) in carbon/glass fibre-hybrid composites 

(reprinted from Czél et al.161).  
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5.3 Environmental impact 
The environmental impact of composites is rapidly gaining more interest. Typically, 
composite components can be made lighter than when competing material families are 
used, which implies that they often have a lower environmental impact during the use 
phase77. There are however still significant challenges in the production and recycling 
phases315. The production of carbon fibres requires large amounts of energy71. These 
environmental impacts during production need to be offset by a significantly lower impact 
of the use phase. 
 
Fibre-hybridisation of carbon fibre composites can help in several ways. Firstly, fibre-
hybrid composites can yield improved mechanical properties (see section ‘2 
Mechanisms’). Parts can hence be made lighter, which further reduces the impact of the 
use phase.  
 
Secondly, fibre-hybridisation of carbon fibre composites inherently reduces the amount 
of carbon fibre composite being used. This reduces the contribution of the production 
phase to the overall environmental impact, as most other fibres have a lower 
environmental impact316. The production of glass fibres, for example, has an enviromental 
impact that is at least five times lower than the production of carbon fibres71,77,315-318. 
 
Thirdly, there are significant developments in the area of carbon fibres with reduced 
environmental impact319,320. This can be done either through reducing the process 
temperature and time321,322 or through developing new precursors319. Such carbon fibres 
often have lower tensile strength than conventional PAN-based carbon fibres319,320. The 
different process parameters would also be expected to lead to large strength scatter, 
although that remains unproven to date. The lower strength and higher strength scatter 
both open opportunities for fibre-hybridisation, as this can partially offset these 
drawbacks4.  
 
The increased focus of research and funding organisations on environmental impact is 
likely to create additional opportunities for fibre-hybrid composites323. Environmental 
aspects should therefore be considered when developing new applications or technologies 
for fibre-hybrid composites. 

5.4 Summary 
Despite the strong progress in the last decade, much more work is needed to thoroughly 
understand fibre-hybrid composites. The work on pseudo-ductile fibre-hybrid composites 
has seen strong developments, but ductile fibre-hybrid composites remain largely 
unexplored. Even though functional properties have great potential in fibre-hybrid 
composites, they have received limited attention. The environmental impact of fibre-
hybrid composites should be carefully monitored, as this is becoming an increasingly 
important driver for research and development.  

6 Applications 
Although it is often not obvious, fibre-hybrid composites are widely being used in 
industry. A key reason for fibre-hybridisation is often a better balance between cost and 
performance. An important consideration however is that companies continuously need 
to innovate to attract customers. Especially in sports applications, the commercial 
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argument of having implemented a new material technology is sometimes more important 
than the actual performance improvement. 

6.1 Windsurf boards 
Nearly all windsurf boards consist of a core material, which is wrapped by a fibre-
reinforced skin. The core often consists of polyvinylchloride (PVC), polyurethane (PU) 
or expanded polystyrene (EPS). The dominating fibre type for the skin is E-glass fibre, 
typically in woven form. For higher performance boards and boards used in more extreme 
conditions however, fibre-hybridisation is common. Table 4 presents examples of 
windsurf boards made of fibre-hybrid composites. The examples are a mixture of 
intralayer and interlayer fibre-hybrids. Very often, the carbon fibre plies will only be 
placed in the locations where they are needed the most, such as in the rails in Figure 14. 
PP fibres are typically not placed on the outside, as they are more difficult to sand. 

 

 
Figure 14: (a) Top view of the Starboard Atom IQ Reflex Wood windsurf board, with the 

unidirectional carbon fibre plies and the carbon-PP rail highlighted, (b) the board in action 
(reprinted from www.star-board-windsurfing.com, with permission from Starboard), and (c) a 

carbon/bamboo fibre-hybrid composite mast: Powerex Bamboo NP. The mast comes in two pieces, 
with the majority of the bamboo fibre being at the thicker base piece (reprinted with permission 

from Powerex). 
 
Manufacturers often do not mention the technical reason for fibre-hybridisation. For 
adding carbon fibre to glass fibre, the obvious reason is the increase in stiffness and 
strength, which implies that a thinner skin is required. For PP fibre, the quoted reason is 
often the increased toughness, which can help to reduce the overall weight of the board 
or improve the durability324,325. 
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Table 4: Examples of windsurf boards made of fibre-hybrid composites. 
Manufacturer Board name Fibre types 

Tabou Rocket Ltd Carbon-glass 
Exocet X-Longboard Carbon-glass 
Fanatic Skate TE Carbon-PP  

LostSurfboards V3 Rocket Carbon-glass 
JP Australia Wave Slate Pro Carbon-glass 

Roberto Ricci Designs Hardcore Wave Ltd V6 Carbon-PP 
Starboard Atom IQ Reflex Wood Carbon-glass-PP 

 

6.2 Masts 
High-performance masts for sailboats are now commonly manufactured using carbon 
fibres. These masts are, however, expensive, which is why several companies have 
developed carbon/glass fibre-hybrid masts. These are in between aluminum and carbon 
fibre masts, in terms of both cost and performance. 
 
In windsurfing, glass fibre masts used to dominate the market. Nowadays, most masts are 
composed of carbon/glass fibre-hybrid composites. Full-carbon fibre masts do exist and 
they are the lightest on the market, but they are expensive and prone to impact damage. 
Adding glass fibres makes the masts more durable and affordable326. In fact, the fraction 
of carbon/glass is the key technical specification for windsurfers looking to buy a new 
mast. Typical carbon/glass fractions range between 60/40 and 80/20. 
 
Not all windsurfings masts are carbon/glass fibre-hybrid composites, and several different 
fibre combinations exist,see Table 5. Aramid fibres are mainly added to the bottom of 
windsurfing masts and the boom region, see Figure 14c. These areas are most prone to 
impact damage and wear. 
 

Table 5: Examples of masts made of fibre-hybrid composites with a different combination than 
carbon and glass fibres. 

Manufacturer Mast name Fibre types 
Powerex Masts Bamboo NP Carbon-bamboo 

STX C60 RDM Bamboo Carbon-bamboo 
Maui Sails Race 100-K Carbon-aramid 

Cheeky Windsurf Cheeky Reflexx  Carbon-aramid 
Tushingham Carbon 100 Carbon-aramid 

 

6.3 Wind turbine blades 
Wind turbine manufacturers are always aiming to reduce the cost of wind energy, and 
making larger blades is a vital part of that strategy. This is especially true for off-shore 
wind turbines, which tend to be larger than their on-shore counterparts327,328. Current 
state-of-the-art blades are composed of a load-carrying beam and an aerofoil, both of 
which are made of glass fibre composites327. To make blades larger than the conventional 
ones, a shift to carbon fibre composites would be required. Such a shift could save about 
20-30% of the weight compared to a glass fibre composite blade328,329. Such savings also 
have secondary weight saving effects on other components, such as the gear box and 
tower. Furthermore, carbon fibre blades offer increased aerodynamic performance329. 
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The cost of a full carbon fibre blade however would be prohibitive. Manufacturers are 
therefore shifting towards carbon/glass fibre-hybrid composites for blades over 50 m, see 
Table 6329. The record for longest blade is currently held by LM Windpower, with their 
88.4m long blade330. 

Table 6: Examples of wind turbines using carbon/glass fibre-hybrid blades. 
Manufacturer Name Blade length (m) Rotor diameter (m) Capacity (MW)

LM Windpower/Adwen 88.4 P 88.4 180 8 
Vestas V136 66.7 136 3.45 
Nordex N117/3000 n/a 116.8 3 
Siemens SWT-3.6-130 63 130 3.3 
Gamesa G132 64.5 132 5 

 
Adding carbon fibres to wind turbine blades creates three issues:  

 Carbon fibres are more difficult to impregnate due to their smaller diameter and 
hence smaller interfibre spacings.  

 Due to their higher stiffness and anisotropy, carbon fibres are more sensitive to 
misalignment. 

 Carbon fibre composites are more brittle and more sensitive to impact damage 
than glass fibre composites. 

There are also several challenges in terms of fibre-hybridisation. Wind turbine blades face 
compressive and fatigue loads, which are poorly understood for fibre-hybrids. Studies on 
the compression and fatigue of fibre-hybrids are scarce331-333. Some studies on fatigue 
exist, but reviews indicated limited understanding and even some contradictions in the 
literature4,5 (see section ‘2.6 Fatigue’). 

6.4 Bicycles 
The use of carbon fibre composites in high-end bicycle frames is well known to laymen. 
The high stiffness and strength lead to weight reductions that can make the difference 
between winning and losing a race. Examples of using fibre-hybrid composites are not 
very common, but a few stand out. 
 
Carbon fibre bikes have higher performance, but they also offer less damping than 
traditional metal frames. This leads to lower comfort and earlier fatigue of the rider. By 
adding flax fibres to a carbon fibre frame, the bicycle can absorb more shocks and 
vibrations. This leads to a more comfortable ride, especially during races on cobble 
stones. The manufacturer that pioneered these fibre-hybrid frames is Museeuw Bicycles. 
It should be noted that these claims are not only supported by coupon testing303,334,335, but 
also by full bicycle tests300. 
 
The Cat Cheetah time trial bike contains carbon-aramid in the frames, fork and wheels. 
Their main reason for including aramid fibres is to reduce the risk of fractures. Other 
types of polymer fibres are also gradually being introduced. DSM for example recently 
presented their UHMWPE-carbon fibre-hybrid bicycle frame336. They claimed 100% 
improvement in impact energy absorption compared to a full-carbon fibre frame. 
Additionally, the fibre-hybrid frame offers better vibration damping and reduces the risk 
of splinters harming the rider. Carbon fibre bicycle forks hybridised with steel fibres also 
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showed strong improvements in structural integrity compared to an all-carbon fibre 
equivalent fork337. 

6.5 Skis and snowboards 
Skis and snowboards are essentially composite sandwich constructions to provide 
torsional and flexural stiffness302. Additionally, a top sheet is added for two reasons: to 
print graphics and protect against UV radiation. A bottom sheet is added for smooth 
sliding over snow. When a ski or snowboard is bent, the compressive stresses can cause 
local buckling and debonding of the composite skin. This problem is more severe when 
carbon fibre skins are used: their higher stiffness allows them to be thinner, which reduces 
the dent resistance. Due to this delicate balance between lightweight and dent resistance, 
many manufacturers tend to use fibre-hybrid composites. 
 
Carbon/glass is the most common fibre-hybrid composite, but Table 7 reveals that other 
combinations are used to achieve specific goals. Flax fibres are added to carbon fibre 
boards to improve damping. In some cases, such as Xboard’s Bioboard or Desmond Ski 
Works skis, the flax fibres are the only reinforcing fibres. Aramid fibres are added for 
improved damping as well, with the added benefit of improved impact performance. 
UHMWPE fibres are added for extra protection against sharp rocks. 
 

Table 7: Examples of skis and snowboards made of fibre-hybrid composites. 
Manufacturer Type Brandname Fibre types 

Salomon Ski MTN Lab Carbon-flax 
Lonely Mountain Skis Ski Ord Carbon-flax 

Rossignol Snowboard XV Magtek Carbon-aramid 
Pathron Snowboards Snowboard Play Carbon-aramid 

Powder Factory Ski Deep Carbon-aramid 
Forest Skis Ski BigMountain Carbon-UHMWPE 

Zai Ski Testa Carbon-UHMWPE 
 

6.6 Rackets 
Tennis, squash and badminton rackets were originally made from wood. In the search for 
lighter rackets that can hit the ball or shuttle harder and more precisely, carbon fibre 
rackets were introduced in the early eighties. This shift had several vital consequences: 

 The design freedom of composite materials relative to wood allowed the 
manufacturers to gain more control over the flexural behaviour of the racket, 
allowing for more stability and fine-tuning to different types of players. 

 The racket shape could be made more aerodynamic and lighter, allowing the 
player to swing the racket faster338. 

 The higher strength allowed the rackets to be larger, creating a larger sweet 
spot338. 

Carbon fibre composites have therefore become the dominating material technology for 
rackets. 
 
An important aspect in the design of rackets is the damping behaviour. If the rackets offer 
insufficient damping, it increases the probability for fatigue and repetitive strain injuries. 
The main reason for fibre-hybridisation is therefore to improve the damping properties. 
Table 8 presents some examples of commercially available fibre-hybrid rackets. 



Swolfs Y., Gorbatikh L., Verpoest I., International Materials Reviews 64 (2019) p. 181-215. 
https://doi.org/10.1080/09506608.2018.1467365 

 40

Table 8: Examples of rackets made of fibre-hybrid composites. 
Manufacturer Brandname Sport Fibre types 

Artengo TR 890 Flax fiber Tennis Carbon-flax 
Head Ignition Squash Carbon-PP 

Wilson Pro Staff Tennis Carbon-aramid 
Wilson Blade Tennis Carbon-basalt 

Talbot-Torro Isoforce 1011.6 Badminton Carbon-aramid 
Head Youtek IG Prestige Tennis Carbon-PP 

Unsquashable Y-TEC 8005 C4 Squash Carbon-aramid 
 

6.7 Formula 1 cars 
Formula 1 teams have large budgets, and the differences between teams are often very 
small. Technological innovations can make the difference between winning or losing a 
race. Formula 1 is hence often a good field for testing the newest material technologies. 
Some of these innovations are coming from the teams themselves, whereas others are 
imposed by regulations. 
 
Starting in the 2007 season, the inside of all carbon fibre cockpits have to be reinforced 
with PBO fibres. This is not only to increase their crash performance339, but also to 
prevent splinters from entering the cockpit and hurting the pilot. 
 
The Formula 1 helmets have an advanced fibre-hybrid composite design. Prior to the 2011 
season, they consisted of carbon and aramid fibres. This combination provided an 
excellent impact resistance in combination with fire resistance and a very low weight of 
around 1250 g. Starting in the 2011 season, all helmets also have to contain a strip of PBO 
fibres in the visor for improving impact resistance339, see Figure 15. This new regulation 
was the consequence of the 2009 accident, where pilot Felipe Massa was severely injured 
by a detached suspension spring that fractured his skull. 
 

 
Figure 15: Formula 1 racing helmet use fibre-hybrid composites: (a) the helmet of Lewis Hamilton 
(reprinted from Bell Helmets), and (b) detail of the visor with the carbon fibres on the front of the 

strip and PBO fibres on the back (reprinted from www.discoveryparts.com).  
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Carbon/aramid fibre-hybrids are compulsory in some parts of Formula 1 cars. The carbon 
fibre wings for example have to be covered by at least one layer of aramid fibres to hold 
the fragments together in the event of a crash. The seat of the pilot is also composed of 
carbon and aramid fibres, helping to protect the pilot from impact and fragments. 
 
Carbon/PP fibre-hybrids have also been used in Formula 1. The Brawn GP team has used 
the increased toughness of this fibre-hybrid over carbon/aramid composites to make a 
lighter and more crash-resistant car. One of the key benefits of this combination is that 
the PP fibres keep the component together, thereby reducing splintering and shattering325. 

6.8 Summary 
Fibre-hybrid composites are relatively common in industrial and sports applications. 
Their primary use is linked to impact resistance, damping and functional properties. In 
some cases, scientific evidence exists to support claims made by the manufacturers, but 
in most cases, these claims are vaguely or not supported. Of all the described applications, 
wind turbine blades were the only application where the fatigue strength was the main 
driver for fibre-hybridisation. In terms of volume however, this is expected to become a 
key market for fibre-hybridisation328. 

7 Conclusions 
This review provides guidance on the materials selection, and identifies that the selection 
should be based on more than just fibre stiffness and strength. The selected fibres and 
matrix should also be compatible, not only in terms of interfaces, but also in terms of 
physical, functional and thermal properties. Synergies in non-mechanical properties have 
hardly been exploited in the literature, even though they offer a large potential.  
 
Newly developed materials, design tools and technologies have strongly extended the 
potential of fibre-hybrid composites. More work is needed to develop a better 
understanding of the fundamental mechanisms and to setup design guidelines for the use 
in industry. 
 
There is a significant difference between the reasons for using fibre-hybrid composites in 
industry and the type of research performed at universities and research institutes. 
Damping is a property that is vital in many of the described applications, but has received 
little attention in the scientific literature. Impact is also often cited as the reason for using 
fibre-hybrids in industry, and this topic has received significant attention in the literature. 
The literature has however focused more on penetration impact resistance and damaged 
area after impact. There has been relatively little attention for structural integrity and 
splintering, which is vital in many of the described applications. 
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