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Preface

Carbon fibre-reinforced composites (CFRPs) are materials of choice in several industries
with applications in aerospace, marine, construction and automotive sectors. With a combi‐
nation of high mechanical strength, lightweight, design flexibility, low system cost, function‐
alities and high fuel efficiencies, the demand for carbon fibre–based components is expected
to grow dramatically with expanding opportunities for other composites and lightweight
metals. Although this field has achieved a high level of maturity, industrial and commercial
success, ongoing developments include, among others, the use of nanocarbons such as gra‐
phene, carbon nanotubes, graphite nanoplatelets, nanofillers, bucky papers for creating mul‐
tiscale hierarchical composites into engineered multifunctional preforms, toughened
thermoplastic fibres or nonwoven veils, etc.

With focus on recent developments in the field of carbon fibres, this book presents several
new approaches being used to enhance basic and/or specific characteristics of carbon fibres/
composites and novel applications such as biological veterinary implants for tissue engi‐
neering and scaffoldings. Another key development in the field involves recycling and reuse
of end-of-life CFRP waste as well as manufacturing waste, which is becoming a serious issue
in the field.

The book has an introductory chapter and seven full chapters with contributing authors
from Algeria, Australia, China, India, Spain, the UK and the USA. Global authorship in this
book reflects intense research activity in this field worldwide with developments occurring
on several fronts.

The Introductory Chapter is focussed on an issue of major concern for the carbon fibre indus‐
try: recycling and reuse of burgeoning volumes of end-of-life carbon fibres and manufactur‐
ing waste. Challenges during recycling include degradation in carbon fibre quality, limited
reuse, landfilling costs and regulatory measures. Key aspects of mechanical processing and
thermal and chemical treatments to separate resin and carbon fibres are discussed along with
the impact of various treatments on the basic characteristics of recovered carbon fibres.

The table of contents is organized taking into account recent developments in the field of
carbon fibres including new products or treatments to enhance product quality and charac‐
teristics, novel applications to different fields and approaches being developed for the reuse
and recycling of waste CFRPs and other carbon fibre–based products.

The second chapter reports on retrospective aspects of creating classical and nanomodified
functional carbon composites for structural applications. Ultrasonic processing for physical
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modification was investigated for improving technological operational and physico-me‐
chanical characteristics of composites and structures. Methods for obtaining functional car‐
bon composites with increased strength, electrical conductivity and crack resistance are
detailed along with potential applications.

The third chapter reports on the creation of nanostructures on the carbon fibre surface as
one of the most effective approaches for additional functions and functional enhancements
in mechanical properties, interfacial bonding and electrocatalytic properties of carbon fibres.
Different nanostructures including nanoparticles, nanorods, nanotubes, nanosheets, and
nanoflowers were grown on the surface of carbon fibres by using a variety of techniques.
These multiscale, multifunctional nanostructured carbon fibres are expected to find applica‐
tions in next-generation fibre-reinforced composites and energy storage devices and for pro‐
ducing green energy.

The fourth chapter presents results on 3D woven carbon fibre composites right from weaving
up to manufacturing stages. During weaving, weft, warp and binder fibres run through the
fabrics along three directions. Producing a unitised single-piece fabric and subsequently re‐
ducing the time required for rapid composite manufacturing are the key advantages of 3D
woven preforms. Weaving of 3D fabrics and manufacturing of 3D composites, physical charac‐
terisation and mechanical testing of infused composite samples are discussed in this chapter.

The fifth chapter analyses novel surface treatment methods for carbon fibres including graft‐
ing of carbon nanotubes, generation of carbon fibre forests by surface brushing and abrad‐
ing and the growth of ZnO nanowires on fibre surfaces. Improvements in the interfacial
shear strength were measured by the single-fibre microbond test. The hierarchical microfi‐
bres on CF fabrics were used to fabricate laminates and anti-delamination capacity of com‐
posites was determined.

The sixth chapter reports on a biological evaluation of carbon fibre mesh for creating three-
dimensional scaffolds for tissue engineering and on using fibrous matrix bioimplants for tissue
regeneration by acting as cell-supporting scaffolds. In vivo examination of retrieved sample on
day 30 postimplantation showed good adhesion and biocompatibility of carbon fibres with
carbon fibre mesh covered with dense thick fibrous connective tissue. Complications like infec‐
tion or pus formation were not observed in the vicinity of implanted biomaterials.

The seventh chapter presents a report on recycling carbon fibre composites to prepare new
low-cost composites with thermoset plastics. Operating parameters of the recycling process
including pyrolysis followed by oxidation were optimized, and recycled composites were
characterized using tensile tests, Scanning electron microscopy and Raman spectroscopy.
With less than 10% loss in tensile strength, these recycled composites could find application
in the automotive, wind energy, construction, railway and aeronautics sectors.

The eight chapter focusses on in-depth characterization of reused composite-oriented strand
boards (COSB) for stiffness-critical and contoured applications. Development of this product
has the potential for significant utilization of prepreg scrap generated during aerospace
manufacturing processes. The application of non-destructive techniques such as ultrasound
and micro-computed tomography and microscopic imaging for investigating COSBs was
evaluated for determining key facets of these products, and their key feature and limitations
were identified.

XII Preface

The book covers extensive areas of interest in the field of carbon fibres, carbon fibre–rein‐
forced composites, new developments, applications and recent developments in their recy‐
cling and reuse. Current major issues are examined, and future opportunities in this field
are revealed. The book has a global perspective and wide coverage of topics for academics,
professionals and regional and international organizations.

Associate Professor Rita Khanna (Editor)
School of Materials Science and Engineering

The University of New South Wales
Sydney, Australia

Dr. Romina Cayumil (Coeditor)
Facultad de Ingenieria

Universidad Andres Bello
Santiago, Chile

Preface IX
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Introductory Chapter: Recycling and Reuse of  
End-of-Life Carbon Fibre Reinforced Polymers

Rita Khanna
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1. Introduction

 Industrial carbon-bearing waste from airliners, trains, cars, boats, turbine blades, sporting, 
industrial and commercial goods is very hard to recycle or reshape into original components 
[1, 2]. Carbon fibre-reinforced polymers (CFRPs) (>90% carbon) contain significant fraction of 
carbon fibres within a polymer matrix, along with varying levels of additives such as silica, 
alumina and other minerals. Carbon fibres contribute towards high tensile strength, whereas 
the matrix provides the impact strength [3]. Their key characteristics such as long-term ther-
mal stability, rigidity, dimensional stability, resistance to creep and deformation under load, 
high electrical and thermal insulating properties and other advantages play an important role 
in their various applications; however, these create major bottlenecks for their end-of-use dis-
posal [4, 5]. These fire-resistant materials that are designed to resist combustion contain large 
amounts of pure, disordered carbon with a complex bond network and are difficult to recycle 
by conventional means.

Aeronautics is one of the biggest consumers of CFRPs due to the recent developments in planes, 
for example, Boeing 787, Airbus A380 and A350, whereas the growth in the automotive sector 
is somewhat slow. According to the International Civil Aviation Organisation, the global air 
transport network has been observed to double in size every 15 years. It is estimated that ~44%  
of the global fleet of commercial, military and private aircrafts is likely to reach end of life in 
20 years or so; between 400 and 600 commercial aircraft are disassembled around the world 
each year [6]. A cost-effective environmentally sustainable management of large volumes of 
CFRPs’ waste from end-of-life products therefore assumes great significance and urgency.

Protecting the environment for future generations is a fundamental issue and a great 
challenge; manufacturers are seeking alternatives approaches of waste management. 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Key challenge is to find environmentally friendly, alternative recycling approaches and 
to transform carbon-bearing composite waste into valuable resources. Recycling rates for 
CFRPs are currently very low, with most of the waste ending up in landfills. While landfill-
ing is a relatively cheap and convenient disposal route, environmental legislation on waste 
management is also becoming increasingly restrictive.

According to the European Union’s Waste Framework Directive [7], landfilling is the least 
preferred waste management option. Landfilling carbon-bearing waste can be a serious 
environmental hazard as well. It can lead to the release of greenhouse gases, including huge 
amounts CO2 and methane; up to 50% of these emissions are of methane, which is 21 times 
more potent a greenhouse gas than CO2. Manufacturers across Europe are required to pay to 
dispose their production waste if it goes to landfill as well as a climate change levy.

Current approaches for recycling composite materials, reuse and material recovery from 
waste CFRPs are briefly reviewed in the following section. While several techniques such as 
pyrolysis, solvolysis, mechanical grinding, chemical, high voltage fragmentation and so on 
using different approaches have shown feasibility of recycling, commercial/industrial appli-
cations of recycled carbon fibres are still very limited. Recycled fibres are generally of lower 
quality as compared to virgin fibres due to lack of control in fibre length and length distribu-
tion, diminished surface quality and multiple sources [8].

Recycling is profitable and sustainable only if the value of the reclaimed materials exceeds 
the cost of the recycling process. Recycled carbon fibres can be 30–40% cheaper than virgin 
carbon fibres; however, the degradation of fibre characteristics can be a serious issue dur-
ing reuse. Process conditions are known to vary significantly depending on the waste CFRP 
products being recycled. Composite waste, generally sourced across different industries, is 
also likely to be heterogeneous in nature. A new approach based on using waste CFRPs as a 
carbon resource in steelmaking will be presented, especially for those CFRPs that cannot be 
transformed back in to carbon fibres.

2. Recycling approaches for waste CFRPs

Various approaches for recycling and reusing waste CFRPs as carbon fibres as well as a car-
bon resource are briefly reviewed in this section.

2.1. Mechanical recycling

The key principle of recycling CFRPs involves the separation of carbon fibres from the resin 
matrix.

Mechanical processing involves crushing and shredding followed by further grinding and 
milling down to 10–50 mm of fine particles [9]. Recovered materials/flakes are separated into 
resin-rich powders and carbon fibres of different lengths still embedded in the resin matrix. 
Resin-rich powders find applications as fillers in bulk as well as sheet-melding composites 
[10]. While recovered fibre-rich fractions find reuse in composites [11], their cost and quality 
are key factors affecting efficient reuse.

Recent Developments in the Field of Carbon Fibers2

Cutting mills were found to produce longer as well as more homogeneous fibre lengths as 
compared to hammer mills [12]. Direct reforming without grinding has also been used in some 
cases. Due to significant impairment in mechanical properties and poor bonding between the 
fibrous fraction and resin, recycled materials are still being used in small concentrations only 
[13]. Electrodynamic fragmentation has been used to shred carbon fibre-reinforced thermoplas-
tics. Milling dust and chips produced during milling operations have found applications as fill-
ers in the production of thermoplastic granulates with increase in tensile strength and overall 
rigidity [14]. Degradation in carbon fibre quality is a key issue affecting mechanical processing.

2.2. Thermal processing

A variety of thermal processes including pyrolysis (heating in the absence of air), fluidised 
bed and microwave-assisted pyrolysis as well as combustion (heating in the presence of oxy-
gen) have been used for recycling CFRPs [15–17]. Key purpose of these processes is to devola-
tilize resin to recover carbon fibres; typical temperatures used range between 450 and 700°C 
depending on the resin used. As high temperatures (>2200°C) are used in the preparation of 
carbon fibres, relative lower pyrolysis temperatures do not have much effect on basic charac-
teristics of carbon fibres.

Temperatures up to 1550°C are used for recycling of CFRPs for steelmaking applications 
[18]. Devolatilised resin produces CO2, H2, CH4 gases, an oily fraction as well as char that 
may deposit on fibre surfaces. Key advantages of pyrolysis (temperature range: 400–1550°C) 
include retention of mechanical properties, recovery of carbon fibres and the absence of chem-
icals. Some of the detrimental factors include the deposition of chars on fibre surfaces and 
hazardous emissions due to thermal degradation of resin [18].

While higher amounts of energy may be consumed during pyrolysis depending on operat-
ing temperatures, this process does not cause local area contamination, typically associated 
with mechanical and physical processing of waste. Deposition of char from degraded resin 
can be seen clearly in SEM images of CFRPs treated at a range of temperatures (Figure 1). 
The fibres contaminated by resin char require additional heating in air at 450°C to burn this 
residual char. However, oxidation can cause strength degradation (up to 50%), shorter fibres 
and unstructured fibre architecture [20].

In microwave-assisted pyrolysis, direct heating of the material core in inert atmosphere results 
in fast thermal transfer and energy savings. Lester et al. [17] suspended specimens of carbon 
fibres and resin in a microwave cavity using quartz sand to suspend the samples and glass wool 
to limit material loss. Using a bed of silica sand, fluidised bed reactor used hot air for rapid 
heating and dissociation of resin from the CFRPs matrix [12]. A strength degradation of ~25%  
was recorded for carbon fibres after heat treatment at 550°C. While this technique can pro-
cess contaminated as well as end-of-life waste, it is not particularly suitable for recovering 
carbon fibres.

2.3. Solvolysis

Solvolysis involves chemical degradation of the resin present in CFRPs with the help of chemi-
cal solvents. Water is the most commonly used solvent; organic co-solvents, alkaline as well as 

Introductory Chapter: Recycling and Reuse of End-of-Life Carbon Fibre Reinforced Polymers
http://dx.doi.org/10.5772/intechopen.76709

3



Key challenge is to find environmentally friendly, alternative recycling approaches and 
to transform carbon-bearing composite waste into valuable resources. Recycling rates for 
CFRPs are currently very low, with most of the waste ending up in landfills. While landfill-
ing is a relatively cheap and convenient disposal route, environmental legislation on waste 
management is also becoming increasingly restrictive.

According to the European Union’s Waste Framework Directive [7], landfilling is the least 
preferred waste management option. Landfilling carbon-bearing waste can be a serious 
environmental hazard as well. It can lead to the release of greenhouse gases, including huge 
amounts CO2 and methane; up to 50% of these emissions are of methane, which is 21 times 
more potent a greenhouse gas than CO2. Manufacturers across Europe are required to pay to 
dispose their production waste if it goes to landfill as well as a climate change levy.

Current approaches for recycling composite materials, reuse and material recovery from 
waste CFRPs are briefly reviewed in the following section. While several techniques such as 
pyrolysis, solvolysis, mechanical grinding, chemical, high voltage fragmentation and so on 
using different approaches have shown feasibility of recycling, commercial/industrial appli-
cations of recycled carbon fibres are still very limited. Recycled fibres are generally of lower 
quality as compared to virgin fibres due to lack of control in fibre length and length distribu-
tion, diminished surface quality and multiple sources [8].

Recycling is profitable and sustainable only if the value of the reclaimed materials exceeds 
the cost of the recycling process. Recycled carbon fibres can be 30–40% cheaper than virgin 
carbon fibres; however, the degradation of fibre characteristics can be a serious issue dur-
ing reuse. Process conditions are known to vary significantly depending on the waste CFRP 
products being recycled. Composite waste, generally sourced across different industries, is 
also likely to be heterogeneous in nature. A new approach based on using waste CFRPs as a 
carbon resource in steelmaking will be presented, especially for those CFRPs that cannot be 
transformed back in to carbon fibres.

2. Recycling approaches for waste CFRPs

Various approaches for recycling and reusing waste CFRPs as carbon fibres as well as a car-
bon resource are briefly reviewed in this section.

2.1. Mechanical recycling

The key principle of recycling CFRPs involves the separation of carbon fibres from the resin 
matrix.

Mechanical processing involves crushing and shredding followed by further grinding and 
milling down to 10–50 mm of fine particles [9]. Recovered materials/flakes are separated into 
resin-rich powders and carbon fibres of different lengths still embedded in the resin matrix. 
Resin-rich powders find applications as fillers in bulk as well as sheet-melding composites 
[10]. While recovered fibre-rich fractions find reuse in composites [11], their cost and quality 
are key factors affecting efficient reuse.
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was recorded for carbon fibres after heat treatment at 550°C. While this technique can pro-
cess contaminated as well as end-of-life waste, it is not particularly suitable for recovering 
carbon fibres.
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Solvolysis involves chemical degradation of the resin present in CFRPs with the help of chemi-
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acidic catalysts, are also used along with water depending on the nature of the resin involved 
[21–23]. Low temperatures as well as pressures are used sometimes in conjunction with vari-
ous solvents; polyester resins require lower temperatures than epoxy resins for degradation 

Figure 1. Scanning electron microscopy (SEM) images on pyrolysis residues from CFRPs heat treated at a range of 
temperatures [19]. Low (left) as well as high (right) resolution images have been presented.
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and solvolysis. The overall process can therefore be a combination of solvolysis and thermal 
processes, for example, hydrothermal processes for use of water at higher temperatures.

It is also possible to modify the solvent power and basic characteristics, reactivities and so on 
by operating under subcritical or supercritical conditions as a function of temperature and 
pressure [24]. These techniques can recover carbon fibres without much detriment of fibre 
lengths, distributions and mechanical properties. However, these may not be suitable for con-
taminated waste or could cause environmental damage when hazardous chemicals are either 
used or produced as spent byproducts.

2.4. Waste CFRPs as a carbon resource

Significant research has been carried out on recycling waste CFRPs in attempts to extract 
carbon fibres, albeit with reduced mechanical and other capabilities, for further reutilization 
in a variety of lower-grade applications. As recycling rates continue to be very low and land-
filling not a viable option due to high costs and/or legislation, the utilisation of waste CFRPs 
as a carbon resource in steelmaking is being explored [25]. This technique can process waste 
CFRPs irrespective of the nature and characteristics of fibres, resin and impurities present due 
to high temperatures (1550°C).

CFRPs typically contain up to 92 wt.% carbon in form of fibre; fibres containing up to 99 wt.% 
carbon is generally known as graphite fibres. The atomic structure of carbon fibres is similar 
to graphite and consists of sheets of carbon atoms (graphene sheets) arranged in a regular hex-
agonal pattern, the key difference being the manner of interlocking between sheets. Precursors 
used to prepare carbon fibres have a strong influence on atomic-level fibre structure [26].

Carbon fibres derived from polyacrylonitrile (PAN) have a turbostratic structure (random ori-
entation of graphene sheets), whereas carbon fibres derived from the mesophase pitch have 
a highly ordered graphitic structure. As a potential carbon resource for steelmaking, waste 
CFRPs have better characteristics as compared to typical carbons, for example, coals, cokes, 
chars and so on [27].

Carbon dissolution from CFRP powders into molten iron was investigated at 1550°C using 
sessile drop arrangement [28]. Carbon dissolution investigations showed a rapid carbon 
pickup reaching ~5.20 wt.% carbon for CFRPs char (K: 22.2 × 10−3 s−1) within 2 min. This level 
of carbon pickup was similar to that from synthetic graphite and was much higher than typi-
cal results from coke, coal chars and natural graphite.

End-of-life waste CFRPs can be used as an alternative source of carbon for carburising pur-
poses in steelmaking. Such sustainable recycling of CFRP materials for the steelmaking indus-
try will be an important pathway towards solving CFRPs’ disposal problems such as waste 
management and landfilling. This research is presently in initial stages. Significant testing 
and development will be required for commercial-scale applications.

3. Concluding remarks

A brief review has been presented on recycling CFRPs, recovering carbon fibres as reus-
able products, degradation of fibre characteristics after mechanical, thermal and chemical 
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CFRPs have better characteristics as compared to typical carbons, for example, coals, cokes, 
chars and so on [27].

Carbon dissolution from CFRP powders into molten iron was investigated at 1550°C using 
sessile drop arrangement [28]. Carbon dissolution investigations showed a rapid carbon 
pickup reaching ~5.20 wt.% carbon for CFRPs char (K: 22.2 × 10−3 s−1) within 2 min. This level 
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processing of waste. Significant success has been achieved using a wide variety of tech-
niques depending on the nature/type of resin used, fibre precursors, manufacturing source 
and waste CFRP products being recycled. Commercial industrial scale recycling is not 
yet economically feasible in most cases. Utilisation of waste CFRPs as an alternate carbon 
resource in steelmaking is an emerging technology that could reduce the carbon footprint 
of the steel sector and help redirect this carbonaceous waste from landfills and associated 
economic and environmental impact.
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At the present stage of polymeric material science, the physical and chemical modifica-
tion of the surface of reinforcing fibers and liquid polymer binder is the basic direction 
in the development of functional polymeric composite materials (PCMs) for structural 
purposes. In this chapter, various aspects of the physical and chemical modification of 
the components of reactoplastic materials of structural design on the basis of classical and 
nano-modified (NM) PCMs are analyzed. The choice of the most effective types of carbon 
nanofillers for creating functional PCMs is exemplified by the example of carbon plastics. 
The main emphasis is made on ultrasonic processing as the dominant method of physi-
cal modification when obtaining PCMs. It is shown that such a physical modification is 
aimed at the intensification of many technological operations for the production of such 
materials, as well as at improving the physico-mechanical and operational characteris-
tics of the resulting products and structures on their basis. The questions of designing 
the technological process for the production of functional classical and NM PCMs are 
briefly analyzed. The aspects of creation of NM carbonocomposites in which a continu-
ous carbon fiber is combined with a binder in the volume of which the ultradisperse car-
bon nanoparticles are evenly distributed are considered. The prospects of production of 
functional hybrid PCMs based on reinforcing fabric with NM filler are shown. Features 
of obtaining functional NM carbono-composites with improved physico-mechanical and 
operational properties, in particular, with increased strength, electrical conductivity and 
crack resistance are described.
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1. Introduction

Polymeric composite materials (PCMs), combining low density, high elasticity modulus and 
strength, are now widely used in various fields of industry: aircraft building, automotive 
industry, construction, sports industry, medicine, etc. Modification of the surface of the rein-
forcing fiber and liquid polymer binder (PB) to improve the physico-mechanical and opera-
tional properties of the resulting classical PCMs and nano-modified (NM) PCMs is an actual 
task of polymer materials science [1, 2].

This task is realized both as a complex as well as separately by various methods of modifica-
tion: physical—in the form of ultrasonic (US), chemical and combined physical and chemical. 
The aspects of designing the technological process for the production of functional classical 
PCMs and NMPCMs of structural design on the basis of reactoplastics are no less relevant [3]. 
Moreover, exactly US treatment is the dominant method of physical modification, which is 
simultaneously aimed at the intensification of many technological operations for the produc-
tion of such materials, as well as improving the physico-mechanical and operational charac-
teristics of the products and structures obtained [4].

A number of studies are devoted to the issues of preparation, enhancement of physico-
mechanical and operational properties and features of the use of functional reactoplastic 
NMPCMs. In particular, the directions in which NMPCMs production technology is devel-
oping, including economic aspects of implementing their formation nanotechnologies, were 
described [5]. Among a wide range of means used to produce NMPCMs, it is preferable to 
use technical means implementing the method of low-frequency US cavitation [6]. The advis-
ability of such choice is primarily due to the need for a uniform (homogeneous) distribution 
of nanoparticles introduced into the liquid oligomer. At the same time, this process is actively 
hampered by the physico-chemical nature of the nanoparticles, which are characterized by 
high surface energy.

This, in turn, causes the mutual attraction of nanoparticles, which leads to their coalescence 
and aggregation upon incorporation into the liquid oligomer. It was shown that the condi-
tions necessary to create functional nanomaterials are small size and a distribution of carbon 
nanofiller particles as uniform as possible in the liquid polymeric matrix [7]. The efficiency of 
introducing the nanoparticles into the liquid polymer medium depends on not only the dose 
but also the mixing parameters [8].

One of the options for improving the physical and mechanical properties of carbon PCMs is 
the creation of carbon plastics combined filling [9]. This is accomplished by modifying the 
surface of a continuous carbon fiber and a liquid PB. The chemical modification of the last one 
is carried out by incorporating and subsequent uniform distribution in the bulk of the liquid 
PB of ultradispersed carbon nanoparticles. As the latter, for example, fullerenes, astralenes, 
CNTs and others are used.

Thus, the above brief analysis shows that the most relevant areas of research in the field 
of polymer nanotechnology in relation to functional nanocomposites are, in particular, the 
following:
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• selection of the most effective types of carbon nanofillers for the development of functional 
PCMs using the example of carbon plastics;

• determination of the optimal concentration of nanoparticles in the polymeric matrix;

• choice of effective methods for dispersing nanofillers during the production of functional 
NMPCMs based on reactoplastics;

• creation of carbon plastics combined filling;

• production of functional hybrid PCMs (HPCMs) based on reinforcing fabric with NM filler;

• production of functional NM carbonic composites with increased electrical conductivity 
and crack resistance.

The above aspects are briefly presented in this chapter.

2. Effective methods and means of physical modification

2.1. The method of ultrasonic modification of liquid polymeric media

As the dominant method of physical modification of liquid polymer media and reinforced clas-
sical PCMs and NMPSMs of functional purpose, US low-frequency cavitation is used in most 
cases. The main parameters of this action are the frequency, amplitude, intensity, pressure, tem-
perature and volume of the liquid medium (PB) being treated. The set of interdependent opti-
mal parameters of cavitation processing, as a rule, is set experimentally in each specific case.

In the optimum, the resulting set of parameters of US cavitation processing leads to an increase 
in the physico-mechanical and operational properties of solidified oligomers and reinforced 
PCMs based on them [10]. The amount of hardening depends on the particular type of oligo-
mer to be processed and can vary from 40 to 50% for classical hardened reactoplastics or may 
increase for several times (depending on the type of nano-modifier used) as compared to the 
initial composite for NMPCMs [8, 11].

The influence of the developed modes of low-frequency US cavitation treatment on the oper-
ational properties of reactoplastic PCMs was investigated in comparison with the known 
methods. An effective range of interrelated processing parameters has been found [11]. The 
obtained experimental results confirmed the prospects of realization of such a modification 
of liquid oligomers by the example of epoxy oligomers (EOs) and epoxy compositions (ECs).

It was found that such a modification is effective not only in the low-frequency, but also in the 
mid-frequency US ranges, both individually and in combination [12]. Variable overpressure 
during the US treatment is also a promising method. In particular, this is confirmed by the 
results of molding epoxy couplings with shape memory effect. An increase in intensity and a 
reduction in time was also established, both for a separate operation of sonification the liquid 
polymeric composition and for the manufacture of the entire product as a whole [13].
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2.2. Ultrasonic modification during production of reinforced polymeric composites

The purpose of using US modification of reinforced PCMs is to achieve a range of positive 
results upon completion of such a modification.

The first positive result is the US activation of the surface and the structure of the reinforcing 
fibrous macrofiller to improve its wettability of the liquid EC. The second positive result is 
the degassing of the structure of the reinforcing macrofiller immediately before it is impreg-
nated. The third positive result is an increase in the productivity (not less than 2–2.5 times) of 
operations of sonification, impregnation, dosed application of liquid EC and winding while 
maintaining the stability of the properties of the final PCM.

Another positive result is the stabilization of the content of the PB in the impregnated woven 
filler, with variation in the speed of its stretching in the impregnation and dosing operations 
[14]. Finally, the effective parameters of US treatment contribute to increasing the deforma-
tion-strength and adhesion characteristics of PCMs, to lower the level of residual stresses, to 
increase the durability and to reduce the cumulative hardening time [15].

As a result of practical use of the methods of US cavitation processing, the designs of the 
impregnation, dosing and winding units on the serial impregnating and drying equipment 
were improved. The above mentioned results once again confirm the choice of US treatment 
as the main method of physical modification of liquid (including polymeric) media and rein-
forced fibrous PCMs of functional purpose at the main stages of their production.

Despite the existence of a huge range of US cavitation processing tools, the technical means 
used for US modification of liquid polymeric media and reinforcing fillers based on them can 
be conditionally divided into US concentrators, speed transformers and radiating plates.

US concentrators (dispersants) are effectively used primarily for processing liquid polymeric 
media, including when nanomodifiers are introduced into them. Radiation plates are used 
mainly for processing impregnated woven fibrous fillers up to 2000 mm wide.

Despite on the difference in the objects of application, for both of the above mentioned types 
of US technical means it is necessary to determine the effective design and technological 
parameters [16]. Otherwise, the appearance of defective areas of the resulting final PCMs 
(both classical and NM) is possible.

In this case, during the treatment of impregnated tissue, the US cavitators are based on piezoc-
eramic transducers with a radiating plate that undergoes bending vibrations [17]. In addition, 
it is necessary to eliminate the non-uniformity of bending vibrations of radiating rectangular 
plates by calculation-experimental methods [16, 17]. Otherwise, there is a high probability of 
obtaining defective PCMs.

2.3. Designing the technological process of ultrasonic production of polymeric 
composites

The tasks of designing the technology and equipment for the production of classical PCMs 
and NM functional PCMs are aimed at identifying and studying the interrelations between 
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the structural, mechanical and geometric parameters of products, on the one hand, and the 
technological factors of their production, on the other. For example, obtained analytically 
kinetic equations of longitudinal and transverse impregnation of oriented and woven fibrous 
fillers with liquid PBs make it possible to predict the impregnation time and the speed of 
broaching the fibrous filler through the impregnating bath, and also to design its dimensions 
[18]. Design of the optimal tension force of impregnated fibrous fillers in circumferential 
winding allows the study of experimental results on the influence of technological impregna-
tion regimes on the strength of impregnated and cured fibrous fillers [19, 20].

Moreover, in order to minimize material and time costs, as a rule, the methodology of structural 
and parametric modeling of design and technological parameters of technology and equip-
ment (tools) for sonification of liquid polymeric media and for producing reactoplastic PCMs 
is used [3]. In turn, the geometric parameters of the model of oriented classical PCMs, which 
are considered as structurally inhomogeneous media, are the basis for designing technological 
manufacturing parameters and predicting the stress-strain state of solidified classical PCMs 
[21–23]. Figure 1 shows an innovative scheme for producing of unidirectional reactoplastic 
classical PCMs and NMPCMs for functional purposes using low-frequency US treatment.

For example, the investigated traditional structural scheme for impregnation and dosing of 
a polymer (epoxy) binder on a long fibrous filler using US modification (Figure 1) can be 
conveniently divided into such separate structured blocks: I—the block for sonification the 
EO and preparing an impregnation EC based on it; II—the block of “free” impregnation of 
oriented (woven) fibrous filler with liquid EC; III—the block of dosed application of liquid EC 
to impregnated fibrous filler.

The main stages of innovative production of unidirectional reactoplastic PCMs for functional 
purposes using US are as follows (Figure 1). Prior to the impregnation step, US treatment of 
the epoxy resin in reservoir 17 is carried out using an US concentrator 16. The US concentra-
tor 16 is connected to a magnetostrictive transducer 15, which is powered by an US genera-
tor 14 (block I in Figure 1). Depending on the selected geometry of the US concentrator 16, 
a certain value of the amplitude A and intensity Io of the US vibrations introduced into the 
liquid epoxy resin is obtained at the output. In the case of preparing a NM EC, for example, 
CNTs are added thereto. Controlled parameters of US processing are: time τ, temperature T, 
amplitude A and intensity Io.

After US treatment of the epoxy resin, a hardener of epoxy resin enters the reservoir 17 from reser-
voir 18. Here, the epoxy resin is mixed with its hardener with the same US concentrator for a few 
seconds, resulting in an impregnating composition. Next, the tap 19 is opened and the impregnat-
ing composition is fed to the bath 1. After this, the dry long fibrous material 4 is rolled up from 
the bobbin 5, which, after passing the enveloping roll 6, enters the bath 1, where it is impregnated 
with the liquid PB 2, which has already been treated with US (block II in Figure 1). In this case, 
several structural forms of the placement of long fibers in the cross section of the impregnated 
filler, which affect the kinetics of the impregnation process, are possible.

After exiting the impregnation bath 1, a preliminary uncontrolled application of the PB 2 to 
the long fibrous material 4 is provided. This material in the dosing zone (block III in Figure 1)  
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is processed on both sides by US instruments in the form of US rectangular plates 11 and 
12 emitting US having individual drives from the US generator 13. These plates 11 and 12 
contact the material 4, which was impregnated and processed by the edge of the plate edge, 
with varying pressing forces F1 and F2, respectively. The US vibrations propagate both along 
the width and along the length of the plates 11 and 12. Moreover, the tools 11 and 12 are 
disposed with respect to each other along the length of the material 4, processed on both 
sides relative to it, and at different angles of inclination α1 and α2 to the plane of the material. 

Figure 1. Scheme of impregnation and dosed deposition of PB on long-length fibrous material: 1—impregnating bath; 
2—liquid PB; 3—envelope roll in impregnating bath; 4—long-measuring fibrous material; 5—bobbin with a dry fibrous 
material; 6, 9—enveloping rollers; 7—squeezing rollers; 8—drying chamber; 10—take-up bobbin; 11, 12—a pair of 
working US instruments (emitting US plates); 13, 14—US generators; 15—magnetostrictive transducer; 16—waveguide-
concentrator US; 17—reservoir with epoxy resin; 18—reservoir with curing agent of epoxy resin; 19—the tap; 20—
thermoregulating cell; F1 and F2 are the forces of pressing working tools 11 and 12 against the impregnated fibrous 
material; α1 and α2 are the slopes of the working tools 11 and 12 to the surface of the impregnated fibrous material; 
v—broaching speed.
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In turn, working US instruments 11 and 12 consist of several successively located structural 
elements of various shapes and sizes made of different materials.

Varying the content of the PB, uniformity of its distribution in the material, and removal of 
the excess PB are achieved by adjusting the angle of inclination α1 and α2 of the radiating 
plate to the surface of the material 4, by varying the power (intensity I1 and I2) applied to the 
transducers, and by dosing the pressing forces F1 and F2. The final spinning of the PB from the 
impregnated material is carried out by a means of squeezing the material made in the form 
of two rolls 7. The impregnated and squeezed material then enters the drying chamber 8, and 
after drying passes through the envelope roller 9 and is wound onto the take-up reel 10. When 
using the developed innovative technology and equipment, the dependence of the deposit on 
the speed of drawing the impregnated material is largely eliminated, as well as the degassing 
of the air from the structure of the impregnated material due to the contact US action.

Then, within the synthesis framework, only the above mentioned enlarged blocks I–III and 
their constituent structural elements are analyzed, as well as structural and technological 
interrelations between them. Implementation of the developed approaches to the use of effec-
tive US devices allows obtaining a wide range of practically defect-free classical PCMs and 
NM PCMs for functional purposes. Effective hardware for connection and repair of polyeth-
ylene pipelines using US modification and heat shrinking are studied in [24–28]. The epoxy-
glue compositions and banding, fiberglass tape impregnated with epoxy compositions, 
thermistor couplings with shape memory and surface-treatment methods for polyethylene 
pipes are investigated. The results obtained in these studies are another example of the cre-
ation of functional materials for construction application based on classical reactoplastics and 
thermoplastics used in gas-pipeline repair.

3. Functionality of carbon plastics based on reactoplasts

A set of specific requirements to the constructional materials based on PCMs, which are used 
in highly loaded structural elements, are set [29, 30]. Among them are the simultaneous provi-
sion of high strength and rigidity; resistance to alternating dynamic loads; small mass; high 
long-term strength. No less important indicators are heat resistance and corrosion resistance, 
while ensuring a high degree of reliability of the designed construction as a whole. The above 
complex of requirements is satisfied, for example, by classical and NM PCMs in the form of 
carbon plastics based on thermoset (epoxy) matrices [31, 32].

For example, the spectrum of application of NMPCMs based on carbon fibers and HD modi-
fied with nanoparticles (CNTs) is highly loaded materials, products and structures intended 
primarily for use in chemical, shipbuilding, machine, engineering, building, aviation, rocket 
and aerospace and other industries [33–36]. The advantage of using carbon plastics in compar-
ison with traditionally used metals, fiberglass and organic fibers, is that it provides increased 
compressive strength, high elasticity modulus and fatigue strength, low creep and dimen-
sional stability of the molded article due to the low temperature coefficient of linear expan-
sion. Not less important advantages are high indicators of chemical and radiation resistance, 
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as well as good workability (manufacturability) [37]. The above mentioned set of advantages 
also determines the advisability of processing carbon plastics on serial production equipment 
at low labor and energy costs.

It should be noted that in the CIS countries, a wide range of unidirectional structural carbon 
plastics for functional purposes was created (Table 1) [9, 31, 32].

In the CIS countries, aircraft component parts and units are usually manufactured by an auto-
clave solvent polymer impregnation processing technique [38]. However, foreign companies 
usually use nonsolvent processing technique. Molding without autoclave (e.g. infusion mold-
ing or vacuum and pressure impregnation) sufficiently decreases the PCM production costs.

In the reinforcement plane, the properties of the PCMs are determined mainly by the proper-
ties of the reinforcing material. And in the perpendicular plane, the properties of the PCM are 
largely limited by the strength characteristics of the PB and the adhesion value between the 
PB and the reinforcing filler. This often leads to the destruction crack initiation and propaga-
tion in the interlayer space of PCM under the influence of normal and tangential loads arising 
during the operation of products.

The growth of such cracks under the action of alternating, static and shock loads leads to a 
catastrophic destruction of PCM components. Therefore, the low impact strength of carbon 
composites significantly reduces the area of their possible application. The standard method 
for increasing the crack resistance is to introduce a thermoplastic polymer into the epoxide 
matrix which is soluble in it, for example, a polysulfone, whose concentration exceeds 20% 

Physico-mechanical properties Structural carbon-fiber brand

KMU-11 m KMU-31n KMU-41 KMU-4e KMU-5e KMU-6-36

Tensile strength

σt∙10−1, MPa

80 75 70 100 80 70

Compression strength

σcs∙10−1, MPa

60 60 60 100 80 70

Shear strength

τs∙10−1, MPa

5.9 5.5 5.5 8.0 6.0 5.7

Elasticity modulus

E ∙10−1, MPa

14,500 15,000 14,000 12,000 12,000 12,500

Fatigue strength σ−1∙10−1 based on I07 
cycles, MPa

50 45 50 70 55 50

Stress coefficient

K1c∙10−1/0.31, MN∙m3/2

— 68 126 — — 94

Maximum operating temperature, °С 180 100 150 150 80 150

Table 1. The nomenclature of unidirectional carbon-fiber plastics for functional purpose [9, 31, 32].
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(by weight) [38]. At the same time, the viscosity of the PB becomes extremely high, which 
makes this method unacceptable for the manufacture of PCM by infusion methods.

Especially emphasized should be the promising constructional NM carbon composite of 
brand VKU-18tr [39]. It is produced on the basis of the polymeric binding grade ENFB-2 M, an 
equiprobable fabric of Porcher Ind. (art. 3692). Nanoparticles of astralene of NTS brand in the 
amount of 0.5% of the mass fraction of the cured polymer matrix are used as the nanomodifier 
of the liquid PB. Carbon plastic of the brand VKU-18tr was compared with its closest analog 
in the form of carbon-plastic KMU-4-2 m-3692, obtained on the basis of the same components, 
but without the astralean nanoparticles.

The results of comparative tests of these carbon plastics are given in Table 2.

The results of Table 2 indicate that the VKU-18tr NM carbon plastic surpasses the number of 
operating parameters of its analog material, for example, strength, including at higher tem-
peratures. So, for example, at a temperature of 170°C, the strength of the VKU-18tr NM car-
bon plastic produced by compression is 54% higher. With an interlayer shifting, this excess is 
32%, and with a bending, 20%. The same trend is observed with an increase in temperature: 
hardening at room temperature is from 10 to 15%, and at a temperature of 170°C it increases 
to 30–50%. Even more, as the temperature rises, the strength of the VKU-18tr NM carbon 
plastics increases under compression.

Property Reinforcement 
direction

Material Improvement of 
carbon nanofiber 
properties, %Carbon-

fiber plastic 
VKU-18tr

Carbon-fiber plastic 
KMU-4-2M-3692

Tensile strength, MPa [0°] 780 750 4

[90°] 600 550 8

[0°, 90°, ±45°] 640 490 23

Tensile elasticity modulus, GPa [0°] 65.4 64 —

[0°, 90°, ±45°] 55.5 45 —

Shear strength, MPa [0°] 768 700 10

[90°] 660 600 10

[0°, 90°, ±45°] 450 405 11

Interlayer shear strength, MPa [0°] 46 42 10

Shear strength in sheet plane, MPa [±45°] 93 82 13

Operating temperature, °С — 170 120 42

Tropical stability after exposure in a 
tropical chamber for 3 mo., percent 
retention of compression properties

[0°, 90°, ±45°] 96 55 41

Table 2. Several parameters of VKU-18tr and KMU-4-2 M-3692NM carbon plastics for functional purpose [9, 39].
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Figure 2. Scheme of a functional hybrid nanocomposite with grown CNTs on monofilaments [40].

The above confirms the urgency of developing new, cost-effective and technologically advan-
tageous methods for modifying the surface of carbon fiber and liquid PB. The ultimate goal 
of such a modification is to improve the physico-mechanical and operational properties of 
carbon composites.

4. Production of functional hybrid polymeric composite materials

One of the promising directions for improving the physico-mechanical and operational charac-
teristics of elements of load-bearing unit made from reinforced reactoplastic PCMs is the creation 
of functional reactoplastic hybrid NMPCMs (HNMPCMs). The latter are obtained by incorpo-
rating nanoparticles into the structure of a liquid polymeric matrix and a reinforcing macrofiller 
[40, 41]. In investigations it was established that the nanomodification of the liquid PB, carried 
out with the help of optimal US action prior to impregnation of the reinforcing macronutrient, 
improves the processability of the PB and the strength of the solidified polymeric matrix [7, 37].

This, in turn, favorably affects on the hardening of the obtained NMPCMs, especially under 
the action of tensile loads [9]. At the same time, the nanomodification of only the liquid poly-
meric matrix does not have a significant effect on the strength characteristics of the PCM 
structural elements, the functional purpose of which is mainly in the perception of external 
force loads. This can be explained by the fact that when impregnating the reinforcing strands 
of the macrofiller with the NM liquid polymer matrix, the nanoparticles do not enter the inter-
fiber space of the reinforcing macrofillers and filtering out on their boundaries.

Figure 2 shows a structural model of a functional HNMPCM, the reinforcing fabric of which 
contains fibers coated with CNTs [40]. The connection of CNTs grown on the surface of each 
individual fiber during interaction between parallel reinforcing fibers and transverse layers 
of reinforcing fabric is shown.

Recent Developments in the Field of Carbon Fibers18

4.1. Synthesis of carbon nanotubes on reinforcing macrofibers

The search for new efficient technologies has already led to original methods. One of them is 
growing of CNTs on monofilaments of reinforcing fabrics (Figure 3).

With this method, the classical technology of manufacturing composite products [40], practically 
is not changed, which is an undoubted advantage of the developed technology [41]. The princi-
pal possibility of growing CNTs on reinforcing fibers before their subsequent impregnation with 
a liquid PB was investigated. For the study, dry fiberglass and dry twill rope twill weave were 
used (type Twill of the brand: 3k, 2 × 2 Twill Weave Carbon Fiber Fabric, 5.7 Oz/Sq Yd, 50″ wide, 
.012″ thick and 3k, 2 × 2 Twill Weave). In Figure 3a and b shows the surface of the fiber before 
and after application of CNTs.

Growth of CNTs on carbon fibers was carried out by pyrolysis of gases (CVD process) [41]. The 
length of CNTs, as a rule, was much greater than the distance between the layers of tissue (~10 μm) 
and between the fibers in strands (~1–5 μm). CNTs grown on fiber reinforcing fibers were studied 
using a scanning electron microscope (SEM). It was found that the CNT grew uniformly and densely 
in the radial direction on the surface of each individual fiber in the reinforcing fabric (Figure 3b).

Figure 3. SEM image of glass fabrics and carbon fabrics used in laminate production [40]: a—without CNT; b—with 
CNTs grown along the radius on the surface of the fiber, as well as individual fibers coated with CNTs; resolution on the 
lower images of a and b ~20 μm.
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Morphology (uniformity of growth, distribution along the fiber and throughout the lami-
nate), the diameter of CNTs and the uniformity of their distribution were evaluated using 
a transmission electron microscope (TEM). The TEM analysis of multilayer photos showed 
that CNTs grown on fiber reinforcing fibers have an outer diameter of ~17 ± 2 nm and eight 
concentric layers (Figure 4).

As a result of impregnation with a polyester binder reinforcing NM fabric, a new structure is 
obtained—a HNMPCM, where nanoadditives are present not only in the polymeric matrix, 
but also in fibers. It is called free reinforced plastic (FFRP). When studying the wettability 
of CNTs with a reactoplastic polyester adhesive, it was found that CNTs are easily impreg-
nated with such binding capillary method (free impregnation method) [41]. Improved adhe-
sion between CNTs and reactoplastic material creates a strong functional nanocomposite for 
power purposes. Thus, due to the synthesis of CNTs directly on macrofibers, the solidified 
polymer fixes uniformly distributed CNTs on the surface of dry macrofibers, creating a func-
tional nanocomposite of increased strength (the shear strength of HNMPCMs based on the 
polyester matrix increased by 60%).

It is known that one of the main problems during the process of making samples was the 
impregnation by PB of reinforcing woven layers, which contain single CNTs. Images obtained 
from optical and scanning electron microscopes demonstrate the presence of CNTs through-
out the entire laminate section and the absence of differences between laminates with and 
without CNTs (Figure 5).

The PB under impregnation under the influence of vacuum completely impregnated all reinforc-
ing macrofibers together with CNTs. The sections of the laminate without CNTs (Figure 5c) and 
with CNTs (Figure 5d) at the same scale indicate a qualitative structure and a uniform impregna-
tion of the hybrid layers with a PB. This is confirmed by the absence of voids in the structure and 
the quasiregular distribution of the fibers after vacuum impregnation.

At the same time, the distance between macrofibers in the HNMPCM is slightly larger than in 
the base sample due to the expansion of the fibers by growing CNTs. Thus, the creation and 

Figure 4. TEM images of CNTs grown on a carbon fiber with a low (a) image resolution and a single high-resolution CNT 
(b) (concentric layers in the CNT structure are shown) [41].
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study of functional HNMPCMs has shown that the application of the method of gas-phase 
growth of CNTs ensures their uniform distribution on reinforcing macrofibers of the filler, 
and vacuum impregnation with a PB reliably binds CNTs with reinforcing macrofibers.

5. Production of functional nano-modified carbonocomposites with 
crack resistance

In the past 10 years in the CIS countries the possibility of using CNTs for additional reinforce-
ment of PCM has been intensively studied. As a result of these studies, HNMPCMs are cre-
ated, in which CNTs are contained along with a reinforcing macrofiller, carbon or glass fiber 
[33, 42]. These studies provide the basis for the creation of functional NM carbonocomposites 
with increased crack resistance. According to the data of the studies of a number of investiga-
tors, CNTs exert maximum influence on the value of the ultimate strength at interlayer shear 
and the fracture toughness of reinforced PCMs [43–45].

At the same time, the characteristics of PCM, which depend on the properties of the reinforc-
ing filler (elasticity modulus and tensile strength), change slightly. Still, it should be noted 
that the results of the study of the effect of CNTs on the crack resistance of the HNMPCMs, 
obtained by various authors, differ significantly. The use of PB modified by CNTs in the 

Figure 5. Hybrid composite samples based on a nanocomposite with a CNT content of 0.2% [41]: a—three-layer laminate 
after trimming; b—SEM image of intersecting tissue layers impregnated with a nanocomposite binder; c—SEM image of 
the section of composites without CNTs; d—cross section of reinforced CNT hybrid NMPCMs.
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composition of the HNMPCM allows increasing the crack resistance coefficients G1c and G2c 
by an average of 15–40% [46–49]. At the same time, it is possible to obtain an increase in the 
crack resistance coefficient up to 120–180% if a thermoplastic polymer is incorporated into 
the PB together with the CNTs, which acts as a non-covalent CNT modifier [50, 51].

When using films based on a partially cured EC filled with CNT [40], or a mixture of CNT and 
thermoplastic polymer [52, 53], it is possible to increase the coefficient of crack resistance by 2–3 
times. The resulting films were placed between the layers of the reinforcing filler. In addition, 
the crack resistance is affected by the method of obtaining HNMPCM [52]. In the first embodi-
ment, the nanofiller was functionalized with silane groups. Before the winding on the reinforc-
ing fiberglass, a PB (EC) modified with short CNTs and nanofibers was applied, after which the 
coefficient of crack resistance of the obtained monolithic HNMPCM sample was determined.

In the second variant of the winding, two separate plates were made on the basis of a modified 
PB, which were then glued together with a PB containing a functionalized nanofiller. The crack 
propagated along the gluing layer. Despite the practically identical composition of the modified 
binder, in the first case the crack resistance coefficients in the reinforcement direction G1с and in 
the perpendicular direction G2с increased by 5–14% compared to the initial values (monolithic 
plate based on the unmodified PB), and in the second by 79–109%, respectively. The influence 
of the degree of aggregation of CNTs and the type of functional groups covalently attached to 
their surface on the crack resistance of HNMPCM obtained by the vacuum forming method was 
investigated [38]. A binder based on an epoxy amine resin and an amine curing agent was used.

To regulate the rheological properties of the binder, an unsaturated polyester resin modifier 
and a radical polymerization initiator was used. The modification of the chemical structure 
occurred according to the type of interpenetrating polymer networks. The method of prepara-
tion of the concentrate (1.5% by weight) of CNTs “Taunit-M”, covalently functionalized with 
carboxyl (CNT-COOH) and amide groups (CNT-CONH2) in the epoxy amine oligomer, is 
described by [54]. Four types of concentrates of functionalized CNTs (COOH-1, COOH-2, 
СОNH2-1 and СОNH2-2) were used in the epoxy amine resin, which differed in the types of 
functional groups and the degree of aggregate dispersion. The aggregate size in concentrates 
COOH-2 and СОNН2-2 was 3–20 μm, and in concentrates СООН-1 and СОNН2-1 does not 
exceed 3–5 μm. As the reinforcing filler, a uniform fabric firm Toray was used: weav-twill, 
thickness of the bundle 3k (3000 filaments).

Six layers of filler were used to assemble the pack, each of which was applied with a previ-
ously prepared binder in equal proportions in such a way that its mass fraction in the fin-
ished cured sample was 36–40%. It was found that the modification of the epoxy binder by 
carboxylated and amidated nanotubes leads to a decrease in the glass transition tempera-
ture Тg (maximum of 8°C). And with an increase in the degree of aggregation, the difference 
between the glass transition temperatures Тg in the modified functionalized CNT (FCNT) and 
the control sample decreases. The maximum hardening of the modified epoxy binder was 
20%. The use of a binder modified with well-dispersed carboxylated nanotubes makes it pos-
sible to increase the value of the energy of interlayer destruction of carbon-plastic GIR by 63% 
as compared to the initial sample. The likely reason for the increase in GIR is the change in the 
propagation path of the crack in the modified FCNT samples from the HPCM.
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For HNMPCMs prepared using a binder with uniformly distributed CNTs functionalized 
with amide groups, an increase in the GIR value compared to the starting plastic is 41%. 
Aggregation of carboxylated FCNT leads to a decrease in the effect—an increase in the GIR 
value is only 17%. Figure 6 shows the results of a fractographic study of the surface of the 
HNMPCM after separation of the sample with a COOH-1 concentrator and a sample of rein-
forced plastic made using a SEM at various magnifications.

As can be seen from Figure 6, on a scale of up to 10 μm, the pattern of destruction of the 
initial and modified sample is practically the same. However, on a larger scale, there are sig-
nificant differences: a large number of “pyramidal” formations are observed on the surface 
of a modified sample with FCNTs. In addition, the number of fibers destroyed during the 
stratification of the sample increases. It was found that when modifying the epoxy binders of 
the FCNT, the values of the elasticity modulus E and the tensile strength σt of the HNMPCM 
decrease on average by 35 and 25%, respectively. This is explained by a decrease in the vol-
ume fraction of the reinforcing fiber in the samples of HNMPCM (an average of 20%) com-
pared to the control sample.

Figure 6. Results of fractographic investigation of the surface of the HNMPCM after separation, obtained with the help 
of SEM [38]: a, c, and e—control sample; b, d, and f—sample of HNMPCM with COOH-1 concentrate.
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6. Production of structural electro conductive polymeric composites

In recent years, the efforts of researchers in the field of polymer nanotechnology are concen-
trated in the direction of the creation of functional constructional PCMs of a new type. In such 
PCMs, the CNTs themselves are used as the reinforcing element. In particular, one of the most 
important functions of such PCMs is a high level of electrical conductivity [55]. So, it is shown 
that the conductivity of the CNT-filled composites depends not only on CNTs type, concen-
tration and polymer matrix composition, but also on the nanocomposite production method.

For example, for materials that can be manufactured by pressure die casting methods, the task 
of creating nanocomposites that combine a high level of functional and physico-mechanical 
properties can be solved by using multiphase polymer matrices and extruders. This is neces-
sary to ensure a high level of shear stresses. In particular, the authors of the paper used the 
following method [56]. An array of vertically oriented CNTs that were grown on an alumina 
substrate was sheared off the substrate and then compressed in a direction perpendicular to 
the CNT orientation axis. Then the resulting deformed nanofiller was impregnated with ECs, 
which are used for the manufacture of PCM and cured.

It is shown that the electrical conductivity of such a deformed nanocomposite in the CNT 
orientation direction is 10 Sm/cm at a CNT concentration of about 6%. Other authors reached 
significantly larger values of the electro-physical and physico-mechanical characteristics [57]. 
In contrast to the method described in [56], they stretched an array of vertically oriented CNTs 
in a direction perpendicular to their growth. The resulting stretched sheets were impregnated 
with an EC by vacuum infusion. For PCM, obtained on the basis of 1750 stretched sheets 
oriented in mutually perpendicular directions, the following physico-mechanical and opera-
tional (electrical conductivity) characteristics were obtained: tensile strength of 117 MPa, elas-
ticity modulus of 7.45 GPa, electrical conductivity of 2205 Sm/cm at concentration of CNTs at 
the level of 8%.

Other researchers demonstrated a different way of obtaining PCM with a high level of func-
tional and physico-mechanical properties [58, 59]. It is declared that this method can be used 
in the future for large-scale industrial production. According to this method, an array of verti-
cally grown CNTs (7–9 nm in size) was subjected to orientational stretching and impregnation 
with a solution of bismaleinimide resin (Figure 7).

The complex filament was collected by successively stacking several layers of oriented and 
impregnated nanotubes. From the obtained filaments, a prepreg was prepared, which was 
then pressed (the proportion of PCM being 50–55%).

Figure 8 shows a comparison of the dependence of the tensile strength of PCM on its elasticity 
modulus for materials reinforced with standard carbon fibers and CNTs.

□—high-strength plastics; ▪—high-modulus plastics; •—developed plastics.

It was studied that such HNMPCMs due to the use of CNT as a reinforcing filler are charac-
terized by a complex of high functional characteristics. In particular, the tensile strength is 
3.8 GPa, elasticity modulus of 293 GPa and the electrical conductivity reaches 1230 Sm/cm. At 
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the same time, during the production of such materials, it is advisable to use extruders in point 
of view of the need to obtain high shear stresses during the shaping of the such HNMPCMs.

Taking into account the fact that the density of the PCM is only 1.25 g/cm3, this material is 
extremely promising for use in the design of aviation and space technology. Also, a high level of 
electrical conductivity ensures the stability of the resulting HNMPCM to the effect of a lightning 
discharge. In addition, one of the possible ways to impart electrical conductivity to classical 
PCM based on reinforcing fillers is the use of CNTs decorated with metal nanoparticles [55, 60].

Thus, based on the foregoing, it can be concluded that the electrical conductivity of nanocom-
posites with carbon nanotubes is influenced by: the type of nanotubes, the composition of the 
polymeric matrix, and the technologies for obtaining the NMPCMs, including US treatment 
for modifying liquid polymeric media [61]. The last one forms the distribution of CNTs by the 
bulk (volume) of the composite and affect the value of the contact resistance between CNTs. 
At the same time, the technology of obtaining composite materials from a stretched array of 
vertically oriented nanotubes makes it possible to produce functional PCMs with a record 
level of electrical conductivity and physico-mechanical properties.

Figure 7. Scheme of the technological process of obtaining a complex filament from the CNT′s array [58].

Figure 8. Comparative dependence of the tensile strength on the value of the elasticity modulus for materials reinforced 
with standard carbon fibers and CNTs [58].
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7. Conclusions

The results of the studies described in this chapter confirm the effectiveness of physical, 
chemical and combined physico-chemical methods of modification as a basic direction of 
improving the technological and operational characteristics of classical PCMs and NM liquid 
polymer media and reinforced PCMs of functional purpose on their basis. The choice of the 
dominant method of physical modification of liquid polymer media and reinforced classical 
PCMs and NM PCMs of functional purpose in the form of US low-frequency cavitation has 
been experimentally confirmed.

The effective spectrum of interrelated regime parameters of US processing is characterized, 
which is established exclusively by an experimental method. The efficiency of creation of 
carbon plastics of combined filling is shown, as well as the prospects of creating HNMPCMs 
on the basis of reinforcing fabric with NM filler, which is used as CNT. Methods for obtain-
ing functional NM carbonocomposites with improved physico-mechanical and operational 
properties, in particular, with increased strength, electrical conductivity and crack resistance 
are described. Potential applications of such materials are briefly described.

Further directions of research in the field of creation of reinforced PCMs on functional pur-
pose are improving the properties of nanomodifiers used in the form of CNTs, improving the 
technology of de-agglomeration and subsequent alignment of nanocomposite components, 
and developing innovative methods for the synthesis of carbon plastics of combined filling 
and hybrid coal composites.
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Abstract

To further improve and upgrade the existing functions of carbon fibers, and to endow the
carbon fiber with new and desired functions, the most effective and economic way is to
create nanostructures on the carbon fiber surface. The carbon fibers with nanostructures
grown on the surface, or namely nanostructured carbon fibers, not only maintain the
intrinsic high strength, light weight, high thermal conductivity of carbon fiber, but also
obtain significant functional enhancements in mechanical properties, interfacial bonding
and electrocatalytic property. Different kinds of nanostructures, such as nanoparticles,
nanorods, nanotubes, nanosheets, and nanoflowers, are controllably grown on the surface
of carbon fibers by using various kinds of techniques, including chemical vapor deposi-
tion (CVD), laser ablation, microwave treatment, and hydrothermal process. These multi-
scale, multifunctional nanostructured carbon fibers not only add new and interesting
branches to the carbon fiber family, but also pave the way for the application of carbon
fibers in next-generation fiber-reinforced composite, energy storage device and green
energy production.

Keywords: surface growth, carbon fiber, nanostructures, fiber-reinforced composite,
electrocatalyst

1. Introduction

Owning to its high mechanical strength, light weight and one-dimensional morphology, car-
bon fiber has become one of the most important materials in fabricating structural components
and load-bearing parts, and has found wide-spread applications from the fields of automotive,
sports, to aircrafts and aerospace shuttles. Perceived by its name, carbon fiber is composed of
the elemental carbon (C). Different from graphite, which is composed of sheets of carbon
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atoms (graphene sheets) that parallelly stack on each other, the carbon fibers are composed of
graphene sheets that twisted, folded and crumbled upon each other. Therefore, carbon fibers
would have extremely high tensile strength and stiffness as compared to graphite. Carbon
fibers are majorly produced from the precursors such as polyacrylonitrile (PAN), rayon and
petroleum pitch [1]. In a typical process, the precursors are spun and drawn to form filament
yarns, which are subsequently subject to the pre-oxidation, thermal carbonization and graph-
itization processes. After the thermal carbonization process, the precursor filament yarns are
converted to carbon filament yarns with high carbon contents (~92–99%). The carbon filament
yarns produced from the carbonization process (1500–2000�C) generally exhibit high tensile
strength while the ones produced from the graphitization process (2500–3000�C) generally
exhibit high elastic modulus [2].

Due to its high mechanical strength, high modulus, thermal conductivity and low thermal
expansion, carbon fibers are widely used in the high technology sectors, such as aerospace and
nuclear engineering, where high performance under high damping, high temperature and
corrosive environment is required [3]. However, in general engineering sectors and transpor-
tation, the application of carbon fiber is restrained by the cost and production rates, and it only
appears in limited parts of the products, where high strength and light weight are needed. The
final properties of carbon fibers are highly dependent on their precursors and different types of
carbon fiber can be produced based on the specific requirements of application. For example,
the carbon fiber produced from PAN has the highest tensile strength (Table 1), which is
suitable for the high technology applications. On the other, the carbon fiber produced from
cellulose may have lower tensile strength accompanied with low cost, which is suitable for
general engineering applications (Table 2) [4].

The properties of carbon fibers can be further improved by the growth of nanostructured
materials on their surfaces, a process commonly known as “whiskerization” [5–7]. Techniques
such as chemical vapor deposition, hydrothermal process and electrochemical deposition are
usually employed to accomplish the nanostructure growth [8–10]. During the growth process,
the nanostructures are directly formed on the surface layer of the carbon fibers, either through
the pre-deposited “seed layer” or hydrophobic interaction. After the growth process, the as-
grown nanostructures and the carbon fiber substrates integrate and form free-standing,
binder-free multi-scale composites. Depending on the properties of the as-grown
nanostructures, the applied functions of carbon fiber can be greatly enhanced and extended.

Table 1. Mechanical properties of PAN, pitch and rayon based carbon fibers [3].
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For example, growth of carbon nanotubes or zinc oxide nanowires on the carbon fiber surface
can significantly increase the tensile strength (133%) and interfacial strength (113%) of the
fiber-reinforced composite prepared by using these carbon fibers [11, 12]. By growing metal
oxide or metal dichalcogenide nanostructures on carbon fiber surface, the electrochemical
catalytic and capacitive properties of carbon fibers can be substantially enhanced [13, 14].
Upon integrating the intrinsic high electrical and thermal conductivity, high mechanical
strength and chemical inertness of carbon fibers with the nanostructured materials of high
electrochemical activity, ideal bi-functional (anode and cathode) electrodes for metal-air batte-
ries and water-splitting cells can be readily realized, which further extends the applications of
carbon fiber to energy storage and green energy [15, 16]. This chapter will focus on the state-
of-the-art design and growth of functional nanostructures on carbon fiber surface, as well as
their advanced applications.

2. Nanostructures grown on carbon fiber for fiber-reinforced composites

Due to its excellent mechanical, thermal and chemical properties, carbon fibers are widely used
for the fabrication of fiber-reinforced composites (FRC), forming high-performance structures
and components for high-technology applications. However, the most frequent occurring cases
for the failure of FRC known as fiber pull-out and delamination are caused by the internally
weak bonding between the fibers and the polymeric matrix [17, 18]. In this regard, growth of
secondary nanostructures on the surface of carbon fibers to improve the interfacial bonding

Table 2. Mechanical properties of cellulose based carbon fibers [4].
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between the fibers and matrix has been proposed [19, 20]. In order to obtain the desired
enhancement in the interfacial bonding strength, three main factors should be considered,
including: (i) the as-grown nanostructures should have intrinsically good mechanical proper-
ties, proper size range and high surface area, which can significantly increase the interfacial
area between the fiber and matrix, as well as providing good anchoring strength; (ii) the
nanostructures should be directly grown on the surface of carbon fibers to avoid the involve-
ment of binders, as binders could affect the mechanical strength of the final composites; (iii) the
process of growth should not deteriorate the intrinsic mechanical properties of carbon fibers.

2.1. Growth of nanocarbons

Due to their intrinsic affinity to the surface of carbon fibers, carbon nanomaterials (nanocarbons)
have been grown on carbon fiber for the FRC application. For example, carbon nanotubes
(CNTs) grown on carbon fibers are speculated to improve the interfacial bonding in FRC due to
the high mechanical strength, high surface area and good substrate adhesion [21]. Extensive
research efforts have been devoted to grow CNTs on carbon fibers while the diameter, length
and crystallinity of the as-grown CNTs can be effectively controlled [22–25]. Techniques of
chemical vapor deposition (CVD) are widely applied to grow CNTs on carbon fiber surface
(Figure 1). In a typical process, the carbon fibers are firstly cleaned and desized in organic
solvents by sonication, and then immersed in the catalyst solution at elevated temperature for
absorbing and loading of the metal catalysts. Metals, such as iron (Fe), nickel (Ni), cobalt (Co),
are the major catalysts used for the growth of CNTs [27, 28]. After the immersion and the
subsequent drying process, the surface of carbon fiber is densely loaded with small metal
particles, as shown in Figure 2. Afterwards, the metal-loaded carbon fibers are placed in a quartz
tube furnace, which are subsequently heated in the presence of hydrogen (H2) and carbon source
mixed stream (e.g., benzene, ethylene, acetylene) to accomplish the CNT growth. The flow rate
of total gas streams is typically in the range between 100 mLmin�1 and 300 mLmin�1, and inert
gas protection is required during the heating and cooling steps.

Figure 1. Schematic illustration of the CVD process for growing CNTs [26].
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The as-grown CNTs exhibit long and curved shapes which wrapped around the longitudinal
axis of the carbon fibers randomly, as shown in Figure 3. The morphology of the as-grown
CNTs can be controlled by a wide-range of parameters including types of catalyst, catalyst
concentration, gas flow rate, growth time and temperature. A brief summary of the relation-
ship between the carbon fiber morphology and these parameters is provided in Table 3.
Amongst these parameters, the catalyst concentration is speculated to play a major role since
all the morphological related parameters (e.g., diameter, length, density) can be effectively
tuned by it (Figure 4). It should be noted that there exists a proper range for tuning the growth
parameters of CNTs, and beyond this range CNTs may not be properly grown [30]. Other than
CNTs, carbon nanofibers (CNFs) can also be grown on the surface of carbon fiber by using the
same chemical vapor deposition (CVD) procedures [31–33]. Different from CNTs, the CNFs is
characterized as long nanofibers with solid core, and they would generally have higher aspect
ratios than CNTs. It is speculated that by increasing the time of CVD the CNTs can be further
grown into CNFs, as shown in Figure 5 [34].

Figure 2. Scanning electron microscopy (SEM) images of (a) bare carbon fiber surface [11] and (b-c) Ni particle-loaded
carbon fiber surface with increasing concentrations of the catalyst solution [24].

Figure 3. SEM and TEM images of CNTs grown on carbon fiber by using (a, d) Fe based catalyst [11], (b, e) Co based
catalyst [22], and (c, f) Ni based catalyst [29].
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2.2. Growth of nanostructured metal oxides

Besides CNT and CNFs, metal oxide nanostructures are also grown on carbon fibers to
improve their interfacial bonding strength, respectively [35–37]. The hydrothermal method is
widely used to grow metal oxide nanostructures, as illustrated in Figure 6. Compared with
the growth of nanocarbons, growing metal oxide nanostructures on carbon fibers by the

Figure 4. Pattern films of CNTs grown by increasing catalyst concentrations: (a) 10 mM, (b) 25 mM, (c) 40 mM, (d) 70 mM;
(e, f) 50 mM Fe(NO3)3•9H2O. Aligned CNTs grown perpendicular to the substrate surface can be observed in (e) and (f)
with a width of 10 μm and height of 20 μm [30].

Table 3. Correlation between the morphology of CNTs and growth conditions. (+) represents in direct proportion while
(�) represents in inverse proportion.
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hydrothermal method may obtain the advantages including: (i) higher degree of morphologi-
cal control over the as-grown nanostructures can be achieved on the carbon fiber surface. In
other words, higher structural uniformity and higher growth density can be readily achieved
for the as-grown metal oxide nanostructures; (ii) the growth process of metal oxides is simpler
and requires less instrumentation, the material and energy consumption are also less compar-
ing with the thermal CVD process; (iii) by using the same growth protocol, different types of
nanostructured metal oxides can be grown on the surface of carbon fibers. However, CNTs and
CNFs grown by thermal CVD may still possess the pros including: (i) higher theoretically
predicted improvement in the interfacial strength for FRC; (ii) higher surface area of the as-
grown nanostructures, and (iii) better affinity or adhesion to the carbon fiber substrate [38].

Figure 5. SEM images of the CVD-grown (a, C) CNTs and (B, D) CNFs obtained from 10 min and 40 min at 900�C,
respectively [34].

Figure 6. Schematic illustration of a typical hydrothermal process that used for the synthesis of metal oxide [42].
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Given the remarkable advantages of growing metal oxide nanostructures for FRC application,
extensive research efforts have been made to investigate their growth process as well as their
functional performance in FRC [39–41].

During the hydrothermal process, the metal oxide “seeds” are firstly deposited on the surface
of carbon fiber by immersing the carbon fibers in the solution of metal salts. Afterwards, the
seed-loaded carbon fibers are annealed at elevated temperature in atmospheric pressure, in
order to improve the adhesion between the seeds and the fibers. Then the treated carbon fibers
are immersed in a “growth solution” which contains the metal salts and organic polyamines
(e.g., hexamethylenetetramine, HMTA). The growth process is then proceeded by heating the
solution in a glass beaker at elevated temperature on a hotplate. Or a stainless-steel autoclave
can be used if higher temperature and pressure are needed. The zinc oxide (ZnO) and copper
oxide (CuO) nanowires, titanium dioxide (TiO2) nanorods synthesized by using the hydro-
thermal method are shown in Figure 7. Similar to the growth of nanocarbons, structural
control over the as-grown metal oxide nanostructures can be achieved by tuning the concen-
tration of the “seeding solution,” loading quantity of the metal oxide “seeds,” as well as the
time of growth (Figure 7c and f).

2.3. Mechanical properties of carbon fibers with surface-grown nanostructures

The carbon fibers with carbon ormetal oxide nanostructures grown on the surface are eventually
subject to the mechanical testing, in order to reveal their functional performance in enhancing
the interfacial bonding strength within the FRC and the mechanical strength of the whole FRC.

Figure 7. SEM images of metal oxide nanostructures grown on carbon fiber by using hydrothermal method: (a, d) ZnO
nanowires, (b, e) TiO2 nanorods and (c, f) CuO nanowires [12, 36, 37]. The CuO nanowires in (c) were synthesized from
10 mM seeding solution while the nanowires in (f) were synthesized from 50 mM seeding solution.
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In a typical process, the carbon fibers are chopped into smaller fibers with less dimensions
(length ≦ 2 mm), which are subsequently mixed or blended with the matrix materials, such as
epoxy and polypropylene. The mixtures are then cast in a mold with applied pressure and
subsequently solidified by either curing or compression molding to form the FRC. Mechanical
testing, including tensile strength, modulus, shear strength and compressive strength, are
applied to the nanostructured carbon fiber reinforced polymer composites (CFRC) and the
representative results are shown in Table 4. It is found that the as-grown CNTs and CNFs are
capable of increasing the mechanical strength of the whole CFRC to a great extent, while the
metal oxide nanowires can significantly improve the interfacial strength between the carbon fiber
and polymer matrix.

3. Nanostructures grown on carbon fibers for energy storage and green
energy electrodes

Similar to the growth of metal oxides, secondary nanostructures composed of the compounds
of transition metals and non-metals can also be grown on the surface of carbon fiber to extend

Materials Tensile strength
(MPa)

Modulus
(GPa)

Interfacial shear
strength (MPa)

Maximum increment (%) Reference

CNT-CF 27 1.07 133% in tensile strength [11]

ZnO NW 3.34 33.87 113% in shear strength [12]

CNF 23.9–24.8 0.75–0.79 [33]

CNT 17% in fracture toughness [23]

CuO NW 42.8% in tensile strength [36]

TiO2 NR 200.5 45% in tensile strength [37]

ZnO NW 209.5% in loss factor [43]

ZnO NR 50% in loss factor [44]

CNT 300% in conductivity [45]

CNT 510% in conductivity [46]

CNT 56% in loss factor [47]

CNT 69% decrease of crack propagation [48]

CNT 18.1 45% in shear strength [49]

CNT 127% in impact energy dissipation [50]

CNT 30% in shear strength [51]

SiO2 NP 52 44% in shear strength [52]

Graphene 173% in shear strength [53]

Table 4. Mechanical properties of carbon fiber with different nanostructured materials grown on its surface. NWrefers to
nanowires while NR and NP refer to nanorods and nanoparticles, respectively. The “shear strength” shown in table refers
to interfacial shear strength.
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its range of application to energy storage and green energy electrodes. The intrinsically high
electrical and thermal conductivity, chemical inertness and flexibility make carbon fiber an
ideal electrode substrate for the fabrication of high-performance hybrid electrodes that are
capable of catalyzing targeted electrochemical reactions in harsh conditions effectively, effi-
ciently and stably. The state-of-the-art research has been focused on using the carbon fiber
hybrid electrodes in supercapacitors, lithium-ion batteries and water-splitting [54–56]. To
accomplish the requirements for these applications, various types of hybrid catalysts have been
grown on the surface of carbon fibers either by electrochemical deposition or electrodeless
deposition. However, most of these materials can be categorized as the hybrids of transition
metals and non-metals, including MnO2, MoS2, NiP, FeS2, CoSe2, NiCo2S4, etc., [54–59]. Similar
to the growth of metal oxides, the hydrothermal method is widely adapted for growing the
hybrid electrode catalysts. Other methods, such as in-situ redox process and thermal annealing,
are also used to grow the hybrid catalysts [60, 61]. However, in order to obtain hybrid catalysts
with desired elemental composition, additional steps such as vulcanization, selenization and
phosphorization are required. The representative SEM images of the hybrid catalysts grown on
carbon fibers are shown in Figure 8.

Based on their elemental composition, the applications of the as-grown hybrid catalysts can
be categorized as supercapacitor, lithium-ion battery and water-splitting. For example, the
metal oxides (e.g., MnO2) are well-suited for supercapacitors and metal dichalcogenides (e.g.,
MoS2) with layered structures are suitable for lithium-ion batteries, while metal phosphorus
based catalysts (e.g., NiP) are suitable for water splitting. The carbon fiber-based hybrid
electrodes demonstrate high electrocatalytic performance in these applications, as shown in
Table 5.

Figure 8. SEM and magnified images of hybrid nanostructured catalysts on the surface of carbon fibers: (A, E) NiP
nanoflakes; [56] (B, F) whisker-like MnO2 arrays; [62] (C, G) MoS2 nanosheets; [61] (D, H) Co3O4 nanonet [63].
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4. Conclusion and future work

The growth of nanostructured materials on the surface of carbon fibers can significantly
improve the interfacial mechanisms of the carbon fiber-based composites as well as introduc-
ing additional advanced functions to the carbon fiber substrate. The growth of one dimen-
sional nanocarbons and nanostructured metal oxides on carbon fibers results in greatly
enhanced tensile strength, interfacial shear strength, impact resistance and damping when
being used in fiber reinforced composites. On the other, by growing hybrid nanostructured
catalysts on carbon fibers, high performance electrodes with outstanding electrocatalytic prop-
erties can be facilely prepared, which further extends the applications of carbon fiber-based
electrodes to supercapacitors, lithium-ion batteries and water splitting cells. In order to further
improve the functional performance of the carbon fibers grown with surface nanostructures,
future research in the related fields should pay attention to tailor the morphology and compo-
sition, as well as the orientation, spacing and thickness of the as-grown nanostructure.

Materials Applications Performance Reference

NiCo2S4
nanotube

Supercapacitor Discharge areal capacitance of 2.86 F cm�2 at 4 mA cm�2 [54]

FeS2 Lithium
battery

Discharge density of 1300 Wh kg�1 [55]

NiP Water splitting 250 mV OP for 100 mA cm�2 cathodic current density; 0.3 V OP for OER
current of 50.4 mA cm�2

[56]

PPy-MnO2 Supercapacitor 69.3 F cm�3 at 0.1 A cm�3; 6.16 � 10�3 Wh cm�3 at 0.04 W cm�3 [57]

MoS2 nanofilm Water splitting 216 mV OP for 100 mA cm�2 cathodic current density [58]

CoSe2 NP Water splitting 180 mV OP for 100 mA cm�2 cathodic current density [59]

MnO2 Supercapacitor Volume capacitance of 2.5 F cm�3; energy density of 2.2 � 10�4 Wh cm�3 [60]

MoS2 NS Lithium-ion
battery

Discharge capacity of 971 mA h g�1 [61]

MnO2 arrays Supercapacitor Capacitance of 274.1 F g�1 at 0.1 A g�1 [62]

Co3O4 nanonet Supercapacitor Capacitance of 1124 F g�1 at 25.34 A g�1 [63]

MnO2 Supercapacitor Capacitance of 467 F g�1 at 1 A g�1 [64]

CuO NF Supercapacitor Capacitance of 839.9 F g�1 at 1 mV s�1; energy density of 10.05 Wh kg�1

and power density of 1798.5 W kg�1
[65]

Nickel copper
hydroxide

Supercapacitor 770 F g�1 at 5 mA cm�2; energy density of 33 Wh kg�1 at a power density
of 170 W kg�1

[41]

WP NR Water splitting 230 mV OP for 100 mA cm�2 cathodic current density [66]

Table 5. Applications and performance of different hybrid nanostructured catalysts grown on carbon fiber. OP refers to
overpotential, while NS refers to nanosheets, NF refers to nanoflowers.
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its range of application to energy storage and green energy electrodes. The intrinsically high
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hybrid electrodes in supercapacitors, lithium-ion batteries and water-splitting [54–56]. To
accomplish the requirements for these applications, various types of hybrid catalysts have been
grown on the surface of carbon fibers either by electrochemical deposition or electrodeless
deposition. However, most of these materials can be categorized as the hybrids of transition
metals and non-metals, including MnO2, MoS2, NiP, FeS2, CoSe2, NiCo2S4, etc., [54–59]. Similar
to the growth of metal oxides, the hydrothermal method is widely adapted for growing the
hybrid electrode catalysts. Other methods, such as in-situ redox process and thermal annealing,
are also used to grow the hybrid catalysts [60, 61]. However, in order to obtain hybrid catalysts
with desired elemental composition, additional steps such as vulcanization, selenization and
phosphorization are required. The representative SEM images of the hybrid catalysts grown on
carbon fibers are shown in Figure 8.

Based on their elemental composition, the applications of the as-grown hybrid catalysts can
be categorized as supercapacitor, lithium-ion battery and water-splitting. For example, the
metal oxides (e.g., MnO2) are well-suited for supercapacitors and metal dichalcogenides (e.g.,
MoS2) with layered structures are suitable for lithium-ion batteries, while metal phosphorus
based catalysts (e.g., NiP) are suitable for water splitting. The carbon fiber-based hybrid
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Table 5.

Figure 8. SEM and magnified images of hybrid nanostructured catalysts on the surface of carbon fibers: (A, E) NiP
nanoflakes; [56] (B, F) whisker-like MnO2 arrays; [62] (C, G) MoS2 nanosheets; [61] (D, H) Co3O4 nanonet [63].

Recent Developments in the Field of Carbon Fibers42

4. Conclusion and future work

The growth of nanostructured materials on the surface of carbon fibers can significantly
improve the interfacial mechanisms of the carbon fiber-based composites as well as introduc-
ing additional advanced functions to the carbon fiber substrate. The growth of one dimen-
sional nanocarbons and nanostructured metal oxides on carbon fibers results in greatly
enhanced tensile strength, interfacial shear strength, impact resistance and damping when
being used in fiber reinforced composites. On the other, by growing hybrid nanostructured
catalysts on carbon fibers, high performance electrodes with outstanding electrocatalytic prop-
erties can be facilely prepared, which further extends the applications of carbon fiber-based
electrodes to supercapacitors, lithium-ion batteries and water splitting cells. In order to further
improve the functional performance of the carbon fibers grown with surface nanostructures,
future research in the related fields should pay attention to tailor the morphology and compo-
sition, as well as the orientation, spacing and thickness of the as-grown nanostructure.
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Abstract

Manufacturing near-net shape preforms of fibre-reinforced composites has received 
growing interest from industry. Traditionally, a preform was made from 2D fabrics, 
but recently, it has been shown that 3D textiles can be used with success; with weav-
ing being the predominant technology for carbon fibre composites. In 3D weaving, weft, 
warp and binder fibres run across, along and through the fabrics in the X, Y and Z direc-
tions, respectively. Producing a unitised single-piece fabric and subsequently reducing 
the takt time required for rapid composite manufacturing are two of the main advantages 
of using 3D woven preforms. Weaving of 3D fabrics, manufacturing of 3D composites, 
physical characterisation and mechanical testing of infused composites samples are dis-
cussed in this chapter. Finally, a large automotive composite made of single-piece 3D 
woven preform was manufactured and presented for demonstration.

Keywords: 3D woven composites, carbon fibre, manufacturing, mechanical properties, 
resin transfer moulding (RTM)

1. Introduction

Two-dimensional (2D) laminated composites are characterised by their in-plane high spe-
cific stiffness and strength [1]. However, many real life applications are exposed to out-of-
plane loading conditions that make it impossible to resort to the 2D laminates as the proper 
solution. Wind turbine blades, stringers and stiffeners in aircraft, pressure vessels and con-
struction applications are some examples of applications in which out-of-plane loading con-
ditions are imposed on the structure. Thus, the need for composite materials with enhanced 
through-thickness “out-of-plane” properties has emerged. This need requires replacing 
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2D laminated composites with three-dimensional (3D) textile structures. The “enhanced 
out-of-plane properties” is not the only advantage of 3D composites. The delamination 
resistance, due to the z-binder existence, enhances the impact performance and damage 
tolerance of such material systems [2]. In addition, using textile technology can be utilised 
to manufacture near-net-shape preforms. So, it reduces the manufacturing/machining cost 
and time even further. Although various techniques exist for manufacturing 3D textile pre-
forms, the most widely used nowadays is weaving due to its high production rate along 
with the ability to produce various 3D woven structures [1]. In terms of the energy con-
sumption required for textile production, it depends very much on the type of the yarn and 
the weaving pattern. For example one of the published studies entitled “Material Intensity 
of Advanced Composite Materials” [3], reported that the average figure for the electricity 
consumption is approximately 0.11 kWh per m2 for glass fibres and 0.214 kWh/m2 for car-
bon fibres.

Generally, 3D woven composites can be divided into two main groups depending on how 
deep the binder penetrates through the fabric. If it penetrates all the way through the thick-
ness it is referred to as through-thickness (TT) interlock (see Figure 1a, c) while it is classified 
as layer-to-layer (LTL) if the binder only holds adjacent layers (see Figure 1b). Then this classi-
fication is further divided according to the interlacing angle of the structure. The first category 
is the angle interlock (AI) in which the interlacing angle between the binder and weft yarns 
can have any value except 90° (Figure 1c). The second category is a special case of the first 
one. The orthogonal interlock (ORT) (Figure 1a) occurs when the interlacing angle between 
the binder and weft yarns is equal to 90° [1].

The weave pattern used during the weaving process can also affect the classification of 3D 
woven composites. For instance in the case of ORT weave, the frequency of the z-binder 
sweeping the top and bottom surfaces of the weave can vary from plain (Figure 2a) to twill 
(Figure 2b) or satin (Figure 2c) pattern. This will directly affect the unit-cell size, degree of 
crimp, elastic response and damage/delamination resistance as highlighted previously in 
[4–6].

Figure 1. Types of 3D woven composites based on the binder path: (a) ORT, (b) LTL and (c) AI [4].

Recent Developments in the Field of Carbon Fibers52

The applications of 3D woven composites have been growing tremendously in industry 
recently [7–9]. In applications that require load transfer around a bend such as curved beams, 
T-joints and brackets, 3D woven AI and LTL architectures have been utilised [10]. The main 
advantages observed for these architectures are that they have better interlaminar shear and 
radial stress resistance. In addition, McClain [2] reported successfully using 3Dwoven AI 
and LTL architectures in truss beams with integrated off-axis stiffeners. Applications [2] in 
which continuous fibres are required for joining skin and stiffening elements as well man-
aged to utilise those previously highlighted architectures, and consequently overcoming the 
need for bonding or fastening composite parts which is one of the major challenges facing 2D 
laminated composite nowadays. 3D woven LTL composites have been utilised in the automo-
tive industry [11–13]. Not only LTL and AI woven composites have managed to find their 
way into industry, but also their ORT woven counterparts. For example, Bayraktar et al. [11] 
reported using ORT woven composites to replace high-strength steel beams. Hemrick et al. 
[14] reported the use of ORT woven composite in ultra-light weight heat exchangers in the 
automotive industry. The concept utilises the high thermal conductivity of ORT woven com-
posites due to the through-thickness binding yarns creating a conduction path for the heat to 
dissipate. Moreover, ORT woven composites have been successfully employed in the LEAP 
project to manufacture engine casings and fan blades for A-320-neo, 737-MAX and Comac 
C-919 [15].

Considering the environmental impact, the technique presented in this study can be used to 
weave recycled carbon fibre yarns. There are commercially available yarns produced from 
recycled short carbon fibre. However, from structural and strength point of view, these yarns 
are not recommended to be used as the principal reinforcing material in FRP composites. 
They can still be used as a secondary material. For instance, along the warp direction in a 
weaving process, continuous carbon fibre yarns can be used as the principal material while 
the recycled carbon fibre yarns can be used as a secondary material along the weft direction 
depending on the loading experienced by the structural component.

In this chapter, a case study on manufacturing a complex automotive part from 3D composite 
is discussed. Considering the fabric drapeability and conformity, one of the most common 
3D woven architectures, LTL weave is considered in this study. The design and weaving of 
three weave patterns of LTL: plain, twill and satin weaves (LTL-PW, LTL-TW and LTL-SW) 
are presented. Flat composite panels are manufactured using resin transfer moulding (RTM). 
The quality and integrity of the manufactured composite samples are physically characterised  

Figure 2. Examples of possible weave binding patterns for ORT: (a) plain, (b) twill and (c) satin [4].
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through optical microscopy, density measurements, voids content and fibre volume frac-
tion analysis. To observe the differences in mechanical properties between the different LTL 
weave designs, composite samples are mechanically tested to failure using tensile and flexure 
3-point bending tests. The possibility of manufacturing a large and complex automotive com-
ponent of multi-weave (LTL-PW, LTL-TW & LTL-SW) composite is demonstrated.

2. Experimentation

2.1. Weave design

Recently developed weave-design software (EAT-3D Module) for composite structures is used 
to design LTL plain, twill and satin weaves; each of which contains five warp and five weft 
layers. All weaves were designed with the same drafting plan to weave fabrics with the same 
loom setup and change weave designs within the same piece of fabric to produce a multi-
weave preform. Figure 3 demonstrates the schematic of the three different fabrics, with the 
warp yarns highlighted in blue, the weft yarns are in red and the through thickness binders 
are shown in green.

A Dornier double-rapier FT-Dobby loom was used in this study. The machine was commis-
sioned to weave conventional 2D fabrics, but it has been recently modified to weave 3D struc-
tures (See Figure 4). A creel of 912 positions was loaded with T300-6 k carbon fibre bobbins to 
warp the loom. The creel is equipped with central tension control to alter the tension of warp 
and binder during the weaving process. Figure 4 shows the setup of weaving machine (loom 
& creel) used to weave the 3D weave designs mentioned above. Considering the configura-
tion of the automotive demonstrator (750 × 700 × 2 mm) and the creel number of ends (912) 
available, the densities in the warp and the weft were set up to 12.66 ends/cm and 21.00 picks/
cm respectively. The unbalanced fabric sett or density allows better handle-ability, stability 
and transferability of woven preforms that is not achievable in the case of the balanced sett. 

Figure 3. Schematic cross-sections of weaves designed: (a) LTL-PW, (b) LTL-TW and (c) LTL-SW.
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All fabrics produced have approximately the same areal density (~1350 gsm) to ensure fibre 
volume fraction (~50%) in the final composite.

2.2. Composite panels manufacturing

A resin transfer moulding (RTM) tool of 320 × 310 mm was used to manufacture flat compos-
ite panels. Gurit T-Prime 130-1 epoxy was used and mixed at: 100/27 by wt% of resin/hard-
ener. The density of the cured resin was measured to be 1.156 g/cm3. The laminate thickness 
was designed to be 1.5 mm. Heater pads were positioned on the outside of the tool to heat 
it. The tool was preheated to 80°C. Prior to injecting the resin, it was degassed in a degas-
sing chamber for 30 min, and then placed in a pressure pot. The resin was injected at 2 bars 
of pressure, and −1 bar of vacuum was attached to the outlet tube. When the resin had fully 
wetted the preform the outlet pipe was clamped, the pressure was left on for a further 15 min 
to ensure the entire mould had an even pressure and compaction and that any air bubbles 
would shrink to reduce voids in the final composite. The panels were left to cure in the mould 
for 1 hour at 80°C after the outlet pipe was clamped.

2.3. Physical characterisation of composite samples

2.3.1. Density, fibre volume fraction and void content

In order to examine the quality and integrity of the manufactured composite, physical char-
acterisation of the RTM panels was conducted. The fibre-volume fraction (Vf) analysis was 
carried out in accordance with ASTM D 3171 standard [16]. A minimum of 6 specimens were 
cut from random locations from the cured laminates resulting in total of 18 specimens for 
the three different architectures. According to the ASTM standard, the minimum weight of 
each specimen has to be 1 g to be able to determine the void content, so specimens’ weight in 
this study was approximately 1.2 g. The density of the specimens was determined, before the 
burn-off, using AccuPyc II 1340 Gas Pycnometer from micromeritics. Then, the furnace was 
adjusted at 600°C and the burn-off duration for each specimen was approximately 25 min. 
The calculation of fibre, matrix and voids content (%) is depicted as follows:
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through optical microscopy, density measurements, voids content and fibre volume frac-
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and transferability of woven preforms that is not achievable in the case of the balanced sett. 

Figure 3. Schematic cross-sections of weaves designed: (a) LTL-PW, (b) LTL-TW and (c) LTL-SW.

Recent Developments in the Field of Carbon Fibers54

All fabrics produced have approximately the same areal density (~1350 gsm) to ensure fibre 
volume fraction (~50%) in the final composite.

2.2. Composite panels manufacturing

A resin transfer moulding (RTM) tool of 320 × 310 mm was used to manufacture flat compos-
ite panels. Gurit T-Prime 130-1 epoxy was used and mixed at: 100/27 by wt% of resin/hard-
ener. The density of the cured resin was measured to be 1.156 g/cm3. The laminate thickness 
was designed to be 1.5 mm. Heater pads were positioned on the outside of the tool to heat 
it. The tool was preheated to 80°C. Prior to injecting the resin, it was degassed in a degas-
sing chamber for 30 min, and then placed in a pressure pot. The resin was injected at 2 bars 
of pressure, and −1 bar of vacuum was attached to the outlet tube. When the resin had fully 
wetted the preform the outlet pipe was clamped, the pressure was left on for a further 15 min 
to ensure the entire mould had an even pressure and compaction and that any air bubbles 
would shrink to reduce voids in the final composite. The panels were left to cure in the mould 
for 1 hour at 80°C after the outlet pipe was clamped.
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cut from random locations from the cured laminates resulting in total of 18 specimens for 
the three different architectures. According to the ASTM standard, the minimum weight of 
each specimen has to be 1 g to be able to determine the void content, so specimens’ weight in 
this study was approximately 1.2 g. The density of the specimens was determined, before the 
burn-off, using AccuPyc II 1340 Gas Pycnometer from micromeritics. Then, the furnace was 
adjusted at 600°C and the burn-off duration for each specimen was approximately 25 min. 
The calculation of fibre, matrix and voids content (%) is depicted as follows:
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   V  f   =  ( M  f   /  M  i  )  ×  ( ρ  c   /  ρ  r  )  × 100  (1)

   V  m   =  ( M  i   −  M  f  )  /  M  i   ×  ( ρ  c   /  ρ  r  )  × 100  (2)

   V  v   = 100 −  ( V  f   +  V  m  )   (3)

where   M  
i
    is the initial mass of specimen before burn-off, g,   M  

f
    is the final mass of specimen after 

burn-off, g,   ρ  
r
    is the density of the reinforcement/fibre, g/cm3,   ρ  

c
    is the density of the composite 

specimen, g/cm3,   ρ  
m
    is the density of the matrix, g/cm3,   V  

f
    is the fibre volume percentage,   V  

m
    is 

the matrix volume percentage,   V  
v
    is the voids volume percentage.

Table 1 lists the Vf analysis results. The volume of voids (Vv) in all composites was found to 
be negative. This can be attributed to the experimental error during the Vf analysis, which 
suggests that the manufactured panels for all 3D woven fabrics were free from voids. Optical 
microscopy images support this observation as discussed later in this section.

2.3.2. Optical microscopy

Using two-part epoxy compound the composite specimens (20 × 20 mm) were cured in 30 mm 
diameter resin blocks. The polishing procedure was as follows: silicon carbide SiC-220 for 20 s 
and SiC-1200 for 2 min until flat, 9-μ (MD-Plan) for 4 min, 3-μ (MD-Dac) for 4 min and OP-S 
for 2.5 min plus 1 min on water to clean OP-S off. Rotation speed was 150 rpm and applied 
force per sample was 30 N. Alicona-IFM-G4 microscope was used to optically scan the pol-
ished sections and optical images were captured for illustration.

Figure 5 depicts the optical cross-sections of the three composite laminates across weft direc-
tion (top image) and across warp direction (bottom image); (a) LTL-PW, (b) LTL-TW, and 
(c) LTL-SW. The arrangement of weft, warp and binder tows is marked (see Figure 5) for 
clarification.

To further investigate the composite’s integrity, wettability and porosity, Figure 6 shows a 
selection of the zoomed-in optical images taken from the cross-sections displayed in Figure 5  
for the three LTL weaves plain, twill and satin respectively. The optical cross-sections were 
captured along the warp (left) and weft (right) directions. No voids were observed which 
suggests that the binding yarns behaved as channels for the resin to follow during the 

Property/weave LTL-PW LTL-TW LTL-SW

Density (g/cm3) 1.438 ± 0.005 1.456 ± 0.017 1.464 ± 0.006

Vf (%) 46.51 ± 0.66 48.12 ± 1.05 48.71 ± 0.46

Vv (%) −0.06 ± 0.35 −0.70 ± 0.96 −1.24 ± 0.40

Table 1. Results of the fibre volume fraction analysis.
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infusion process. On the other hand, the existence of binding yarns in 3D woven architec-
tures creates resin rich areas (RRA) in the cured composite. RRA, present between yarns, 
have been reported as one of the drawbacks of using 3D woven composites as they allow 
cracks to propagate quickly and cause failure at specific locations in the fabric architecture 
upon loading [17].

2.4. Mechanical testing

Mechanical testing was carried out to observe the differences in mechanical properties between 
the different weave designs. The composite laminates manufactured by RTM were mechani-
cally tested to failure using tensile and flexure 3-point bending tests at AMRC Advanced 
Structural Testing Centre (ASTC). These two tests were chosen to represent some of the dif-
ferent loading conditions that a composite part may experience to during its commercial use. 
All the tests were carried out in the warp and weft direction as each direction exhibits dif-
ferent properties due to the fibre counts and orientations in each direction. Six specimens 
were tested for each direction to assure repeatability. All the specimens had a thickness of 
approximately 1.5 mm.

Figure 5. Optical cross-sections of the composite laminates at a low magnification: (a) LTL-PW, (b) LTL-TW and  
(c) LTL-SW.
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Table 1 lists the Vf analysis results. The volume of voids (Vv) in all composites was found to 
be negative. This can be attributed to the experimental error during the Vf analysis, which 
suggests that the manufactured panels for all 3D woven fabrics were free from voids. Optical 
microscopy images support this observation as discussed later in this section.
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Using two-part epoxy compound the composite specimens (20 × 20 mm) were cured in 30 mm 
diameter resin blocks. The polishing procedure was as follows: silicon carbide SiC-220 for 20 s 
and SiC-1200 for 2 min until flat, 9-μ (MD-Plan) for 4 min, 3-μ (MD-Dac) for 4 min and OP-S 
for 2.5 min plus 1 min on water to clean OP-S off. Rotation speed was 150 rpm and applied 
force per sample was 30 N. Alicona-IFM-G4 microscope was used to optically scan the pol-
ished sections and optical images were captured for illustration.

Figure 5 depicts the optical cross-sections of the three composite laminates across weft direc-
tion (top image) and across warp direction (bottom image); (a) LTL-PW, (b) LTL-TW, and 
(c) LTL-SW. The arrangement of weft, warp and binder tows is marked (see Figure 5) for 
clarification.

To further investigate the composite’s integrity, wettability and porosity, Figure 6 shows a 
selection of the zoomed-in optical images taken from the cross-sections displayed in Figure 5  
for the three LTL weaves plain, twill and satin respectively. The optical cross-sections were 
captured along the warp (left) and weft (right) directions. No voids were observed which 
suggests that the binding yarns behaved as channels for the resin to follow during the 

Property/weave LTL-PW LTL-TW LTL-SW

Density (g/cm3) 1.438 ± 0.005 1.456 ± 0.017 1.464 ± 0.006

Vf (%) 46.51 ± 0.66 48.12 ± 1.05 48.71 ± 0.46
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Table 1. Results of the fibre volume fraction analysis.
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infusion process. On the other hand, the existence of binding yarns in 3D woven architec-
tures creates resin rich areas (RRA) in the cured composite. RRA, present between yarns, 
have been reported as one of the drawbacks of using 3D woven composites as they allow 
cracks to propagate quickly and cause failure at specific locations in the fabric architecture 
upon loading [17].

2.4. Mechanical testing

Mechanical testing was carried out to observe the differences in mechanical properties between 
the different weave designs. The composite laminates manufactured by RTM were mechani-
cally tested to failure using tensile and flexure 3-point bending tests at AMRC Advanced 
Structural Testing Centre (ASTC). These two tests were chosen to represent some of the dif-
ferent loading conditions that a composite part may experience to during its commercial use. 
All the tests were carried out in the warp and weft direction as each direction exhibits dif-
ferent properties due to the fibre counts and orientations in each direction. Six specimens 
were tested for each direction to assure repeatability. All the specimens had a thickness of 
approximately 1.5 mm.

Figure 5. Optical cross-sections of the composite laminates at a low magnification: (a) LTL-PW, (b) LTL-TW and  
(c) LTL-SW.
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In the tensile and flexural results a general observation is the modulus and strength results 
in the weft direction are significantly higher in comparison to the warp direction for all the 
fabrics. This could be attributed to two main reasons; (i) the directional Vf whereby the Vf in 
the weft direction is almost double the Vf in the warp direction, (ii) the warp yarns experience 
higher crimp due to the interlacement points between the layers making them susceptible to 
localised stress leading to premature localised damage and ultimate failure. These reasons 
are further highlighted in the following sections in the summary tables for the modulus and 
strength results.

2.4.1. Tensile testing

Following ASTM D3039, tensile tests were carried out. Figure 7 shows the tensile stress–strain 
graphs for each material including the test setup. The graphs show the repeatability of the test 

Figure 6. A selection of optical cross-sections of the composite samples at a higher magnification across the weft (left) 
and warp (right) directions.
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in each direction. The warp specimens are highlighted as solid lines and the weft specimens 
as dashed lines.

Tables 2 and 3 summarise the tensile results in the warp and weft direction along with the 
directional Vf. In both the warp and weft direction the LTL-PW composite performed the least 
in strength and modulus. Within the plain weave fabric the yarns are undergoing constant 
undulation. This undulation creates more interlacement points within the fabric which affects 
the modulus in the linear elastic regime and during the tensile extension the interlacing points 
create localised stress affecting the ultimate strength.

The LTL-SW demonstrated the highest modulus in the warp and weft directions. This is due 
to the directional Vf which is higher in the LTL-SW compared to the other weaves as it con-
tains the least amount of crimp.

Figure 7. (a–c) Tensile stress–strain graphs: (a) LTL-PW, (b) LTL-TW, (c) LTL-SW and (d) test setup.
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In the tensile and flexural results a general observation is the modulus and strength results 
in the weft direction are significantly higher in comparison to the warp direction for all the 
fabrics. This could be attributed to two main reasons; (i) the directional Vf whereby the Vf in 
the weft direction is almost double the Vf in the warp direction, (ii) the warp yarns experience 
higher crimp due to the interlacement points between the layers making them susceptible to 
localised stress leading to premature localised damage and ultimate failure. These reasons 
are further highlighted in the following sections in the summary tables for the modulus and 
strength results.

2.4.1. Tensile testing

Following ASTM D3039, tensile tests were carried out. Figure 7 shows the tensile stress–strain 
graphs for each material including the test setup. The graphs show the repeatability of the test 

Figure 6. A selection of optical cross-sections of the composite samples at a higher magnification across the weft (left) 
and warp (right) directions.

Recent Developments in the Field of Carbon Fibers58

in each direction. The warp specimens are highlighted as solid lines and the weft specimens 
as dashed lines.

Tables 2 and 3 summarise the tensile results in the warp and weft direction along with the 
directional Vf. In both the warp and weft direction the LTL-PW composite performed the least 
in strength and modulus. Within the plain weave fabric the yarns are undergoing constant 
undulation. This undulation creates more interlacement points within the fabric which affects 
the modulus in the linear elastic regime and during the tensile extension the interlacing points 
create localised stress affecting the ultimate strength.

The LTL-SW demonstrated the highest modulus in the warp and weft directions. This is due 
to the directional Vf which is higher in the LTL-SW compared to the other weaves as it con-
tains the least amount of crimp.

Figure 7. (a–c) Tensile stress–strain graphs: (a) LTL-PW, (b) LTL-TW, (c) LTL-SW and (d) test setup.
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Weft direction Vf (%) Modulus (GPa) Tensile strain (%) Tensile strength (MPa)

LTL-PW 29.01 ± 0.41 63.46 ± 3.18 0.82 ± 0.05 525.86 ± 24.08

LTL-TW 30.01 ± 0.65 67.74 ± 2.38 0.84 ± 0.06 582.89 ± 32.78

LTL-SW 30.38 ± 0.29 70.99 ± 2.54 0.79 ± 0.07 575.11 ± 65.96

Table 3. Tensile results in the weft direction.

The failure strain of the fibre used (12 k-T300) is 1.5%. The measured failure strain from the test 
was 50% lower due to the interlacing nature between warp and weft yarns within the fabrics. It 
is possible that higher localised stress/strain than measured was experienced, at the interlace-
ments or the matrix RRA, causing failure of the coupons. Saleh et al. [6] used a digital image cor-
relation system during tensile testing which showed areas where interlacement points occurred 
to experience high strain values near failure of the coupon.

2.4.2. Flexure testing

Using ASTM D7264, 3 point bending flexure tests were carried out. The flexure stress–strain 
curves of all the tested architectures are represented in Figure 8 along with the test setup. 
In the graphs the warp results are plotted as solid lines and the weft results as dashed lines. 
The graphs show good repeatability between the repeats in each direction. As expected, all 
specimens behave in a linear elastic manner up to failure as they are loaded along the fibre 
direction, in either the warp or weft direction.

Tables 4 and 5 summarise the flexural properties obtained in correspondence with the Vf in 
both directions, warp and weft.

The flexural modulus of composite materials is a function of the composite lay-up/ stacking 
sequence. More precisely, it is a function of how far the aligned plies with the loading direc-
tion are from the mid-plane of the cured laminate as well as the volume fraction in this spe-
cific direction. Ideally for isotropic materials, the flexure modulus should not differ from the 
tensile modulus for the same material such as metals, however practically this is not the case 
especially in the case of fibre reinforced polymers because of their orthotropic nature. Thus, 
flexure testing is not ideal for determining the modulus and it is recommended that the tensile 
modulus is used over the flexural modulus.

As a general remark, the main difference between the flexure test and the tensile test in this 
study is that the tested specimen in the case of flexure testing experiences both tensile and 

Warp direction Vf (%) Modulus (GPa) Tensile strain (%) Tensile strength (MPa)

LTL-PW 17.50 ± 0.25 41.25 ± 1.49 0.83 ± 0.08 335.26 ± 15.24

LTL-TW 18.11 ± 0.39 44.20 ± 0.98 0.80 ± 0.04 359.56 ± 22.45

LTL-SW 18.33 ± 0.17 51.52 ± 9.56 0.69 ± 0.11 345.47 ± 15.80

Table 2. Tensile results in the warp direction.
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compressive stresses in the lower and the upper surfaces respectively due to the nature of the 
imposed loading condition. So, it is not straight forward to determine the reason behind final 
fracture as it might be a mixed mode. It seems there is a trend in the obtained results, but it is dif-
ficult to justify this behaviour without carrying out a detailed damage propagation investigation 
by different techniques such as X-ray CT, optical microscopy or acoustic emission techniques.

Figure 8. (a-c) Flexure stress–strain graphs: (a) LTL-PW, (b) LTL-TW, (c) LTL-SW and (d) test setup.

Warp direction Vf (%) Modulus (GPa) Flexural strain (%) Flexural strength (MPa)

LTL-PW 17.50 ± 0.25 35.58 ± 5.19 1.53 ± 0.10 574.07 ± 30.31

LTL-TW 18.11 ± 0.39 33.99 ± 2.91 1.73 ± 0.10 644.88 ± 51.72

LTL-SW 18.33 ± 0.17 35.16 ± 2.18 1.56 ± 0.02 573.27 ± 37.43

Table 4. Flexural results in the warp direction.
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Weft direction Vf (%) Modulus (GPa) Tensile strain (%) Tensile strength (MPa)
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relation system during tensile testing which showed areas where interlacement points occurred 
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curves of all the tested architectures are represented in Figure 8 along with the test setup. 
In the graphs the warp results are plotted as solid lines and the weft results as dashed lines. 
The graphs show good repeatability between the repeats in each direction. As expected, all 
specimens behave in a linear elastic manner up to failure as they are loaded along the fibre 
direction, in either the warp or weft direction.

Tables 4 and 5 summarise the flexural properties obtained in correspondence with the Vf in 
both directions, warp and weft.

The flexural modulus of composite materials is a function of the composite lay-up/ stacking 
sequence. More precisely, it is a function of how far the aligned plies with the loading direc-
tion are from the mid-plane of the cured laminate as well as the volume fraction in this spe-
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tensile modulus for the same material such as metals, however practically this is not the case 
especially in the case of fibre reinforced polymers because of their orthotropic nature. Thus, 
flexure testing is not ideal for determining the modulus and it is recommended that the tensile 
modulus is used over the flexural modulus.

As a general remark, the main difference between the flexure test and the tensile test in this 
study is that the tested specimen in the case of flexure testing experiences both tensile and 

Warp direction Vf (%) Modulus (GPa) Tensile strain (%) Tensile strength (MPa)

LTL-PW 17.50 ± 0.25 41.25 ± 1.49 0.83 ± 0.08 335.26 ± 15.24

LTL-TW 18.11 ± 0.39 44.20 ± 0.98 0.80 ± 0.04 359.56 ± 22.45

LTL-SW 18.33 ± 0.17 51.52 ± 9.56 0.69 ± 0.11 345.47 ± 15.80

Table 2. Tensile results in the warp direction.
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compressive stresses in the lower and the upper surfaces respectively due to the nature of the 
imposed loading condition. So, it is not straight forward to determine the reason behind final 
fracture as it might be a mixed mode. It seems there is a trend in the obtained results, but it is dif-
ficult to justify this behaviour without carrying out a detailed damage propagation investigation 
by different techniques such as X-ray CT, optical microscopy or acoustic emission techniques.

Figure 8. (a-c) Flexure stress–strain graphs: (a) LTL-PW, (b) LTL-TW, (c) LTL-SW and (d) test setup.

Warp direction Vf (%) Modulus (GPa) Flexural strain (%) Flexural strength (MPa)

LTL-PW 17.50 ± 0.25 35.58 ± 5.19 1.53 ± 0.10 574.07 ± 30.31

LTL-TW 18.11 ± 0.39 33.99 ± 2.91 1.73 ± 0.10 644.88 ± 51.72

LTL-SW 18.33 ± 0.17 35.16 ± 2.18 1.56 ± 0.02 573.27 ± 37.43

Table 4. Flexural results in the warp direction.
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Weft direction Vf (%) Modulus (GPa) Flexural strain (%) Flexural strength (MPa)

LTL-PW 29.01 ± 0.41 57.48 ± 2.46 1.48 ± 0.02 902.30 ± 19.58

LTL-TW 30.01 ± 0.65 62.84 ± 2.14 1.54 ± 0.10 996.42 ± 64.00

LTL-SW 30.38 ± 0.29 61.49 ± 2.44 1.53 ± 0.09 968.21 ± 65.16

Table 5. Flexural results in the weft direction.

3. Composite demonstrator manufacturing

The use of 2D fabrics in composite preforming applications is well established but there 
are two major deficiencies, the lack of reinforcement through thickness and labour cost, 
which drive the interest towards using 3D woven preform in high volume manufacturing 
such as automotive. Therefore, an automotive floor section made of 3D woven fabric is 
selected to be demonstrated. Traditionally such component (Figure 9a) was made of three 
discrete 2D preforms leading to some drawbacks such as: (i) preforms overlap, (ii) discon-
tinuous fibres along the component, (iii) interlaminar delamination and (iv) labour time 
consuming. Considering the complex geometry of the demonstrator and to overcome the 
drawbacks of 2D fabrics, a drapeable and single –piece 3D woven preform is required to 
conform well to the intricate features of the demonstrator. The LTL architecture could be 
a suitable solution.

The fabric designed and produced for the generic automotive part was made up of 5 zones; 
each zone was made of a specific weave to suit the conformity of the area on the mould. For 
areas requiring high conformity (Figure 9b, zone 3), a satin weave was considered. The area 
(Figure 9b, zone 2) requires a medium conformity, so a twill weave was suggested. Whereas 
an area with low conformity (Figure 9b, zone 1) a plain weave was nominated. The preform 
of varying drapeable weave allows the fabric to conform to the mould and prevents the fabric 
from wrinkling.

The RTM mould of the generic automotive part was designed and manufactured from alu-
minium (Figure 10) and used to perform RTM injections of the fabric woven. The parts were 
injected from one inlet in the top half of the mould and four outlet points were positioned in 
each corner, on the bottom of the mould.

To preform and cut the 3D multiweave fabric, a template was used to hold the fabric in the 
correct position and shape whilst the fabric was cut. This method prevented the fabric from 
moving whilst being cut. Once the fabric was cut it was crucial not to move the fabric to pre-
vent the fabric from fraying and distortion.

As with the flat panels, Gurit T-Prime 130-1 resin and hardener was used. The parts were 
injected at room temperature and placed in the oven after injection to cure at 80°C. During the 
injection −1 bar of vacuum was applied to the outlet, whilst the resin at the inlet was under 
pressure. At 2 bar of pressure the mould took 25 min for the resin to exit all the outlets and 
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the pressure and inlet was left open for a further 30 min. Whereas at 3.5 bar of pressure the 
mould took 12 min for the resin to exit all the outlets and the pressure and inlet was left open 
for a further 22 min.

Figure 9. CAD of generic automotive component, (a) the use of three types of 2D preforms and (b) the use of a single 
3D woven preform.

Figure 10. RTM mould: Male (left) and female (right) tools.

Figure 11. Automotive composite RTM cured part.
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3. Composite demonstrator manufacturing

The use of 2D fabrics in composite preforming applications is well established but there 
are two major deficiencies, the lack of reinforcement through thickness and labour cost, 
which drive the interest towards using 3D woven preform in high volume manufacturing 
such as automotive. Therefore, an automotive floor section made of 3D woven fabric is 
selected to be demonstrated. Traditionally such component (Figure 9a) was made of three 
discrete 2D preforms leading to some drawbacks such as: (i) preforms overlap, (ii) discon-
tinuous fibres along the component, (iii) interlaminar delamination and (iv) labour time 
consuming. Considering the complex geometry of the demonstrator and to overcome the 
drawbacks of 2D fabrics, a drapeable and single –piece 3D woven preform is required to 
conform well to the intricate features of the demonstrator. The LTL architecture could be 
a suitable solution.

The fabric designed and produced for the generic automotive part was made up of 5 zones; 
each zone was made of a specific weave to suit the conformity of the area on the mould. For 
areas requiring high conformity (Figure 9b, zone 3), a satin weave was considered. The area 
(Figure 9b, zone 2) requires a medium conformity, so a twill weave was suggested. Whereas 
an area with low conformity (Figure 9b, zone 1) a plain weave was nominated. The preform 
of varying drapeable weave allows the fabric to conform to the mould and prevents the fabric 
from wrinkling.

The RTM mould of the generic automotive part was designed and manufactured from alu-
minium (Figure 10) and used to perform RTM injections of the fabric woven. The parts were 
injected from one inlet in the top half of the mould and four outlet points were positioned in 
each corner, on the bottom of the mould.

To preform and cut the 3D multiweave fabric, a template was used to hold the fabric in the 
correct position and shape whilst the fabric was cut. This method prevented the fabric from 
moving whilst being cut. Once the fabric was cut it was crucial not to move the fabric to pre-
vent the fabric from fraying and distortion.

As with the flat panels, Gurit T-Prime 130-1 resin and hardener was used. The parts were 
injected at room temperature and placed in the oven after injection to cure at 80°C. During the 
injection −1 bar of vacuum was applied to the outlet, whilst the resin at the inlet was under 
pressure. At 2 bar of pressure the mould took 25 min for the resin to exit all the outlets and 

Recent Developments in the Field of Carbon Fibers62

the pressure and inlet was left open for a further 30 min. Whereas at 3.5 bar of pressure the 
mould took 12 min for the resin to exit all the outlets and the pressure and inlet was left open 
for a further 22 min.

Figure 9. CAD of generic automotive component, (a) the use of three types of 2D preforms and (b) the use of a single 
3D woven preform.

Figure 10. RTM mould: Male (left) and female (right) tools.

Figure 11. Automotive composite RTM cured part.
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One of the successful RTM parts is demonstrated in Figure 11. Further investigations of the 
cured composite component are required to assess the quality of the RTM part and to deter-
mine the fibre volume fraction and voids content alongside with optical scans.

4. Conclusion

A standard loom equipped with a cost-effective shedding system, Dobby not Jacquard, was 
successfully used to weave 3D complex architectures. The density measurements and optical 
microscopy revealed that the RTM composite laminates made were voids free.

In the mechanical testing, the tensile and flexural results showed that the modulus and 
strength to be significantly higher in the weft direction. It is believed the difference is due 
to differences in the directional Vf and that the warp yarns experiencing significantly higher 
crimp. The LTL plain fabric exhibited the lowest mechanical properties due to the constant 
undulation and cross over points between the yarns in the fabric. It is thought that the cross 
over points created areas of high localised stress leading to earlier failure of the composite 
coupons. The LTL twill and satin fabric performed fairly similar to each other. The two fabrics 
had the same amount of cross over points (interlacing) between the warp and the weft, which 
was less than the plain woven fabric. Due to less crossover points in the fabrics, there were 
less areas of localised stress allowing the coupons to withstand higher loads.

Final fabric was woven with multiple zones made up of different weave patterns. The differ-
ent zones corresponded to different areas on the generic automotive part to suit the varying 
conformity of the part. The fabric conformed well to the RTM tool and successful part was 
demonstrated.

5. Current limitations and future trends

There are still some limitations in the process of 3D weaving of carbon fibre for manufactur-
ing composites. Two of the main limitations are the heavy tow weaving and the fibre orienta-
tion. Heavy tows more than 24 k are difficult to weave using conventional weaving machines. 
Moreover, fundamentally in weaving, the warp yarns run in one direction (x-direction) while 
the weft yarns run in the transverse direction (y-direction). Thus, it is quite challenging if 
different orientations for yarns are required to produce a multiaxial or off axis fabrics for 
instance. There are some research-scale weaving looms that are customised to produce biased 
3D weaving but yet is commercialised to date.

Currently, 3D weaving represents an automated process which can provide through thickness 
reinforced composites at high laydown rates using fibrous materials in their least value added 
form. It therefore offers the ability to add functionality, reduce cost and hit rate requirements 
for high volume manufacture of composites compared to traditional 2D approaches. These 
benefits exist in the woven fabric itself, but to mechanically convert this fabric into a useable 
preform for a composite moulding operation, a number of solutions are required such as 
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thickness tapering, stabilisation & edge trimming. These additional processes add extra flex-
ibility by moving the manufacturer from a weaver of fabric to a producer of composite pre-
forms tailored to match performance specifications, therefore adding significant extra value. 
Current add-on processes often involve a number of slow manual operations to convert the 
fabric into a preform and, in many cases, also distort or damage it. Thus, the ultimate goal of 
weaving of 3D woven fabrics development is to achieve integrated manufacturing process via 
automation to overcome the slow manual operations in the composites’ supply chain.
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Abstract

Nano-fibers grafted on carbon fibers (CFs) has been of one of the most popular methods 
used for the carbon fibers surface treatment, which could significantly influence the inter-
facial properties between polymer matrix and carbon fibers in composites. This chap-
ter demonstrated three novel carbon fibers surface treatment methods, they are carbon 
nanotubes (CNTs) grafted on CFs using catalysts formed in an ethanol flame, carbon fiber 
forests (CFFs) by carbon fiber surface brushing and abrading and ZnO nanowire grown 
onto CFs though a facile hydrothermal method respectively. Based on metal catalyst par-
ticles or dopamine-based functionalization formed onto the nano-fiber/CF interface, a 
good interfacial bonding strength between the nano-fiber and CFs was observed by an 
instrumented tip of an atomic force microscope and further improvement of interfacial 
shear strength with epoxy as measured by the single fiber pull out/microbond test was 
realized. The hierarchical micro-fibers on CF fabrics were then utilized to fabricate the 
laminates to characterize anti-delamination capacity (the mode I and mode II interlami-
nar fracture toughness) of these composite laminates, wherein carbon fiber fabrics were 
grafted with CNTs, short CFs and ZnO nanowires respectively.

Keywords: CNTs forests, ZnO nanowires, interfacial bonding, anti-delamination

1. Introduction

Carbon fiber reinforced polymer (CFRP) composite laminates have been widely used in 
weight-critical structures, such as aircraft, spacecraft, and racing cars, due to their excellent 
mass-specific mechanical properties. However, poor interlaminar toughness has become an 
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important limiting factor in practical structural applications. To overcome the deficiencies in 
through-thickness strength, lots of techniques were developed to improve the interlaminar 
fracture toughness of CFRP composites by toughening the resin with various reinforcements 
[1]. Although toughened bulk resins exhibit higher toughness value, they only provide lim-
ited improvement on the delamination resistance in the CFRP composites in most cases due to 
the limitation by the carbon fibers [2]. Moreover, some processing problems were inevitably 
caused by the increasing viscosity of the resin due to the presence of high content of fillers. 
The challenge remains, therefore, to develop a new solution to facilitate practical applications 
of such composites as reliable and robust structural material.

The building up of hierarchical multi-scale reinforcement for CFRP composites by directly 
attaching or in situ growing micro-structure onto the fiber surface has been demonstrated as 
an efficient method for improving reinforcing properties of the composites. Moreover, graft-
ing micro-structure onto carbon fibers (CFs) has been shown to improve the interfacial load 
transfer in polymer composites by fiber pull-out and fiber fragmentation tests [3]. Two major 
interfacial interactions, that is, micro-fiber/polymer and micro-fiber/CF, are believed to con-
tribute to the improved mechanical properties. The advantages of this technique over the 
ones of attaching the preformed micro-structure mentioned above could be better dispersion, 
higher density, and even orientation control in the composites.

This chapter proposes a comprehensive and systematic view of improving the reinforcing 
effect in the CFRP composites by three typical hierarchical micro-structures including CNTs 
on CFs, CFFs on CFs and ZnO NWs on CFs. Firstly, we will demonstrate that the simple 
method allows the CNTs to be readily grafted onto CF mats for interfacial strength and frac-
ture toughness enhancement. The objective of this work was to grow CNT effectively on 
carbon fabrics by a simple flame synthesis method and to characterize their effects on the 
interfacial properties and fracture toughness of the CFRPs. Next, we review our recent work 
on the toughness improvement of carbon fiber/epoxy composites by brushing and abrading 
of the woven fabrics. At last, we propose a novel dopamine-based functionalization method to 
improve the interfacial adhesion between ZnO NWs and CFs. Carbon fiber was modified with 
dopamine, and then ZnO nanowires were grown onto the modified carbon fibers by a facile 
hydrothermal method. The chapter concludes with a summary and comparison of existing 
toughening methods.

2. Hierarchical carbon nanotubes forests on carbon fibers

Carbon fiber is a multifunctional reinforcement for FRPs due to its light weight, good chemi-
cal and thermal stability, high electrical and thermal conductivity, and mechanical properties 
as well. It is suitable to be used as fiber substrate for in situ growing CNTs as its high thermal 
stability can withstand the temperatures for the process. Therefore, the building up of the 
hierarchical carbon reinforcement can be also achieved by in situ growing CNTs onto CFs 
and it was demonstrated to be an efficient way to interfacial improvement of carbon fiber 
reinforced composites (CFRPs) [4]. CNTs could be directly applied onto the fiber surface by 
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the spreading of CNT powder [5] or CNT-solvent paste [6], and transferring CNT arrays [7]. 
Grafting of CNTs onto CFs could also be achieved by the chemical reaction between the pre-
modified functional groups on the surface of both CNTs and CFs [8]. The electrophoresis tech-
nique could also been employed [9], where CNTs were uniformly deposited on the surface of 
carbon fabric from the CNT dispersion in an electric field. Among the various in situ grow-
ing CNTs methods, chemical vapor deposition (CVD) could be the most utilized method for 
growing CNTs onto CFs [10], even though it is an energy intensive batch process and requires 
costly reagents and equipment. Great interfacial improvement and good adhesion between 
CNTs deposit by CVD and CFs has been demonstrated [11].

Comparing with CVD methods, the flame growth of CNTs onto CFs is developed very 
recently and the strong adhesion of in situ flame synthesized CNTs onto CF was demon-
strated by direct measurement of the force for peeling single CNT from CF [12]. These imply 
possible interfacial improvement of the CFRPs by the flame growth of CNTs onto CFs. On the 
other hand, the oxygen-functional groups have been proved to be formed on the surface of 
the flame synthesized CNTs [13], and their existence was believed to be an advantage of the 
flame synthesized CNTs over the conventional CNTs by CVD. In addition, for the method of 
in situ growing CNTs onto CFs, a great challenge is to prevent the mechanical degradation of 
the CFs by the intense heating using normal CVD techniques (usually above 700°C and tens 
of mins or even more), as evident mechanical degradation of the fiber has been observed [14]. 
In the view of commercial application, it is highly desirable that the mechanical properties of 
CFs in the hierarchical carbon structure are retained.

2.1. The preparation and characterization of flame synthesized CNTs onto CF

The growth of CNTs was performed by Du et al. [12, 13] though inserting the CF mats with 
NiCl2 catalyst into the core of the flame, where the temperature is about 500–700°C. Both tip 
growth mechanism and root growth mechanism are found to be involved in the flame growth 
process. The CNT growth time is several minutes and the process is adopted in an open 
environment. Compared to the optical image of bare carbon fabric (Figure 1a), entangled 
CNTs uniformly grown on the surface of the CFs and SCF can be observed in SEM image 
(Figure 1b). By analysis of the CNTs scratched from CF mats and dispersed them in ethanol, 

Figure 1. (a) Optical image of carbon fabric [13]; (b) SEM image of CNT/CF growth for 3 min [13]; (c) SEM image of CNT/
SCF growth for 3 min [18].
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important limiting factor in practical structural applications. To overcome the deficiencies in 
through-thickness strength, lots of techniques were developed to improve the interlaminar 
fracture toughness of CFRP composites by toughening the resin with various reinforcements 
[1]. Although toughened bulk resins exhibit higher toughness value, they only provide lim-
ited improvement on the delamination resistance in the CFRP composites in most cases due to 
the limitation by the carbon fibers [2]. Moreover, some processing problems were inevitably 
caused by the increasing viscosity of the resin due to the presence of high content of fillers. 
The challenge remains, therefore, to develop a new solution to facilitate practical applications 
of such composites as reliable and robust structural material.

The building up of hierarchical multi-scale reinforcement for CFRP composites by directly 
attaching or in situ growing micro-structure onto the fiber surface has been demonstrated as 
an efficient method for improving reinforcing properties of the composites. Moreover, graft-
ing micro-structure onto carbon fibers (CFs) has been shown to improve the interfacial load 
transfer in polymer composites by fiber pull-out and fiber fragmentation tests [3]. Two major 
interfacial interactions, that is, micro-fiber/polymer and micro-fiber/CF, are believed to con-
tribute to the improved mechanical properties. The advantages of this technique over the 
ones of attaching the preformed micro-structure mentioned above could be better dispersion, 
higher density, and even orientation control in the composites.

This chapter proposes a comprehensive and systematic view of improving the reinforcing 
effect in the CFRP composites by three typical hierarchical micro-structures including CNTs 
on CFs, CFFs on CFs and ZnO NWs on CFs. Firstly, we will demonstrate that the simple 
method allows the CNTs to be readily grafted onto CF mats for interfacial strength and frac-
ture toughness enhancement. The objective of this work was to grow CNT effectively on 
carbon fabrics by a simple flame synthesis method and to characterize their effects on the 
interfacial properties and fracture toughness of the CFRPs. Next, we review our recent work 
on the toughness improvement of carbon fiber/epoxy composites by brushing and abrading 
of the woven fabrics. At last, we propose a novel dopamine-based functionalization method to 
improve the interfacial adhesion between ZnO NWs and CFs. Carbon fiber was modified with 
dopamine, and then ZnO nanowires were grown onto the modified carbon fibers by a facile 
hydrothermal method. The chapter concludes with a summary and comparison of existing 
toughening methods.

2. Hierarchical carbon nanotubes forests on carbon fibers

Carbon fiber is a multifunctional reinforcement for FRPs due to its light weight, good chemi-
cal and thermal stability, high electrical and thermal conductivity, and mechanical properties 
as well. It is suitable to be used as fiber substrate for in situ growing CNTs as its high thermal 
stability can withstand the temperatures for the process. Therefore, the building up of the 
hierarchical carbon reinforcement can be also achieved by in situ growing CNTs onto CFs 
and it was demonstrated to be an efficient way to interfacial improvement of carbon fiber 
reinforced composites (CFRPs) [4]. CNTs could be directly applied onto the fiber surface by 
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the spreading of CNT powder [5] or CNT-solvent paste [6], and transferring CNT arrays [7]. 
Grafting of CNTs onto CFs could also be achieved by the chemical reaction between the pre-
modified functional groups on the surface of both CNTs and CFs [8]. The electrophoresis tech-
nique could also been employed [9], where CNTs were uniformly deposited on the surface of 
carbon fabric from the CNT dispersion in an electric field. Among the various in situ grow-
ing CNTs methods, chemical vapor deposition (CVD) could be the most utilized method for 
growing CNTs onto CFs [10], even though it is an energy intensive batch process and requires 
costly reagents and equipment. Great interfacial improvement and good adhesion between 
CNTs deposit by CVD and CFs has been demonstrated [11].

Comparing with CVD methods, the flame growth of CNTs onto CFs is developed very 
recently and the strong adhesion of in situ flame synthesized CNTs onto CF was demon-
strated by direct measurement of the force for peeling single CNT from CF [12]. These imply 
possible interfacial improvement of the CFRPs by the flame growth of CNTs onto CFs. On the 
other hand, the oxygen-functional groups have been proved to be formed on the surface of 
the flame synthesized CNTs [13], and their existence was believed to be an advantage of the 
flame synthesized CNTs over the conventional CNTs by CVD. In addition, for the method of 
in situ growing CNTs onto CFs, a great challenge is to prevent the mechanical degradation of 
the CFs by the intense heating using normal CVD techniques (usually above 700°C and tens 
of mins or even more), as evident mechanical degradation of the fiber has been observed [14]. 
In the view of commercial application, it is highly desirable that the mechanical properties of 
CFs in the hierarchical carbon structure are retained.

2.1. The preparation and characterization of flame synthesized CNTs onto CF

The growth of CNTs was performed by Du et al. [12, 13] though inserting the CF mats with 
NiCl2 catalyst into the core of the flame, where the temperature is about 500–700°C. Both tip 
growth mechanism and root growth mechanism are found to be involved in the flame growth 
process. The CNT growth time is several minutes and the process is adopted in an open 
environment. Compared to the optical image of bare carbon fabric (Figure 1a), entangled 
CNTs uniformly grown on the surface of the CFs and SCF can be observed in SEM image 
(Figure 1b). By analysis of the CNTs scratched from CF mats and dispersed them in ethanol, 

Figure 1. (a) Optical image of carbon fabric [13]; (b) SEM image of CNT/CF growth for 3 min [13]; (c) SEM image of CNT/
SCF growth for 3 min [18].
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the length of most CNTs growth 3 min are observed to be roughly 1–2 μm, much larger than 
the ones growth for 1 min (always <500 nm). Another synthesized CNTs onto CF system is 
based on short carbon fibers (SCFs), which were prepared by cutting plain woven carbon 
fiber fabrics. The diameter and average length of SCFs were about 7 μm and 750 (±200) μm, 
respectively. Then, CNTs grew on the SCF surface by the ethanol flame synthesis method for 
3 min, and their morphology is displayed in Figure 1(c).

Moreover, the single fiber tensile testing results indicates the growth of CNTs on the surface 
of the fiber does not result into any evident decrease in fiber tensile strength, demonstrating 
the advantage of our flame growth method over those previous reports with other techniques, 
where the tensile performance decreased more or less [14].

2.2. Interfacial shear strength

The concept of in situ growing CNTs on the surface of CFs has been introduced to increase 
the interfacial shear strength of CFs in the matrices [4]. The growth of the CNTs on the surface 
of CFs leads to the formation of two interfaces: one between the CF and CNT and a second 
between the CNT and polymer matrix. Outstanding adhesion between CNTs deposit by CVD 
and CFs has been demonstrated [4]. According to the single fiber fragmentation test, there 
was a dramatically increase in the interfacial shear strength after the CNTs grafted onto CFs 
[15]. The bonding of CNTs to CF was so strong that the failure occurred within the CF surface 
rather than the interface and the outlayers of CFs were even peeled off during the fracture 
process [16]. In a recent work, the strong adhesion of in situ flame synthesized CNTs to CF 
substrate was demonstrated by measurement of the force for peeling single CNT from CF 
[12]. This demonstrates a good possibility for increased interfacial shear strength and fracture 
toughness of the CFRPs by the flame growth of CNTs onto carbon fabric reinforcement.

Typical pull-out load versus displacement of the single fiber pull-out test for CF grafted with 
CNTs for 3 min was shown as Figure 2a conducted by Du et al. [17], where the load increases 

Figure 2. (a) The pull-out load versus the displacement [17]; (b) the interfacial shear strength versus CF with CNT 
growth in different time [17].
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almost linearly with the displacement until the peak load is reached, followed by a sudden 
drop to zero, indicating the instantaneous debonding of the fiber-matrix interface. As shown in 
Figure 2b, the modification with CNTs significantly increases the IFSS by 70.5% with the inter-
face of CNT growing for 3 min, however, the modification with CNTs growing for 1 min has no 
significant effect on the enhancement of the interfacial properties. The results here demonstrate 
that the interfacial properties can be significantly promoted and controlled by tuning the fac-
tors of flame growth CNTs. It is expected that the enhanced IFSS measured with the single fiber 
pull-out test could transform into the improved the fracture toughness properties of the lamina.

2.3. Interlaminar fracture toughness

Typical energy release rate as a function of the crack growth (R-curves) for CF grafted with 
CNTs growing for 3 min is shown in Figure 3a, conducted by Du et al. [13]. It can be clearly 
seen that the modification with CNTs lead to significantly increased fracture toughness. For 
the lamina with CNTs growing for 3 min onto carbon fabrics, the average GIC increases by 67% 
comparing with those with bare carbon fabrics. Similar research on the effect of the grafting 
of CNTs onto CFs on the mode I fracture toughness of laminates shows a ~46% increase of GIC 
after the CNTs growing onto carbon plain woven by CVD [10]. From the SEM image (Figure 
3b, c) [13] of the mode I fracture surface of laminate reinforced with bare CF and CNT/CF, it can 
be found that there exists improved interfacial adhesion between the fiber and matrix after the 
flame growth of CNTs onto carbon fabrics. The increased interfacial adhesion results into the 
cohesive failure of the matrix. This indicates that the CNTs have strong bonding with the CFs.

Similarly, as shown in Figure 4a, the modification of the carbon fabrics by in situ flame growth 
of CNTs also shows great effect on the mode II fracture toughness of the lamina. The average 
GIIC of the lamina, increases from 1.40 kJ/m2 for the bare carbon fabrics to 2.22 kJ/m2 for the 
ones modified with CNTs growing for 3 min, or a ~60% increase [13]. After the modification 
with CNTs, the zipper-like patterns can still be observed in the area with CF bundles parallel 
to the crack propagation, as shown in Figure 4b. It can be observed that the grafting of CNTs 
increase the number of zipper-like patterns (Figure 4c), which corresponds to a clear increase 
in GIIC in the laminate with the insert crack.

Figure 3. (a) Typical R-curve for mode I interlaminar fracture of the laminate; (b) SEM image of the mode I fracture 
surface of laminate reinforced with CF baseline and (c) the CNT/CF [13].
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almost linearly with the displacement until the peak load is reached, followed by a sudden 
drop to zero, indicating the instantaneous debonding of the fiber-matrix interface. As shown in 
Figure 2b, the modification with CNTs significantly increases the IFSS by 70.5% with the inter-
face of CNT growing for 3 min, however, the modification with CNTs growing for 1 min has no 
significant effect on the enhancement of the interfacial properties. The results here demonstrate 
that the interfacial properties can be significantly promoted and controlled by tuning the fac-
tors of flame growth CNTs. It is expected that the enhanced IFSS measured with the single fiber 
pull-out test could transform into the improved the fracture toughness properties of the lamina.

2.3. Interlaminar fracture toughness

Typical energy release rate as a function of the crack growth (R-curves) for CF grafted with 
CNTs growing for 3 min is shown in Figure 3a, conducted by Du et al. [13]. It can be clearly 
seen that the modification with CNTs lead to significantly increased fracture toughness. For 
the lamina with CNTs growing for 3 min onto carbon fabrics, the average GIC increases by 67% 
comparing with those with bare carbon fabrics. Similar research on the effect of the grafting 
of CNTs onto CFs on the mode I fracture toughness of laminates shows a ~46% increase of GIC 
after the CNTs growing onto carbon plain woven by CVD [10]. From the SEM image (Figure 
3b, c) [13] of the mode I fracture surface of laminate reinforced with bare CF and CNT/CF, it can 
be found that there exists improved interfacial adhesion between the fiber and matrix after the 
flame growth of CNTs onto carbon fabrics. The increased interfacial adhesion results into the 
cohesive failure of the matrix. This indicates that the CNTs have strong bonding with the CFs.

Similarly, as shown in Figure 4a, the modification of the carbon fabrics by in situ flame growth 
of CNTs also shows great effect on the mode II fracture toughness of the lamina. The average 
GIIC of the lamina, increases from 1.40 kJ/m2 for the bare carbon fabrics to 2.22 kJ/m2 for the 
ones modified with CNTs growing for 3 min, or a ~60% increase [13]. After the modification 
with CNTs, the zipper-like patterns can still be observed in the area with CF bundles parallel 
to the crack propagation, as shown in Figure 4b. It can be observed that the grafting of CNTs 
increase the number of zipper-like patterns (Figure 4c), which corresponds to a clear increase 
in GIIC in the laminate with the insert crack.

Figure 3. (a) Typical R-curve for mode I interlaminar fracture of the laminate; (b) SEM image of the mode I fracture 
surface of laminate reinforced with CF baseline and (c) the CNT/CF [13].
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The influences of SCF and CNT-SCF interleaves on mode I interlaminar fracture initiation 
GIC of CFRP laminates are also discussed in our previous work [18]. As Figure 5a shown, 
the materials tested were: (a) CFRP without any interleave (control), CFRP with (b) SCF or 
(c) CNT-SCF interleaves of areal density 0.5, 1.0 and 2.0 mg/cm2. The experimental results 
showed that, compared to the control, SCF interleaves with areal density of 1.0 mg/cm2 did 
not have much effect on GIC, Ini (0.48 vs. 0.51 kJ/m2); however, the CNT-SCF interleaves with 
areal density of 1.0 and 2.0 mg/cm2 increased GIC, In of the control by 0.14 and 0.31 kJ/m2 to 
0.62 and 0.79 kJ/m2, respectively, hence confirming the higher toughening effect afforded by 
the CNTs adhered onto the epoxy matrix. Compared with characteristic brittle fracture of 
epoxy between adjacent CFs in the control CFRP laminates as shown in Figure 3b, Figure 5b 
shows clearly rugged and multi-planar fractures typified by brittle failure of epoxy with 
intense river marks around both debonded and dislodged SCFs lying more or less flat on the 
fracture surface. Moreover, as Figure 5c shown, clusters of CNTs may break or pull-out when 
the lowly embedded SCFs are debonded from the matrix leaving behind residual holes on the 
track. This action provides extra toughening of CNT-SCF interleaves due to CNT bridging 
and pull-out that are absent in SCF-interleaves.

Comparisons of GIC of typical CNT-modified CFRPs in the literatures are given in Table 1. 
As the table shown, it can be seen that the enhancement of GIC value of laminated composites 
modified by flame synthesis method in Du’s work [13] is a little larger than the laminated 

Figure 4. (a) The mode II interlaminar fracture toughness of the laminate, GIIC versus CNT growth time; (b) SEM image 
of the mode II fracture surface of laminate reinforced with CF baseline and (c) the CNT/CF [13].

Figure 5. (a) The mode I interlaminar fracture toughness of the laminate; (b) SEM image of the mode I fracture surface of 
laminate reinforced with SCF and (c) the CNT-CF-SCF [18].
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composites modified by CVD method [10], which is possibly due to the better adhesion of in 
situ flame synthesized CNTs onto CF [12]. Moreover, flame synthesized CNTs grafted short 
carbon fibers interleaved laminated composites shows the remarkable toughness improve-
ment among the CNT-modified CFRPs, this is because the hierarchical short carbon fibers 
interleave contribute the toughness improvement additionally.

3. Hierarchical short carbon fiber forests on carbon fibers

Up to now, there is limited report on the enhancement of the interfacial properties between 
fabric and matrix in laminates by increasing the surface roughness of fabric directly. In this 
section, fuzzy fabrics were prepared with a simple fabric surface brushing and abrading 
method. With this method, the carbon fiber forests (CFFs) will be fabricated in situ on the 
surface of the continuous woven carbon fabrics. In the CFRP composite reinforced with the 
modified fabrics, the CFF is expected to be distributed uniformly in the epoxy rich area in 
the interlayer of the laminates and acts as interleaf. Moreover, different from the previous 
interleaving method with additional materials being put into the interlayer, one of the advan-
tages of our in situ produced CFF interleaves is that they adhered well to the fabrics as some 
fibers of them root in the carbon fabrics, which is believed to provide better delamination 
resistance. And its ‘green’ manufacturing process is much more cost-effective, chemical-free, 
and environmental friendly.

3.1. The morphology and characterization of short carbon fiber forests

The carbon fiber forests were fabricated through a brushing and abrading process on one side 
face of woven carbon fiber cloth. Figure 6 exhibited the evolution of the morphology of fiber 
fabrics after different brushing and abrading times, respectively.

As shown in Figure 6a, the carbon fiber bundles in the original plain woven carbon fabrics 
are continuous and interweaving across each other, and the fabric surface texture is clean 
and tidy. As the abrading times increase, the broken carbon fibers are increased, and cor-
respondingly, the fabric surface texture become more defective and rougher(Figure 6b–c). 
Moreover, it can be seen that broken carbon fibers are uniformly and randomly distributed 
on the surface of the fabrics and form a fiber forest. No fiber bundles/aggregation separated 
from the fabrics was observed. These indicate that the original fiber bundles were partially 
damaged and some broken carbon fibers in the bundles tend to stand up from the in-plane of 
the carbon fabrics.

CNT grafted region Test method Toughness improvement Ref

Growing CNT by CVD DCB 46% (Mode-I) [10]

Growing CNT by flame synthesis method DCB 67% (Mode-I) [13]

CNT grafted short carbon fibers DCB 125%(Mode-I) [18]

Table 1. Improvements in the fracture toughness of typical CNT-modified CFRPs.
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composites modified by CVD method [10], which is possibly due to the better adhesion of in 
situ flame synthesized CNTs onto CF [12]. Moreover, flame synthesized CNTs grafted short 
carbon fibers interleaved laminated composites shows the remarkable toughness improve-
ment among the CNT-modified CFRPs, this is because the hierarchical short carbon fibers 
interleave contribute the toughness improvement additionally.

3. Hierarchical short carbon fiber forests on carbon fibers

Up to now, there is limited report on the enhancement of the interfacial properties between 
fabric and matrix in laminates by increasing the surface roughness of fabric directly. In this 
section, fuzzy fabrics were prepared with a simple fabric surface brushing and abrading 
method. With this method, the carbon fiber forests (CFFs) will be fabricated in situ on the 
surface of the continuous woven carbon fabrics. In the CFRP composite reinforced with the 
modified fabrics, the CFF is expected to be distributed uniformly in the epoxy rich area in 
the interlayer of the laminates and acts as interleaf. Moreover, different from the previous 
interleaving method with additional materials being put into the interlayer, one of the advan-
tages of our in situ produced CFF interleaves is that they adhered well to the fabrics as some 
fibers of them root in the carbon fabrics, which is believed to provide better delamination 
resistance. And its ‘green’ manufacturing process is much more cost-effective, chemical-free, 
and environmental friendly.

3.1. The morphology and characterization of short carbon fiber forests

The carbon fiber forests were fabricated through a brushing and abrading process on one side 
face of woven carbon fiber cloth. Figure 6 exhibited the evolution of the morphology of fiber 
fabrics after different brushing and abrading times, respectively.

As shown in Figure 6a, the carbon fiber bundles in the original plain woven carbon fabrics 
are continuous and interweaving across each other, and the fabric surface texture is clean 
and tidy. As the abrading times increase, the broken carbon fibers are increased, and cor-
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3.2. Interlaminar fracture toughness of CFRP composite laminates with hierarchical 
short carbon fiber

As shown in Figure 7a, the delamination resistance of the modified laminates depends on 
the brushing times. The fracture toughness of the composites increased slightly and slowly 
over that of the baseline composite with the increasing abrading times from 5 to 20. When the 
abrading time was further increased to 30 times, the significant increase of the mode I frac-
ture toughness of CFRP composite occurred, where GIC is increased by 62.4% for composites 
interleaved with one layer of CFF. Further improvements of the delamination resistance up 
to 83.2% can be achieved by the modification of both plies with CFF on their surface. These 
provide versatile designs of the laminate structure with the enhanced interlaminar fracture 
toughness in certain inter-layers. The significant improvement of the delamination resistance 
by 30 abrading times implies that the establishment of the effective 3D fiber network in the 
interlayer, which resists the crack opening efficiently. Figure 7b shows the morphology of 
CFF in the interlayer of CFRP composite. It is observed that carbon fibers in the interlayer of 
composite were random distributed, and the tips of some carbon fibers were separated from 
surrounding fiber bundles and randomly exposed out of the matrix region in the interlayer. 
Such a CFF structure was expected to interlock/ intersect each other in the narrow matrix 
region in the interlayer and formed a interwoven network structure, which potentially help 
to retard the crack propagation efficiently. To better understand the mechanism of the CFF 

Figure 6. The surface morphology of (a) original carbon fabric; (b) carbon fabric abraded by 5 times; and (c) carbon fabric 
abraded by 30 times [32].

Figure 7. (a) Toughness of CCFs toughened laminate; (b) the optical images of the mid-layer of laminates interleaved by 
CFF;(c) the mode I fracture surface morphology of CFF interleaved CFRP composites [32].
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interleaved CFRP composites, the fracture surfaces of samples after DCB test was studied by 
SEM (Figure 7c), where one could see that carbon fibers in the CFF were separated from the 
original carbon fiber bundles and randomly distributed in the fracture surface. The toughness 
enhancement of the fiber reinforced composites could be attributed to observed several gen-
erally accepted mechanisms, including fiber breakage, fiber-matrix debonding, fiber pull-out 
and matrix plastic deformation.

Table 2 gives some literature results on the mode I interlaminar fracture toughness for CFRP 
composites modified by various hierarchical short fibers such as SCFs [18], Kevlar fibers [19] 
and CNTs [13]. It can be seen that the enhancement of GIC value of CFRP composites modified 
by brushing method is obviously among the best results, and there is no additional interleav-
ing materials for the CFRP composite as the CFF is created in situ by the surface brushing 
and abrading of the fabrics themselves. Although both the CFF and SCF tissue are composed 
of carbon fibers, they display different morphology in CFRP composite. The carbon tissues 
were composed of chopped short carbon fibers with ~15 mm in length [20], which were 
mainly aligned in the in-plane direction of the laminates. In contrast, CFFs in the interlayer 
are expected to be distributed randomly in 3D directions, which demonstrates efficient crack 
bridging for toughness improvement. Furthermore, the morphology of well-adhesion of CFF 
interleaves to the fabrics in the CFRP composite revealed in Figure 7b is superior to the SCF 
tissue interleaves [18], in which SCF was additionally inserted into the interlayer of carbon 
fabrics without any bonding force to adjacent fabric plies.

4. Multifunctional ZnO nanowires grown on carbon fibers

Because of their unique magnetic, piezoelectric and optical properties, ZnO nanowires have 
been widely used in energy and environment applications [21–25]. Carbon fiber, which has 
been extensively used in light-weight structures, is a good support for ZnO because of its 
excellent electrical properties and flexibility to hybrid material, therefore, the established ZnO 
nanowire-carbon fiber hybrid materials can be used in highly wearable and stretchable superca-
pacitors, flexible piezoelectric generators and quantum dot-sensitized solar cells. The prepara-
tion, multi-functionality and application of ZnO nanowire-carbon fiber hybrid materials were 
mainly investigated in most previous studies, and few efforts were made to characterize the 
mechanical properties of this hybrid material. Actually, the mechanical properties, particularly, 

Reinforcement material for laminate Test method Fracture toughness increment (%) Ref

SCF tissue DCB −5 to 28 [21]

CNT-SCF tissue DCB 98–125 [18]

CNT forests by flame DCB 67 [13]

CNT forests by CVD DCB 31–61 [10]

CFF by brushing method DCB 62.4 [32]

Table 2. Improvement on the interlaminar fracture toughness of CFRPs with various reinforcements.
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the brushing times. The fracture toughness of the composites increased slightly and slowly 
over that of the baseline composite with the increasing abrading times from 5 to 20. When the 
abrading time was further increased to 30 times, the significant increase of the mode I frac-
ture toughness of CFRP composite occurred, where GIC is increased by 62.4% for composites 
interleaved with one layer of CFF. Further improvements of the delamination resistance up 
to 83.2% can be achieved by the modification of both plies with CFF on their surface. These 
provide versatile designs of the laminate structure with the enhanced interlaminar fracture 
toughness in certain inter-layers. The significant improvement of the delamination resistance 
by 30 abrading times implies that the establishment of the effective 3D fiber network in the 
interlayer, which resists the crack opening efficiently. Figure 7b shows the morphology of 
CFF in the interlayer of CFRP composite. It is observed that carbon fibers in the interlayer of 
composite were random distributed, and the tips of some carbon fibers were separated from 
surrounding fiber bundles and randomly exposed out of the matrix region in the interlayer. 
Such a CFF structure was expected to interlock/ intersect each other in the narrow matrix 
region in the interlayer and formed a interwoven network structure, which potentially help 
to retard the crack propagation efficiently. To better understand the mechanism of the CFF 

Figure 6. The surface morphology of (a) original carbon fabric; (b) carbon fabric abraded by 5 times; and (c) carbon fabric 
abraded by 30 times [32].

Figure 7. (a) Toughness of CCFs toughened laminate; (b) the optical images of the mid-layer of laminates interleaved by 
CFF;(c) the mode I fracture surface morphology of CFF interleaved CFRP composites [32].
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interleaved CFRP composites, the fracture surfaces of samples after DCB test was studied by 
SEM (Figure 7c), where one could see that carbon fibers in the CFF were separated from the 
original carbon fiber bundles and randomly distributed in the fracture surface. The toughness 
enhancement of the fiber reinforced composites could be attributed to observed several gen-
erally accepted mechanisms, including fiber breakage, fiber-matrix debonding, fiber pull-out 
and matrix plastic deformation.

Table 2 gives some literature results on the mode I interlaminar fracture toughness for CFRP 
composites modified by various hierarchical short fibers such as SCFs [18], Kevlar fibers [19] 
and CNTs [13]. It can be seen that the enhancement of GIC value of CFRP composites modified 
by brushing method is obviously among the best results, and there is no additional interleav-
ing materials for the CFRP composite as the CFF is created in situ by the surface brushing 
and abrading of the fabrics themselves. Although both the CFF and SCF tissue are composed 
of carbon fibers, they display different morphology in CFRP composite. The carbon tissues 
were composed of chopped short carbon fibers with ~15 mm in length [20], which were 
mainly aligned in the in-plane direction of the laminates. In contrast, CFFs in the interlayer 
are expected to be distributed randomly in 3D directions, which demonstrates efficient crack 
bridging for toughness improvement. Furthermore, the morphology of well-adhesion of CFF 
interleaves to the fabrics in the CFRP composite revealed in Figure 7b is superior to the SCF 
tissue interleaves [18], in which SCF was additionally inserted into the interlayer of carbon 
fabrics without any bonding force to adjacent fabric plies.

4. Multifunctional ZnO nanowires grown on carbon fibers

Because of their unique magnetic, piezoelectric and optical properties, ZnO nanowires have 
been widely used in energy and environment applications [21–25]. Carbon fiber, which has 
been extensively used in light-weight structures, is a good support for ZnO because of its 
excellent electrical properties and flexibility to hybrid material, therefore, the established ZnO 
nanowire-carbon fiber hybrid materials can be used in highly wearable and stretchable superca-
pacitors, flexible piezoelectric generators and quantum dot-sensitized solar cells. The prepara-
tion, multi-functionality and application of ZnO nanowire-carbon fiber hybrid materials were 
mainly investigated in most previous studies, and few efforts were made to characterize the 
mechanical properties of this hybrid material. Actually, the mechanical properties, particularly, 

Reinforcement material for laminate Test method Fracture toughness increment (%) Ref

SCF tissue DCB −5 to 28 [21]

CNT-SCF tissue DCB 98–125 [18]

CNT forests by flame DCB 67 [13]

CNT forests by CVD DCB 31–61 [10]

CFF by brushing method DCB 62.4 [32]

Table 2. Improvement on the interlaminar fracture toughness of CFRPs with various reinforcements.
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the interfacial adhesion strength between the carbon fiber and ZnO NWs, play a key role in 
their application. For example, the ZnO NWs may easily fall off the carbon fiber in service if the 
interfacial adhesion between carbon fibers and ZnO NWs is relatively weak, which may lead to 
degradation of the material performance and possible material failure in further. So it is critical 
to investigate the interaction between ZnO NWs and carbon fibers and further clarify the adhe-
sion mechanism.

CF/ZnO NWs has intrinsically poor interfacial adhesion because of insufficient functional groups 
on the CF surface that connects with ZnO, the current chemical oxidative methods including 
acid or plasma treatments are utilized to introduce the functional groups onto the CF surface 
to improve the CF/ZnO NWs interfacial adhesion, but oxidation functionalization can etch the 
fiber substrate and thus decrease the CF strength, which is undesirable for all applications. To 
address this problem, we [26] recently introduces Polydopamine (PDA) onto the CF surface to 
bond with the ZnO NWs, because PDA owns a robust chelating capability toward metal ions 
and can act as nucleation sites to form a metal oxide-PDA core/shell structure, the experimental 
results showed uniform and vertical aligned ZnO nanowires are well grown in the CF surface 
modified by PDA. In fact, the formed PDA layer has many functional groups such as quinone, 
carboxyl, catechol, amino and imino groups, which formed the main interaction, namely, the 
coordination between the catechol groups and the Zn2+ ion, this interaction gradually promotes 
the ZnO seed layer, from which ZnO NWs are nucleated and grow on the PDA-modified CF.

4.1. Pull-out force and strength of ZnO NW from CF

The adhesion strength between ZnO NWs and CF modified by PDF is the key factor to 
evaluate the PDA bonding effect between ZnO NWs and CF. Thus, it is necessary to mea-
sure the adhesion force between ZnO NWs and CF. Similar work has been done by Sodano 
et al., who have investigated the interaction between ZnO and graphite [27]. They applied a 
ZnO nanoparticle coated AFM tip close to the surface of highly oriented pyrolytic graphite 
to study the interaction between ZnO and carbon substrate. Although their method can, to 
some degree, reflect the interaction between ZnO and graphite substrate, real adhesion force 
between ZnO and carbon fibers cannot be measured. So it is necessary to develop a concise 
and direct method to measure the adhesion force and adhesion strength between CF and 
ZnO NWs. Recently, we [26] measured the pull-off force of ZnO NW from CF though a nano-
manipulator equipped with a sensitive force measurement system inside the SEM chamber. 
Table 3 gives the pull-out force and adhesion strength between bare or PDA-modified CFs 

Hierarchical CFs ZnO NW diameter (nm) Pull-out force (N) Adhesion strength (MPa)

CF/ZnO 300 1.65 ± 0.3 23.32 ± 4.56

CF/ZnO 700 8.7 ± 0.55 22.61 ± 3.68

CF/PDA/ZnO 300 4.2 ± 0.89 59.41 ± 5.32

CF/PDA/ZnO 700 27.5 ± 1.75 71.45 ± 8.54

Table 3. Pull-off (adhesion) force and adhesion strength between ZnO NW and CFs.
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and ZnO NWs with different diameters of ZnO NW [26]. It can been seen that the pull-off 
force between PDA-modified CF and ZnO NW is much larger than that between bare CF and 
ZnO NW for a given ZnO NW diameter, which indicates great pull-out force improvement 
between CF and ZnO NW when PDA is introduced. Similar increase for the adhesion strength 
is also observed.

4.2. Interfacial strength of ZnO NW grafted CFRP composite

The interfacial shear strength (IFSS) of carbon fiber/epoxy composites was characterized by 
Zheng et al. [26] using the single fiber microbond tests. The results show average IFSS of bare 
CFRP is improved by 47% after ZnO growth owing to the mechanical interlock leaded by the 
penetration of stiff ZnO NWs into the epoxy resulting in an increased bonding area. Some 
results indicate that failure during the microbond experiments generally occurred at the ZnO 
NWs/fiber interface [28, 29]. However, there is no ZnO NWs found on the debonded surface 
of the pulled out CF, implying that all ZnO NWs were sheared off from the CF and embed-
ded in the epoxy, so it can be concluded that failure occurred at the CF/ZnO interface, which 
limited further increase of the IFSS more or less.

4.3. Interlaminar fracture toughness of CFRP composite with hierarchical CF/ZnO 
fibers

Since ZnO NWs on CF are similar to toughening methods such as z-pinning [30] and CNTs 
grown on CFs [13], CF/ZnO hybrid composites can be used to manufacture laminates for the 
aerospace applications. Z-pinning and CNTs grown on CFs techniques have been applied 
in laminates for interlaminar toughening but some loss of in-plane strength may occurred 
in them, which is undesirable for laminate applications. By contrast, the hierarchical CF/
ZnO NWs is prepared under low temperature without strong acid treatment, thus retaining 
the CF strength [31]. In addition, unlike CNTs which may collapse easily on the CFs during 
epoxy infusion, the rigid ZnO NWs can maintain their upright geometry during processing 
and provide strong mechanical interlocks with epoxy matrix [31] thus yielding more effec-
tive toughness improvement for composite laminates, hence, we [26] conducted the Double-
cantilever-beams (DCB) and three-point end notched flexure (ENF) tests to evaluate mode I 
and mode II interlaminar fracture toughness of CF/ZnO NWs laminates. As Figure 8a shown, 
the fracture toughness of control laminate is 0.49 kJ/m2 and this value is increased by 43 and 
63% with  introducing CF/ZnO NWs and CF/PDA/ZnO NWs, respectively. Mode II fracture 
toughness value for three types of laminates can be found in Figure 8b, which are 1.4, 1.61 
and 1.71 kJ/m2 for the Control, CF/ZnO NWs and CF/PDA/ZnO NWs modified composites 
laminate, respectively, indicating 15% and 22% increases respect to the Control. It can be 
concluded that both mode I and mode II interlaminar toughness of CF/ZnO NWs laminates 
were indeed found to be increased, and further increases in these toughness values were 
achieved for the CF/PDA/ZnO NWs hybrid laminates due to the enhanced interfacial interac-
tion between ZnO NWs and PDA-modified CF.

Table 4 gives existing results on the mode I and mode II interlaminar fracture toughness for 
CFRP composites modified by various hierarchical reinforcement such as ZnO NWs [26], SCF 
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CF/ZnO NWs has intrinsically poor interfacial adhesion because of insufficient functional groups 
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acid or plasma treatments are utilized to introduce the functional groups onto the CF surface 
to improve the CF/ZnO NWs interfacial adhesion, but oxidation functionalization can etch the 
fiber substrate and thus decrease the CF strength, which is undesirable for all applications. To 
address this problem, we [26] recently introduces Polydopamine (PDA) onto the CF surface to 
bond with the ZnO NWs, because PDA owns a robust chelating capability toward metal ions 
and can act as nucleation sites to form a metal oxide-PDA core/shell structure, the experimental 
results showed uniform and vertical aligned ZnO nanowires are well grown in the CF surface 
modified by PDA. In fact, the formed PDA layer has many functional groups such as quinone, 
carboxyl, catechol, amino and imino groups, which formed the main interaction, namely, the 
coordination between the catechol groups and the Zn2+ ion, this interaction gradually promotes 
the ZnO seed layer, from which ZnO NWs are nucleated and grow on the PDA-modified CF.

4.1. Pull-out force and strength of ZnO NW from CF

The adhesion strength between ZnO NWs and CF modified by PDF is the key factor to 
evaluate the PDA bonding effect between ZnO NWs and CF. Thus, it is necessary to mea-
sure the adhesion force between ZnO NWs and CF. Similar work has been done by Sodano 
et al., who have investigated the interaction between ZnO and graphite [27]. They applied a 
ZnO nanoparticle coated AFM tip close to the surface of highly oriented pyrolytic graphite 
to study the interaction between ZnO and carbon substrate. Although their method can, to 
some degree, reflect the interaction between ZnO and graphite substrate, real adhesion force 
between ZnO and carbon fibers cannot be measured. So it is necessary to develop a concise 
and direct method to measure the adhesion force and adhesion strength between CF and 
ZnO NWs. Recently, we [26] measured the pull-off force of ZnO NW from CF though a nano-
manipulator equipped with a sensitive force measurement system inside the SEM chamber. 
Table 3 gives the pull-out force and adhesion strength between bare or PDA-modified CFs 

Hierarchical CFs ZnO NW diameter (nm) Pull-out force (N) Adhesion strength (MPa)

CF/ZnO 300 1.65 ± 0.3 23.32 ± 4.56

CF/ZnO 700 8.7 ± 0.55 22.61 ± 3.68

CF/PDA/ZnO 300 4.2 ± 0.89 59.41 ± 5.32

CF/PDA/ZnO 700 27.5 ± 1.75 71.45 ± 8.54

Table 3. Pull-off (adhesion) force and adhesion strength between ZnO NW and CFs.
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and ZnO NWs with different diameters of ZnO NW [26]. It can been seen that the pull-off 
force between PDA-modified CF and ZnO NW is much larger than that between bare CF and 
ZnO NW for a given ZnO NW diameter, which indicates great pull-out force improvement 
between CF and ZnO NW when PDA is introduced. Similar increase for the adhesion strength 
is also observed.

4.2. Interfacial strength of ZnO NW grafted CFRP composite

The interfacial shear strength (IFSS) of carbon fiber/epoxy composites was characterized by 
Zheng et al. [26] using the single fiber microbond tests. The results show average IFSS of bare 
CFRP is improved by 47% after ZnO growth owing to the mechanical interlock leaded by the 
penetration of stiff ZnO NWs into the epoxy resulting in an increased bonding area. Some 
results indicate that failure during the microbond experiments generally occurred at the ZnO 
NWs/fiber interface [28, 29]. However, there is no ZnO NWs found on the debonded surface 
of the pulled out CF, implying that all ZnO NWs were sheared off from the CF and embed-
ded in the epoxy, so it can be concluded that failure occurred at the CF/ZnO interface, which 
limited further increase of the IFSS more or less.

4.3. Interlaminar fracture toughness of CFRP composite with hierarchical CF/ZnO 
fibers

Since ZnO NWs on CF are similar to toughening methods such as z-pinning [30] and CNTs 
grown on CFs [13], CF/ZnO hybrid composites can be used to manufacture laminates for the 
aerospace applications. Z-pinning and CNTs grown on CFs techniques have been applied 
in laminates for interlaminar toughening but some loss of in-plane strength may occurred 
in them, which is undesirable for laminate applications. By contrast, the hierarchical CF/
ZnO NWs is prepared under low temperature without strong acid treatment, thus retaining 
the CF strength [31]. In addition, unlike CNTs which may collapse easily on the CFs during 
epoxy infusion, the rigid ZnO NWs can maintain their upright geometry during processing 
and provide strong mechanical interlocks with epoxy matrix [31] thus yielding more effec-
tive toughness improvement for composite laminates, hence, we [26] conducted the Double-
cantilever-beams (DCB) and three-point end notched flexure (ENF) tests to evaluate mode I 
and mode II interlaminar fracture toughness of CF/ZnO NWs laminates. As Figure 8a shown, 
the fracture toughness of control laminate is 0.49 kJ/m2 and this value is increased by 43 and 
63% with  introducing CF/ZnO NWs and CF/PDA/ZnO NWs, respectively. Mode II fracture 
toughness value for three types of laminates can be found in Figure 8b, which are 1.4, 1.61 
and 1.71 kJ/m2 for the Control, CF/ZnO NWs and CF/PDA/ZnO NWs modified composites 
laminate, respectively, indicating 15% and 22% increases respect to the Control. It can be 
concluded that both mode I and mode II interlaminar toughness of CF/ZnO NWs laminates 
were indeed found to be increased, and further increases in these toughness values were 
achieved for the CF/PDA/ZnO NWs hybrid laminates due to the enhanced interfacial interac-
tion between ZnO NWs and PDA-modified CF.

Table 4 gives existing results on the mode I and mode II interlaminar fracture toughness for 
CFRP composites modified by various hierarchical reinforcement such as ZnO NWs [26], SCF 
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tissue [18], CNT-SCF tissue [18], CNT forests by flame [13] and CFF by brushing method [32]. 
It is noticed that the interlaminar fracture toughness of composites laminate with ZnO NWs is 
lower than composites laminate with carbon reinforcement. It can be seen that the hierarchi-
cal short carbon reinforcement (see SCF tissue or CFFs in Table 4) or flame synthesis CNT for-
ests could only give the limited toughness improvement for laminate while CNT-SCF tissue 
exhibits the highest toughness improvement due to its synergistic effect with incorporation 
of CNTs and SCF.

The toughening mechanisms in mode I and mode II was conducted [26] as well, it is found 
that the interlaminar failure largely occurs at the CF/ZnO NWs interface which consists with 
the single fiber microbond pull-out tests. It is claimed that the increased toughness mainly 
comes from the large matrix deformation induced by the ZnO NWs. From the CF/PDA/ZnO 
NWs, the cohesive rather than adhesive failure during crack propagation could be the main 
toughening mechanisms, ZnO NWs strongly bonded on CF can serve as pin-like materials. 
Their toughening effect works by a crack-wake bridging mechanism that includes their span-
ning across the matrix crack, thereby, increase the mode I and mode II interlaminar fracture 
toughness.

Figure 8. (a) GIC and (b) GIIC of three types of CFRP composite laminates [26].

Reinforcement material for laminate Test method Fracture toughness increment (%) Ref

ZnO NWs DCB

ENF

43–63

15–22

[28]

SCF tissue DCB 73 [18]

CNT-SCF tissue DCB 125 [18]

CNT forests by flame DCB

ENF

67

59

[13]

CFF by our brushing method DCB

ENF

62.4

83.2

[32]

Table 4. Improvement on the interlaminar fracture toughness of CFRPs with existing hierarchical reinforcements 
approaches.
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5. Conclusion

In this chapter, three novel carbon fibers surface treatment methods, typically carbon nano-
tubes (CNTs) grafted on CFs using catalysts formed in an ethanol flame, carbon fiber for-
ests on carbon fibers, ZnO nanowire grown onto CFs through a facile hydrothermal method 
respectively, were presented and detailed. The conclusions are as follows:

Firstly, the flame synthesis method is demonstrated to be an efficient technique for the in situ 
growth of CNTs onto the surface of carbon fabric to build up the hierarchical reinforcement in 
multi-scale laminate composites for improved interfacial and fracture properties. The CNTs 
growing temperature is as low as 450°C and the tensile performance of single carbon fiber did 
not degrade evidently after the CNTs deposition. The flame synthesized CNT interface devel-
oped here has been shown to offer a significant enhancement in the interfacial properties. 
~70% increase of IFSS was achieved after the modification by flame growth CNTs for 3 min 
onto CFs. The GIC and GIIC of the composite reinforced by carbon fabric with CNTs growth 
for only 3 min could be enhanced about 60 and 67% over those without CNT grafting, respec-
tively. Analysis of the surface following failure showed the lamina samples reinforced with 
bare carbon fabric were dominated by adhesive failure while the CNT-modified ones were 
predominantly cohesive matrix failure. The simple and open environmental deposit process 
together with the decreased growth time of the flame synthesis method make it a promising 
technology to fabricate hierarchical carbon reinforcement.

Secondly, the presented simple surface brushing and abrading method was demonstrated to 
significantly enhance the delamination resistance of the composite with moderate in-plane ten-
sile strength loss. The fabric surface brushing and abrading method was simple, economic, 
environment friendly and chemical free. Moreover, there is no any additional reinforcement 
applied in the composites. Furthermore, the defective fabric surface texture structure with most 
fibers in the CFF interleaf rooting in the fabrics benefits the improvement of the delamination 
resistance of the laminates. It is believed that the method was compatible with large scale man-
ufacturing processes for CFRP laminate composites, and could find its real applications with 
the balance and compromising of toughness and in-plane tensile properties of the composites.

At last, a dopamine functionalization method was proposed to give a PDA layer on the CF 
surface. ZnO nanowires were then grafted on the PDA-modified CF through a hydrother-
mal method to obtain a hierarchical ZnO nanowire/carbon fiber composites. In situ pull-off 
experiments of a single ZnO NW from the CF demonstrated that the PDA functionalization 
on the fiber surface was critical for the strong chemical adhesion of the ZnO nanowires with 
the CF substrate caused by the coordination reaction between the catechol groups and Zn2+ 
ion, which yielded a 200% increase in pull-off force and adhesion strength compared to bare 
CF/ZnO NWs. The interfacial shear strength was also increased by 64% after the growth of 
ZnO NWs on the PDA-modified CF. It was noteworthy that PDA modification and ZnO NWs 
growth did not degrade the CF strength. Furthermore, both mode I and mode II interlaminar 
toughness were increased for CF/ZnO NWs and CF/PDA/ZnO NWs. In particular, for the lat-
ter laminates, the improvements were 63% for mode I and 22% for mode II due to the strong 
chemical bonding between PDA-modified CF and ZnO NWs as well as the mechanical inter-
locking between ZnO NWs and epoxy.
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5. Conclusion
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environment friendly and chemical free. Moreover, there is no any additional reinforcement 
applied in the composites. Furthermore, the defective fabric surface texture structure with most 
fibers in the CFF interleaf rooting in the fabrics benefits the improvement of the delamination 
resistance of the laminates. It is believed that the method was compatible with large scale man-
ufacturing processes for CFRP laminate composites, and could find its real applications with 
the balance and compromising of toughness and in-plane tensile properties of the composites.

At last, a dopamine functionalization method was proposed to give a PDA layer on the CF 
surface. ZnO nanowires were then grafted on the PDA-modified CF through a hydrother-
mal method to obtain a hierarchical ZnO nanowire/carbon fiber composites. In situ pull-off 
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ion, which yielded a 200% increase in pull-off force and adhesion strength compared to bare 
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chemical bonding between PDA-modified CF and ZnO NWs as well as the mechanical inter-
locking between ZnO NWs and epoxy.

Building Hierarchical Micro-Structure on the Carbon Fabrics to Improve Their Reinforcing Effect…
http://dx.doi.org/10.5772/intechopen.74706

79



Acknowledgements

Feng Xu is grateful for the research support of the National Natural Science Foundation 
of China (No. 11702224) and the Fundamental Research Funds for the Central Universities 
(No. 3102017zy034). Du Xusheng also wish to thank the support of the Guangdong Province 
Science and Technology Plan (No. 2017B090903005).

Author details

Feng Xu1, Xusheng Du2* and Helezi Zhou2

*Address all correspondence to: xdusydjn@email.jnu.edu.cn

1 School of Astronautics, Northwestern Polytechnical University, Xi’an, Shaanxi Province, 
PR China

2 Institute of Advanced Wear and Corrosion Resistance and Functional Materials, Jinan 
University, Guangzhou, PR China

References

[1] Domun N, Hadavinia H, Zhang T, et al. Improving the fracture toughness and the strength 
of epoxy using nanomaterials–A review of the current status. Nanoscale. 2015;7(23): 
10294-10329. DOI: 10.1039/C5NR01354B

[2] Xu F, Du XS, Liu HY, et al. Temperature effect on nano-rubber toughening in epoxy 
and epoxy/carbon fiber laminated composites. Composites Part B: Engineering. 2016;95: 
423-432. DOI: 10.1016/j.compositesb.2016.04.019

[3] Qian H, Greenhalgh ES, Shaffer MSP, Bismarck A. Carbon nanotube-based hierarchical 
composites: A review. Journal of Materials Chemistry. 2010;20:4751-4762. DOI: 10.1039/
C000041H

[4] Thostenson ET, Li WZ, Wang DZ, Ren ZF, Chou TW. Carbon nanotube/carbon fibre 
hybrid multiscale composites. Journal of Applied Physics. 2002;91:6034-6037. DOI: 10. 
1063/1.1466880

[5] Li Y, Hori N, Arai M, Hu N, Liu Y, Fukunaga H. Improvement of interlaminar mechani-
cal properties of CFRP laminates using VGCF. Composites: Part A. 2009;40(12):2004. 
DOI: 10.1016/j. compositesa.2009.09.002

[6] Arai M, Yukihiro N, Sugimoto KI, Endo M. Mode I and mode II interlaminar fracture 
toughness of CFRP laminates toughened by carbon nanofiber interlayer. Composites 
Science and Technology. 2008;68:516-525. DOI: 10.1016/j.compscitech.2007.06.007

Recent Developments in the Field of Carbon Fibers80

[7] Garcia EJ, Wardle BL, Hart AJ. Joining prepreg composite interfaces with aligned carbon 
nanotubes. Composites: Part A. 2008;39:1065-1070. DOI: 10.1016/j.compositesa.2008.03.011

[8] An Q, Rider AN, Thostenson ET. Electrophoretic deposition of carbon nanotubes onto 
carbon-fiber fabric for production of carbon/epoxy composites with improved mechani-
cal properties. Carbon. 2012;50:4130-4133. DOI: 10.1016/j.carbon.2012.04.061

[9] Schaefer JD, Rodriguez AJ, Guzman ME, Lim CS, Minaie B. Effects of electrophoretically 
deposited carbon nanofibers on the interface of single carbon fibers embedded in epoxy 
matrix. Carbon. 2011;49:2750-2759. DOI: 10.1016/j.carbon.2011.02.070

[10] Kepple KL, Sanborn GP, Lacasse PA, Gruenberg KM, Ready WJ. Improved fracture 
toughness of carbon fiber composite functionalized with multi walled carbon nano-
tubes. Carbon. 2008;46:2026-2033. DOI: 10.1016/j.carbon.2008.08.010

[11] Sager RJ, Klein PJ, Lagoudas DC, Zhang Q, Liu J, Dai L, Baur JW. Effect of carbon nano-
tubes on the interfacial shear strength of T650 carbon fiber in an epoxy matrix. Composites 
Science and Technology. 2009;69:898-904. DOI: 10.1016/j.compscitech.2008.12.021

[12] Du XS, Liu HY, Zhou CF, Moody S, Mai YW. On the flame synthesis of carbon nanotubes 
grafted onto carbon fibers and the bonding force between them. Carbon. 2012;50(6):2347-
2350. DOI: 10.1016/j.carbon.2012.01.003

[13] Du X, Liu HY, Xu F, Zeng Y, Mai YW. Flame synthesis of carbon nanotubes onto car-
bon fiber woven fabric and improvement of interlaminar toughness of composite 
laminates. Composites Science and Technology. 2014;101:159-166. DOI: 10.1016/j. 
compscitech.2014.07.011

[14] Qian H, Bismarck A, Greenhalgh ES, Shaffer MSP. Carbon nanotube grafted carbon 
fibres: A study of wetting and fibre fragmentation. Composites Part A: Applied Science 
and Manufacturing. 2010;41(9):1107-1114. DOI: 10.1016/j.compositesa.2010.04.004

[15] Lv P, Feng YY, Zhang P, Chen HM, Zhao NQ, Feng W. Increasing the interfacial 
strength in carbon fiber/epoxy composites by controlling the orientation and length 
ofcarbon nanotubes grown on the fibers. Carbon. 2011;49(14):4665-4673. DOI: 10.1016/j.
carbon.2011.06.064

[16] Qian H, Bismarck A, Greenhalgh ES, Kalinka G, Shaffer MSP. Hierarchical composites 
reinforced with carbon nanotube grafted fibers: The potential assessed at the single fiber 
level. Chemistry of Materials. 2008;20(5):1862-1869. DOI: 10.1021/cm702782j

[17] Du X, Xu F, Liu HY, Miao YG, Guo WG, Mai YW. Electrical conductivity and Interface 
improvement of carbon fibers reinforced composites by the low temperature flame growth 
of CNTs onto them. RSC Advances. 2016;6(54):48896-48904. DOI: 10.1039/C6RA09839H

[18] Zhou H, Du X, Liu HY, Zhou H, Zhang Y, Mai YW. Delamination toughening of carbon 
fiber/epoxy laminates by hierarchical carbon nanotube-short carbon fiber interleaves. 
Composites Science and Technology. 2017;140:46-53. DOI: 10.1016/j.compscitech.2016. 
12.018

Building Hierarchical Micro-Structure on the Carbon Fabrics to Improve Their Reinforcing Effect…
http://dx.doi.org/10.5772/intechopen.74706

81



Acknowledgements

Feng Xu is grateful for the research support of the National Natural Science Foundation 
of China (No. 11702224) and the Fundamental Research Funds for the Central Universities 
(No. 3102017zy034). Du Xusheng also wish to thank the support of the Guangdong Province 
Science and Technology Plan (No. 2017B090903005).

Author details

Feng Xu1, Xusheng Du2* and Helezi Zhou2

*Address all correspondence to: xdusydjn@email.jnu.edu.cn

1 School of Astronautics, Northwestern Polytechnical University, Xi’an, Shaanxi Province, 
PR China

2 Institute of Advanced Wear and Corrosion Resistance and Functional Materials, Jinan 
University, Guangzhou, PR China

References

[1] Domun N, Hadavinia H, Zhang T, et al. Improving the fracture toughness and the strength 
of epoxy using nanomaterials–A review of the current status. Nanoscale. 2015;7(23): 
10294-10329. DOI: 10.1039/C5NR01354B

[2] Xu F, Du XS, Liu HY, et al. Temperature effect on nano-rubber toughening in epoxy 
and epoxy/carbon fiber laminated composites. Composites Part B: Engineering. 2016;95: 
423-432. DOI: 10.1016/j.compositesb.2016.04.019

[3] Qian H, Greenhalgh ES, Shaffer MSP, Bismarck A. Carbon nanotube-based hierarchical 
composites: A review. Journal of Materials Chemistry. 2010;20:4751-4762. DOI: 10.1039/
C000041H

[4] Thostenson ET, Li WZ, Wang DZ, Ren ZF, Chou TW. Carbon nanotube/carbon fibre 
hybrid multiscale composites. Journal of Applied Physics. 2002;91:6034-6037. DOI: 10. 
1063/1.1466880

[5] Li Y, Hori N, Arai M, Hu N, Liu Y, Fukunaga H. Improvement of interlaminar mechani-
cal properties of CFRP laminates using VGCF. Composites: Part A. 2009;40(12):2004. 
DOI: 10.1016/j. compositesa.2009.09.002

[6] Arai M, Yukihiro N, Sugimoto KI, Endo M. Mode I and mode II interlaminar fracture 
toughness of CFRP laminates toughened by carbon nanofiber interlayer. Composites 
Science and Technology. 2008;68:516-525. DOI: 10.1016/j.compscitech.2007.06.007

Recent Developments in the Field of Carbon Fibers80

[7] Garcia EJ, Wardle BL, Hart AJ. Joining prepreg composite interfaces with aligned carbon 
nanotubes. Composites: Part A. 2008;39:1065-1070. DOI: 10.1016/j.compositesa.2008.03.011

[8] An Q, Rider AN, Thostenson ET. Electrophoretic deposition of carbon nanotubes onto 
carbon-fiber fabric for production of carbon/epoxy composites with improved mechani-
cal properties. Carbon. 2012;50:4130-4133. DOI: 10.1016/j.carbon.2012.04.061

[9] Schaefer JD, Rodriguez AJ, Guzman ME, Lim CS, Minaie B. Effects of electrophoretically 
deposited carbon nanofibers on the interface of single carbon fibers embedded in epoxy 
matrix. Carbon. 2011;49:2750-2759. DOI: 10.1016/j.carbon.2011.02.070

[10] Kepple KL, Sanborn GP, Lacasse PA, Gruenberg KM, Ready WJ. Improved fracture 
toughness of carbon fiber composite functionalized with multi walled carbon nano-
tubes. Carbon. 2008;46:2026-2033. DOI: 10.1016/j.carbon.2008.08.010

[11] Sager RJ, Klein PJ, Lagoudas DC, Zhang Q, Liu J, Dai L, Baur JW. Effect of carbon nano-
tubes on the interfacial shear strength of T650 carbon fiber in an epoxy matrix. Composites 
Science and Technology. 2009;69:898-904. DOI: 10.1016/j.compscitech.2008.12.021

[12] Du XS, Liu HY, Zhou CF, Moody S, Mai YW. On the flame synthesis of carbon nanotubes 
grafted onto carbon fibers and the bonding force between them. Carbon. 2012;50(6):2347-
2350. DOI: 10.1016/j.carbon.2012.01.003

[13] Du X, Liu HY, Xu F, Zeng Y, Mai YW. Flame synthesis of carbon nanotubes onto car-
bon fiber woven fabric and improvement of interlaminar toughness of composite 
laminates. Composites Science and Technology. 2014;101:159-166. DOI: 10.1016/j. 
compscitech.2014.07.011

[14] Qian H, Bismarck A, Greenhalgh ES, Shaffer MSP. Carbon nanotube grafted carbon 
fibres: A study of wetting and fibre fragmentation. Composites Part A: Applied Science 
and Manufacturing. 2010;41(9):1107-1114. DOI: 10.1016/j.compositesa.2010.04.004

[15] Lv P, Feng YY, Zhang P, Chen HM, Zhao NQ, Feng W. Increasing the interfacial 
strength in carbon fiber/epoxy composites by controlling the orientation and length 
ofcarbon nanotubes grown on the fibers. Carbon. 2011;49(14):4665-4673. DOI: 10.1016/j.
carbon.2011.06.064

[16] Qian H, Bismarck A, Greenhalgh ES, Kalinka G, Shaffer MSP. Hierarchical composites 
reinforced with carbon nanotube grafted fibers: The potential assessed at the single fiber 
level. Chemistry of Materials. 2008;20(5):1862-1869. DOI: 10.1021/cm702782j

[17] Du X, Xu F, Liu HY, Miao YG, Guo WG, Mai YW. Electrical conductivity and Interface 
improvement of carbon fibers reinforced composites by the low temperature flame growth 
of CNTs onto them. RSC Advances. 2016;6(54):48896-48904. DOI: 10.1039/C6RA09839H

[18] Zhou H, Du X, Liu HY, Zhou H, Zhang Y, Mai YW. Delamination toughening of carbon 
fiber/epoxy laminates by hierarchical carbon nanotube-short carbon fiber interleaves. 
Composites Science and Technology. 2017;140:46-53. DOI: 10.1016/j.compscitech.2016. 
12.018

Building Hierarchical Micro-Structure on the Carbon Fabrics to Improve Their Reinforcing Effect…
http://dx.doi.org/10.5772/intechopen.74706

81



[19] Sohn MS, Hu XZ. Comparative study of dynamic and static delamination behaviour 
of carbon fibre/epoxy composite laminates. Composites. 1995;26:849-858. DOI: 10.1016/ 
0010-4361(95) 90878-4

[20] Lee SH, Aono Y, Noguchi H, Cheong SK. Damage mechanism of hybrid composites 
with nonwoven carbon tissue subjected to quasi-static indentation loads. Journal of 
Composite Materials. 2003;37:333-339. DOI: 10.1177/0021998303037004334

[21] Wang Q, Li QH, Chen YJ, Wang TH, He XL, Li P, Lin CL. Fabrication and ethanol sens-
ing characteristics of ZnO nanowire gas sensors. Applied Physics Letters. 2004;84(18): 
3654-3656. DOI: 10.1063/1.1738932

[22] Law M, Greene LE, Johnson JC, Saykally R, Yang P. Nanowire dye-sensitized solar cells. 
Nature Materials. 2005;4(6):455-459. DOI: 10.1038/nmat1387

[23] Geng C, Jiang Y, Yao Y, Meng X, Zapien JA, Lee CS, et al. Well-aligned ZnO nanowire 
arrays fabricated on silicon substrates. Advanced Functional Materials. 2004;14(6):589-
594. DOI: 10.1002/adfm.200305074

[24] Wang X, Song J, Liu J, Wang ZL. Direct-current nanogenerator driven by ultrasonic 
waves. Science. 2007;316:102-105. DOI: 10.1126/science.1139366

[25] Wang ZL, Song J. Piezoelectric nanogenerators based on zinc oxide nanowire arrays. 
Science. 2006;312:242-246. DOI: 10.1126/science.1124005

[26] Zheng N, Huang Y, Sun W, Du X, Liu HY, Moody S, Gao J, Mai YW. In-situ pull-off of 
ZnO nanowire from carbon fiber and improvement of interlaminar toughness of hierar-
chical ZnO nanowire/carbon fiber hydrid composite laminates. Carbon. 2016;110:69-78. 
DOI: 10.1016/j. carbon.2016.09.002

[27] Galan U, Sodano HA. Intermolecular interactions dictating adhesion between ZnO and 
graphite. Carbon. 2013;63:517-522. DOI: 10.1016/j.carbon.2013.07.027

[28] Galan U, Lin Y, Ehlert GJ, Sodano HA. Effect of ZnO nanowire morphology on the inter-
facial strength of nanowire coated carbon fibers. Composites Science and Technology. 
2011;71:946-954. DOI: 10.1016/ j.compscitech.2011.02.010

[29] Ehlert GJ, Sodano HA. Zinc oxide nanowire interphase for enhanced interfacial strength  
in lightweight polymer fiber composites. ACS Applied Materials & Interfaces. 2009;1(8): 
1827-1833. DOI: 10.1021 /am900376t

[30] Mouritz AP. Review of z-pinned composite laminates. Composites: Part A. 2007;38(12): 
2383-2397. DOI: 10.1016/j.compositesa.2007.08.016

[31] Lin Y, Ehlert G, Sodano HA. Increased interface strength in carbon fiber composites 
through a ZnO nanowire interphase. Advanced Functional Materials. 2009;19(16): 
2654-2660. DOI: 10.1002/adfm.200900011

[32] Xu F, Huang DD, Du XS. Improving the delamination resistance of carbon fiber/epoxy 
composites by brushing and abrading of the woven fabrics. Construction and Building 
Materials. 2018;158:257-263. DOI: 10.1016/j.conbuildmat.2017.10.015

Recent Developments in the Field of Carbon Fibers82

Chapter 6

Carbon Fibers in Biomedical Applications

Naveen Kumar, Anil Kumar Gangwar and
Khangembam Sangeeta Devi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75826

Provisional chapter

DOI: 10.5772/intechopen.75826

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Carbon Fibers in Biomedical Applications

Naveen Kumar, Anil Kumar Gangwar and 
Khangembam Sangeeta Devi

Additional information is available at the end of the chapter

Abstract

Three-dimensional growth of fibroblasts on carbon fibre mesh and assessment of biocom-
patibilty by in vitro and in vivo examination was done. Suitable size carbon fiber mesh 
after sterilization, placed in six well cell culture plate. The mesh was co-cultured with 
p-MEF cells. At different time intervals the viability and proliferation of the p-MEF cells 
was evaluated. The primary objective of this study was biological evaluation of carbon 
fibre mesh which can be used for creation of three-dimensional scaffolds for tissue engi-
neering. Among the possible forms of implants, fibrous matrices are highly promising for 
the tissue regeneration by acting as a cell-supporting scaffold. Results of in vitro observa-
tions of the morphology p-MEF cells seeded on the surface of carbon fibre mesh shows 
adhesions and attachment of fibroblasts cells to carbon fibres on day 3 post seeding. They 
attached firmly and were uniformly spread along the fibres on day 5 postseeding and 
mostly spindle-shaped and cover almost all their surface on day 7 postseeding and such a 
spreading of cells indicates good adhesions and biocompatibility of carbon fibres. In vivo 
examination of retrieved sample on day 30 post implantation shows that carbon fibre 
mesh was covered by dense thick fibrous connective tissue.

Keywords: carbon fibers, carbon fiber mesh, primary mouse embryo fibroblasts 
(p-MEF), in vitro examination, in vivo examination

1. Introduction

Carbon fiber (CF) consists of a multitude of unique physical, chemical and biological character-
istics that can be utilized and exploited for a number of diverse applications. Being light weight, 
high strength, and chemically stable, so they are applied in various fields including aeronautical 
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Three-dimensional growth of fibroblasts on carbon fibre mesh and assessment of biocom-
patibilty by in vitro and in vivo examination was done. Suitable size carbon fiber mesh 
after sterilization, placed in six well cell culture plate. The mesh was co-cultured with 
p-MEF cells. At different time intervals the viability and proliferation of the p-MEF cells 
was evaluated. The primary objective of this study was biological evaluation of carbon 
fibre mesh which can be used for creation of three-dimensional scaffolds for tissue engi-
neering. Among the possible forms of implants, fibrous matrices are highly promising for 
the tissue regeneration by acting as a cell-supporting scaffold. Results of in vitro observa-
tions of the morphology p-MEF cells seeded on the surface of carbon fibre mesh shows 
adhesions and attachment of fibroblasts cells to carbon fibres on day 3 post seeding. They 
attached firmly and were uniformly spread along the fibres on day 5 postseeding and 
mostly spindle-shaped and cover almost all their surface on day 7 postseeding and such a 
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science and space science. Investigation of applications of carbon fibers to biomaterials was 
started 30 or more years ago, and various products have been developed. It is used widely in 
imaging equipment structures to support limbs being X-rayed or treated with radiation.

Carbon fiber is frequently supplied in the form of a continuous tow wound onto a reel. The 
tow is a bundle of thousands of continuous individual carbon filaments held together and 
protected by an organic coating, or size, such as polyethylene oxide (PEO) or polyvinyl alco-
hol (PVA). Each carbon filament in the tow is a continuous cylinder with a diameter of 5–10 
micrometers and consists almost exclusively of carbon. The earliest generation had diameters 
of 16–22 micrometers and later fibers have diameters that are approximately 5 micrometers. 
Precursors for carbon fibers are polyacrylonitrile (PAN), rayon and pitch.

The latest technological progress has realized nanolevel control of carbon fibers, applications 
to biomaterials have also progressed to the age of nanosize. Carbon fibers with diameters in 
the nanoscale (carbon nanofibers) dramatically improve the functions of conventional bioma-
terials and make the development of new composite materials possible. Carbon nanofibers 
also open possibilities for new applications in regenerative medicine and cancer treatment. 
The first three-dimensional constructions with carbon nanofibers have been realized, and 
it has been found that the materials could be used as excellent scaffolding for bone tissue 
regeneration. We have developed an innovative approach for the use of CF as a scaffold in the 
repair of tendon and ligaments and as a suture material for repair of hernial ring.

Carbon as an inert element has advantages over other materials because it is a basic con-
stituent of tissues. The high proportion of tissues of living organisms is composed of carbon 
compounds so it should be tolerated by the tissues. Over the past 25 years various carbon 
materials have been investigated in many areas of medicine [1, 2].

The physical and chemical properties of CFs are also determined by their microstructure. This 
is particularly important in the case of CFs used in medicine. One of the earliest medical uses 
of CFs was replacement or repair of ligaments and tendons [3–5]. Most of the studies on car-
bon fibrous implants confirm that CFs do not inhibit tissue growth, and thus can act as a scaf-
fold for tissue proliferation [3, 6]. Controversy surrounds the mechanism of the disintegration 
and removal of the implanted CFs. A histological study showed that the CFs gradually broke 
down and migrated into the nearest lymph nodes with no apparent detrimental effect [6]. In 
all instances the CFs acted as a scaffold that allowed the regeneration of tendon and ligament. 
In contrast to these investigations, Morris et al. [7] showed that fragmentation of fibers did 
not occur and implant debris was not found in the regional nodes. Moreover, CFs induced 
significantly more tissue ingrowth than polypropylene mesh at 6–12 months postoperatively. 
A probable elimination mechanism by erosion of carbon particles and their retention in the 
fibrous capsule surrounding the implant [8]. Although the results of most investigations of 
CFs in vivo were evaluated as good, several authors were skeptical as to the superiority of 
carbon fibrous implants over other prosthetic materials [9, 10]. Carbon fibers were consid-
ered to be a good candidate biomaterial for total hip replacement and internal fixation in the 
form of composites [11]. In spite of controversial results with CFs used for replacement and 
reconstruction of ligaments and tendons, several other clinical studies were undertaken. The 
different results obtained in evaluating CFs as a biomaterial can probably be explained by the 
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use of different types of carbon fibers of different physical, structural and chemical properties, 
resulting from many technological parameters. Most of the papers concerning examinations 
of CFs for medical purposes describe neither the type of carbon fibers used nor their funda-
mental properties determining their behavior in a biological environment. We will discuss the 
use of carbon fibers in biomedical applications under different headings:

• In vitro biocompatibility evaluation

• In vivo biocompatibility evaluation

 ○ Subcutaneous implantation of carbon fibers

 ○ Carbon fibers in repair of abdominal wall defects

 ○ Carbon fiber mesh in reconstruction of abdominal wall defects

 ○ Carbon fibers for gap repair of flexor tendons

• Clinical applications

2. In vitro biocompatibility evaluation

2.1. Introduction

Tissue engineering is the process of creating functional three dimensional (3-D) tissue by 
combining cells with scaffolds to facilitate cell growth, organization and differentiation. The 
most important aspect of tissue engineering is the adhesion and proliferation of cells on scaf-
fold material. Biocompatibility of CFs has been the subject of numerous researches. Some 
of investigators concluded that CFs induces the growth of new tissue [12]. However, there 
were also announcements questioning biocompatibility of CFs [13–15]. The different opin-
ions regarding biocompatibility of CFs may be explained by the use of different types of CFs 
of different physical, structural and chemical properties, resulting from many technological 
parameters [15, 16]. It has been demonstrated that the cellular response to the fibrous carbon 
material depends on the degree of crystallinity of the material; therefore only selected types 
of CFs are suitable for tissue treatment purposes [16–18].

The fibroblasts are common cells present in the connective tissue that synthesizes and con-
tinuously secretes precursors of extra cellular matrix. Fibroblasts play an important role in 
regeneration of new tissue due to their growth accelerating property of tissue cells by secret-
ing several growth factors and extra cellular matrix (ECM). Primary mouse embryonic fibro-
blasts (p-MEFs) have a number of properties making them an attractive cell culture model. 
Compared to other primary explant cultures they are easy to establish and maintain, prolifer-
ate rapidly resulting in large numbers of cells produced from a single embryo within several 
days. Major histocompatibility complex (MHC) Class II antigens are present on the trans-
planting cells which is responsible for graft rejection. Fibroblasts lack these surface molecules 
and this makes them relatively immunologically inert.
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Carbon as an inert element has advantages over other materials because it is a basic con-
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The physical and chemical properties of CFs are also determined by their microstructure. This 
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significantly more tissue ingrowth than polypropylene mesh at 6–12 months postoperatively. 
A probable elimination mechanism by erosion of carbon particles and their retention in the 
fibrous capsule surrounding the implant [8]. Although the results of most investigations of 
CFs in vivo were evaluated as good, several authors were skeptical as to the superiority of 
carbon fibrous implants over other prosthetic materials [9, 10]. Carbon fibers were consid-
ered to be a good candidate biomaterial for total hip replacement and internal fixation in the 
form of composites [11]. In spite of controversial results with CFs used for replacement and 
reconstruction of ligaments and tendons, several other clinical studies were undertaken. The 
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Recent Developments in the Field of Carbon Fibers84

use of different types of carbon fibers of different physical, structural and chemical properties, 
resulting from many technological parameters. Most of the papers concerning examinations 
of CFs for medical purposes describe neither the type of carbon fibers used nor their funda-
mental properties determining their behavior in a biological environment. We will discuss the 
use of carbon fibers in biomedical applications under different headings:

• In vitro biocompatibility evaluation

• In vivo biocompatibility evaluation

 ○ Subcutaneous implantation of carbon fibers

 ○ Carbon fibers in repair of abdominal wall defects

 ○ Carbon fiber mesh in reconstruction of abdominal wall defects

 ○ Carbon fibers for gap repair of flexor tendons

• Clinical applications

2. In vitro biocompatibility evaluation

2.1. Introduction

Tissue engineering is the process of creating functional three dimensional (3-D) tissue by 
combining cells with scaffolds to facilitate cell growth, organization and differentiation. The 
most important aspect of tissue engineering is the adhesion and proliferation of cells on scaf-
fold material. Biocompatibility of CFs has been the subject of numerous researches. Some 
of investigators concluded that CFs induces the growth of new tissue [12]. However, there 
were also announcements questioning biocompatibility of CFs [13–15]. The different opin-
ions regarding biocompatibility of CFs may be explained by the use of different types of CFs 
of different physical, structural and chemical properties, resulting from many technological 
parameters [15, 16]. It has been demonstrated that the cellular response to the fibrous carbon 
material depends on the degree of crystallinity of the material; therefore only selected types 
of CFs are suitable for tissue treatment purposes [16–18].

The fibroblasts are common cells present in the connective tissue that synthesizes and con-
tinuously secretes precursors of extra cellular matrix. Fibroblasts play an important role in 
regeneration of new tissue due to their growth accelerating property of tissue cells by secret-
ing several growth factors and extra cellular matrix (ECM). Primary mouse embryonic fibro-
blasts (p-MEFs) have a number of properties making them an attractive cell culture model. 
Compared to other primary explant cultures they are easy to establish and maintain, prolifer-
ate rapidly resulting in large numbers of cells produced from a single embryo within several 
days. Major histocompatibility complex (MHC) Class II antigens are present on the trans-
planting cells which is responsible for graft rejection. Fibroblasts lack these surface molecules 
and this makes them relatively immunologically inert.
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In the present study, carbon fiber mesh was cut in desired size and after sterilization, placed 
in six well cell culture plates. The mesh was co-cultured with p-MEF cells. At different time 
intervals the viability and proliferation of the MEF cells was evaluated. The primary objective 
of this study was biological evaluation of carbon fiber mesh which can be used for creation 
of three-dimensional scaffolds for tissue engineering. Carbon fiber used as scaffold for tissue 
regeneration could simultaneously serve as a support for drug delivery or biologically active 
agents which would stimulate the tissue growth. Therefore, in this study, we investigated the 
behavior of carbon fiber mesh in biological environments and their interaction with cells and 
tissues under in vitro and in vivo conditions.

2.2. Materials and methods

In vitro tests in cell cultures were performed in Biomaterials and Bioengineering Laboratory, 
Division of Surgery, Indian Veterinary Research Institute, Izatnagar, Uttar Pradesh, India. Prior 
to cell culture, the carbon fiber mesh was autoclaved at the temperature of 120°C for 30 min. 
The primary mouse embryo fibroblasts culture (p-MEF) was done as per standard protocol. The 
cells obtained were washed twice with DMEM containing antibiotics and were centrifuged at 
2500 rpm for 8–10 min. The cells were resuspended in cell growth media (DMEM-Low glucose) 
containing 10% FBS and antibiotics (Mixture of 100 units/ml penicillin and 100 μg/ml strepto-
mycin). The cells were counted countess cell counting kit (Invitrogen) and plated at an average 
of 2.2 × 105 cells/cm2 in T-25 flasks. They were maintained at 37°C in a humidified atmosphere 
of 5% CO2 in CO2 incubator. Day after the primary culture, the spindle shaped fibroblast cells 
were observed and the non-adherent/dead cells were removed by changing the medium. When 
the cells attained 80–90% confluency (as assessed by observing under inverted microscope, 
the cells were passaged into new culture flask. Culture medium was removed and cells were 
washed twice with HBSS (with antibiotic). The cells were detached from the culture flask by 
using 2 ml of 0.5% of trypsin. The trypsin activity was stopped by adding equal volume of cul-
ture medium containing FBS and flushed properly to get the attached cells in the suspension.

After the primary culture, when adherent cells reached to 90% confluency, they were detached 
with 0.25% trypsin-EDTA solution. Growth medium i.e. DMEM containing 10% fetal bovine 
serum was added and mixed properly to get single cell suspension. The carbon fiber mesh was 
cut into small pieces and washed 4–5 times with antibiotics containing Dulbecco’s Modified 
Eagle Medium (DMEM) and was placed in wells of the culture plate. The cells were seeded at 
the rate of 2 × 104 cells/cm.2 It was maintained at 37°C in a humidified atmosphere of 5% CO2 
in a CO2 incubator. The growth media was changed after 48 h. The seeded mesh was observed 
and processed for morphological assessment on day 3, 5 and 7 postseeding. Morphological 
examination was performed using Scanning Electron Microscopic Examination. The seeded 
mesh was fixed in 2% glutaraldehyde for SEM examination.

2.3. Results and discussion

A good amount of p-MEF cells were cultured from a single pregnant mouse. Cells were 
plated in a T-25 flask. A large number of spherical cells were observed under phase con-
trast microscope. Cells were maintained in CO2 incubator and observed daily under inverted 
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phase contrast microscope to assess the viability and proliferation of cells. The cells showed 
characteristic growth and adherence pattern in vitro and proliferated rapidly to complete the 
monolayer in 4 days. The morphology of in vitro cultured cells clearly indicated the presence 
of primary mouse embryo fibroblasts. Effects of the tested materials on the adhesion, growth 
and morphology of cells on the fibers were evaluated by SEM examination.

Morphology of carbon fiber mesh showed that carbon fibers filaments were closely woven. 
In vitro observations of the morphology of cells seeded on the surface of carbon fiber mesh 
showed that they attached firmly and were uniformly spread along the fibers on day 5 post 
seeding and mostly spindle-shaped. They cover almost all their surface on day 7 post seeding 
and such a spreading of cells indicates good adhesions and biocompatibility of carbon fibers. 
The assumption that carbon as the fundamental element in biological tissues would not induce 
adverse reactions encouraged scientists to use carbon fibers in medicine as the implantable 
biomaterial [18]. In the field of regenerative medicine carbon materials are becoming increas-
ingly attractive as they can be modified to be integrated into human bodies for promotion of 
tissue regeneration and treatment of various diseases.

3. In vivo biocompatibility evaluation

3.1. Subcutaneous implantation of carbon fibers

3.1.1. Materials and methods

Carbon fibers and mesh were implanted subcutaneously on either side of the spine in four 
Wistar rats. Animals were anesthetized using xylazine and ketamine anesthetic combina-
tion. The animals were restrained in sternal recumbency. Dorsal thoracic area was pre-
pared for aseptic surgery. On either side of the spine 1 cm long skin incision was given 
lateral to the spine on both left and right side and subcutaneous pouches were created. The 
implants were pushed in the pockets and the skin incision was closed with simple inter-
rupted sutures using polyamide suture no 1-0. The Carbon fibers and mesh were retrieved 
back on day 30 post-operatively. The retrieved implants were preserved in 10% formalin 
saline solution. The tissues were processed by routine paraffin embedding technique and 
the sections were cut at 5 micron thickness. The sections were stained with hematoxylin and 
eosin (H & E) stain.

3.1.2. Results and discussion

Retrieved sample on day 30 post implantation shows that carbon fibers and mesh were cov-
ered by dense thick fibrous connective tissue. Complications like infection or pus formation 
was not seen in the vicinity of any implanted biomaterials. The tissue response to implanted 
materials was more pronounced as observed in SEM examination. The implant was agglomer-
ated and surrounded with granulation tissue. Individual carbon fiber was adhered with thick 
granulation tissue which included different types of cells and shows high biocompatibility of 
carbon fibers which was clearly observed in high magnification (Figure 1).
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and processed for morphological assessment on day 3, 5 and 7 postseeding. Morphological 
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2.3. Results and discussion

A good amount of p-MEF cells were cultured from a single pregnant mouse. Cells were 
plated in a T-25 flask. A large number of spherical cells were observed under phase con-
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phase contrast microscope to assess the viability and proliferation of cells. The cells showed 
characteristic growth and adherence pattern in vitro and proliferated rapidly to complete the 
monolayer in 4 days. The morphology of in vitro cultured cells clearly indicated the presence 
of primary mouse embryo fibroblasts. Effects of the tested materials on the adhesion, growth 
and morphology of cells on the fibers were evaluated by SEM examination.

Morphology of carbon fiber mesh showed that carbon fibers filaments were closely woven. 
In vitro observations of the morphology of cells seeded on the surface of carbon fiber mesh 
showed that they attached firmly and were uniformly spread along the fibers on day 5 post 
seeding and mostly spindle-shaped. They cover almost all their surface on day 7 post seeding 
and such a spreading of cells indicates good adhesions and biocompatibility of carbon fibers. 
The assumption that carbon as the fundamental element in biological tissues would not induce 
adverse reactions encouraged scientists to use carbon fibers in medicine as the implantable 
biomaterial [18]. In the field of regenerative medicine carbon materials are becoming increas-
ingly attractive as they can be modified to be integrated into human bodies for promotion of 
tissue regeneration and treatment of various diseases.

3. In vivo biocompatibility evaluation

3.1. Subcutaneous implantation of carbon fibers

3.1.1. Materials and methods

Carbon fibers and mesh were implanted subcutaneously on either side of the spine in four 
Wistar rats. Animals were anesthetized using xylazine and ketamine anesthetic combina-
tion. The animals were restrained in sternal recumbency. Dorsal thoracic area was pre-
pared for aseptic surgery. On either side of the spine 1 cm long skin incision was given 
lateral to the spine on both left and right side and subcutaneous pouches were created. The 
implants were pushed in the pockets and the skin incision was closed with simple inter-
rupted sutures using polyamide suture no 1-0. The Carbon fibers and mesh were retrieved 
back on day 30 post-operatively. The retrieved implants were preserved in 10% formalin 
saline solution. The tissues were processed by routine paraffin embedding technique and 
the sections were cut at 5 micron thickness. The sections were stained with hematoxylin and 
eosin (H & E) stain.

3.1.2. Results and discussion

Retrieved sample on day 30 post implantation shows that carbon fibers and mesh were cov-
ered by dense thick fibrous connective tissue. Complications like infection or pus formation 
was not seen in the vicinity of any implanted biomaterials. The tissue response to implanted 
materials was more pronounced as observed in SEM examination. The implant was agglomer-
ated and surrounded with granulation tissue. Individual carbon fiber was adhered with thick 
granulation tissue which included different types of cells and shows high biocompatibility of 
carbon fibers which was clearly observed in high magnification (Figure 1).
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In histopathological examination foreign body-type multinucleated giant cells were observed 
to be accompanied with some eosinophils and mast cells. The structure of the muscle tissue 
surrounding the implant was regular. There was increased number of fibroblasts at day 30 
post implantation. Histological observation revealed that carbon fibers stimulated extensive 
fibrocellular reaction with minimal infiltration of inflammatory cells at the site.

Based on microscopic observations we have confirmed that adhesion of cells to carbon fiber 
mesh. According to in vivo studies, carbon fiber mesh due to their porosity enables more effi-
cient growing of cells and connective tissue within the structure of implant. Biocompatibility 
of carbon fibers has been the subject of numerous researches, however individual researchers 
implemented it in their own experiments without further physical and chemical characteriza-
tion, and also without specifying the sterilization methods, so that cases of toxic effects of fiber 
degradation products on the human body were also reported [19–21].

Carbon fibers in many cases were well tolerated by the recipient and did not cause the around 
foreign body reactions [16]. Moreover the tendon or ligament newly developed on a carbon 
scaffold was morphologically very similar and functionally identical to the replaced natural 
structure [22]. It has been demonstrated by the later studies that the cellular response to the 
fibrous carbon material depends on the degree of crystallinity of the material; highly crys-
talline, high modulus fibers are not suitable for medical purposes, while amorphous fibers 
are excellent for implants [16]. Grabinski et al. [23] reported that toxicity of carbon materials 
depends also of dimensions and after 24 h the carbon nanotubes showed increased cellu-
lar toxicity when compared to the carbon fibers and carbon nanofibers. Our results clearly 
demonstrated the excellent biocompatibility of those carbon fibers; however, they also clearly 

Figure 1. SEM examination showing individual carbon fiber adhered with thick granulation tissue having different 
types of cells.
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confirmed that biological activity is even more desirable. Three thousand filaments of carbon 
fibers were used to reconstruct the experimentally created full thickness linear abdominal 
wall defects in rabbits [24].

3.2. Carbon fibers in repair of abdominal wall defects

3.2.1. Introduction

The successful reconstruction of abdominal wall defect is challenge to surgeon. Prosthetic 
materials like small intestine mucosa [25], human dura mater [26], polyester fabric [27], 
expanded polytetrafluoroethylene [28] have been used in reconstruction of large abdomi-
nal wall defects. Problems peculiar to each of these prosthetic materials have reduced pro-
longed and widespread clinical acceptance. Ideally, carbon fiber not only provides structural 
strength, but also acts as a scaffold on which the body may lay down collagen to complete 
the repair particularly in long term [29]. Braided carbon fibers have a place in the repair of 
tendon [30, 31]. So we have studied the carbon fibers in repair of abdominal wall defect in 
rabbits.

3.2.2. Materials and methods

Sixteen New Zealand white rabbits of either sex were randomly divided into two equal 
groups (group I and II) of 8 animals. Mid ventral abdominal region was chosen for the pur-
pose of study. Food for 18 h and water for 6 h was withheld before operation. The ventral 
abdominal area was prepared for aseptic surgery and the operation was performed under 
general anesthesia. The animals were retained in dorsal recumbency. After skin incision a 
linear full thickness defect of 3 cm in the mid ventral aspect of abdominal wall was created 
and repaired with continuous suture pattern using 3000 filaments of carbon fiber and 1-0 
black braided nylon, in-group I and II, respectively. Injection streptopenicillin @ 100 mg/kg  
body wt. and Injection diclofenac sodium @ 2 mg/kg body wt. were given intramuscu-
larly for 3 days in all animals. The surgical wound was cleaned with povidone iodine and 
dressed daily with antiseptic ointment. Skin sutures were removed till the completion of 
skin healing.

3.2.3. Results and discussion

Surgical wounds appeared apparently healthy throughout the period of observation in both 
the groups. None of the wound showed any complication like gaping or infection. Gross 
observations at day 7 shows more vascularity around carbon fibers at the site and on day 30, 
the carbon fibers were covered by white fibrous tissue. On day 60 the carbon fibers including 
knots were completely buried under the newly formed tissue. Carbon fibers were well toler-
ated macroscopically with no evidence of infection or sinus formation. Increased vascular-
ity observed in the present study at the site repaired with carbon fibers was also observed 
by Kumar et al. [31] following reconstruction of superficial digital flexor tendon with car-
bon fibers in crossbred calves. Increased vascularity at the reconstruction site is the normal 
response to injury which is essential for reabsorption of clot and dead cells and finally in the 
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confirmed that biological activity is even more desirable. Three thousand filaments of carbon 
fibers were used to reconstruct the experimentally created full thickness linear abdominal 
wall defects in rabbits [24].
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3.2.2. Materials and methods

Sixteen New Zealand white rabbits of either sex were randomly divided into two equal 
groups (group I and II) of 8 animals. Mid ventral abdominal region was chosen for the pur-
pose of study. Food for 18 h and water for 6 h was withheld before operation. The ventral 
abdominal area was prepared for aseptic surgery and the operation was performed under 
general anesthesia. The animals were retained in dorsal recumbency. After skin incision a 
linear full thickness defect of 3 cm in the mid ventral aspect of abdominal wall was created 
and repaired with continuous suture pattern using 3000 filaments of carbon fiber and 1-0 
black braided nylon, in-group I and II, respectively. Injection streptopenicillin @ 100 mg/kg  
body wt. and Injection diclofenac sodium @ 2 mg/kg body wt. were given intramuscu-
larly for 3 days in all animals. The surgical wound was cleaned with povidone iodine and 
dressed daily with antiseptic ointment. Skin sutures were removed till the completion of 
skin healing.

3.2.3. Results and discussion

Surgical wounds appeared apparently healthy throughout the period of observation in both 
the groups. None of the wound showed any complication like gaping or infection. Gross 
observations at day 7 shows more vascularity around carbon fibers at the site and on day 30, 
the carbon fibers were covered by white fibrous tissue. On day 60 the carbon fibers including 
knots were completely buried under the newly formed tissue. Carbon fibers were well toler-
ated macroscopically with no evidence of infection or sinus formation. Increased vascular-
ity observed in the present study at the site repaired with carbon fibers was also observed 
by Kumar et al. [31] following reconstruction of superficial digital flexor tendon with car-
bon fibers in crossbred calves. Increased vascularity at the reconstruction site is the normal 
response to injury which is essential for reabsorption of clot and dead cells and finally in the 
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laying down of fibrous tissue [32]. Uniform covering of prosthetic material with a layer of 
white connective tissue of variable thickness due to formation of fibrous connective tissue and 
subsequently laying of collagen fibers was observed [27].

On the contrary, in group I, the carbon fiber implant in the rabbit abdominal wall defect 
had induced extensive fibrous tissue (collagen fiber) reaction. The inflammatory cells 
were almost found negligible in the stroma, which indicates the host tissue tolerance to 
carbon fibers as described by Kumar [33]. The deposition of more collagen fibers in the 
healing tissue and chronic cell reaction adjacent to the carbon fibers/fibrils along with 
macrophages, few foreign body giant cells and microgranulomas have similarly been 
observed by earlier workers in relation to carbon fibers and Mersilene mesh [29, 34].  
Subsequent to repair of abdominal wall defect with PTFE and Marlex mesh similar find-
ings were also reported [35]. The chronic cellular reaction persisted throughout the obser-
vation period of 90 days in the form of microgranulomas and foreign body giant cells 
around carbon fibrils [31].

3.3. Carbon fiber mesh in reconstruction of abdominal wall defects

3.3.1. Introduction

A large abdominal wall defect presents a difficult problem for the surgeon. Conventional 
techniques involving no artificial reinforcement of the abdominal wall run a high risk of recur-
rence. In repairing the large abdominal wall defects, surgeons have used prosthetic materials 
of different composition and structures to replace lost tissue [36]. Carbon fibers have been 
used successfully for reconstruction of tendon [30, 31]. It elicits a strong stimulus to collagen 
formation and grows stronger with age [37]. Ideally, carbon fibers not only provide structural 
strength, but also act as a scaffold on which the body may lay down collagen to complete 
the repair process, particularly in long term [29]. Keeping in view the possible advantage of 
carbon fibers, the present study was conducted for reconstruction of abdominal wall defects 
with carbon mesh in rabbits.

3.3.2. Materials and m`ethods

Clinically healthy adult New Zealand white rabbits (12) of either sex were divided randomly 
into groups I and II having 8 animals in group I and 4 animals in group II (control). Mid-
ventral abdominal region was chosen for the purpose of study. Food for 18 h and water for 
6 h was withheld before operation. The ventral abdominal area was prepared for aseptic sur-
gery and operation was performed under general anesthesia. Thiopental sodium (2.5%) was 
injected intravenously in the ear vein “to effect” for anesthesia. A full thickness 2 × 3 cm defect 
in mid-ventral abdominal wall was created and immediately repaired with carbon mesh in 
animals of group I. The carbon mesh was prepared from the carbon sheet. The carbon sheet 
was cut in desired shape and size. The carbon mesh was washed in acetone and autoclaved 
before use. In animals of group II the linear abdominal muscular wall incision was made and 
repaired with black braided nylon. Daily dressing of suture line with povidone iodine was 
done till recovery.
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3.3.3. Results and discussion

Collagen and hydroxyproline content increased gradually up to 30 days in both the groups. 
However, significant (P < 0.05) increase was observed up to day 60 in group I and up to day 
30 in group II animals. Elastin percentage increased in the healing tissue in both the groups 
up to 30th day. On the basis of the present study it can be concluded that the carbon mesh 
can be used for the reconstruction of large abdominal wall defects. Carbon fibers were used 
for the repair of experimental large abdominal incisional hernias in sheep [34]. The carbon 
fibers were well tolerated by animals and no herniation was reported in 20 sheep repaired 
with carbon fibers. Greenstein et al. [38] used polylactic acid carbon mesh for repair of experi-
mentally created ventral hernias in rats. In another experimental study fascial defects in dogs 
were repaired with carbon fibers. Bilateral defects (1 cm square) were made in the fascia of 
the back and mechanical strength and stiffness at the sites were measured 3–12 months after 
operation. Defects repaired with carbon fibers were significantly stronger 12 months after 
operation compared with defects repaired with polypropylene mesh and unrepaired defects 
[39]. It is concluded that carbon fiber mesh act as biocompatible material and significantly 
increases mechanical strength at the repair site. It stimulated fibroplasias, resulted in strong 
fibrous reaction at the site. Experimental results in animals have been reported but on perusal 
in literature no report was found using carbon fiber mesh for the repair of external abdominal 
hernias in clinical cases.

3.4. Carbon fibers for gap repair of flexor tendons

3.4.1. Introduction

Formation of gap between cut ends and peritendinous adhesions after surgical repair are the 
major problems in tendon reconstruction. Carbon fibers have been used to fill the gap between 
the cut ends of the tendon in hoses, rabbits, dogs, sheep and donkey. Biocompatibility and 
non-carcinogenicity coupled with the ability to sustain tissue growth are the rationale for 
the utilization of filamentous carbon as a synthetic substitute. Carbon as an inert element 
has advantages over other materials because it is a basic constituent of tissues. The high pro-
portion of the tissues of living organisms is composed of carbon compounds so it is well 
tolerated by the tissues. An ideal biomaterial is that “instead of fighting” biology it should 
“smoothly integrate into living tissue.” The present study describes the use of carbon fibers 
for gap repair of tendon.

3.4.2. Materials and methods

Twenty-four tenorrhaphies were performed at the mid-metatarsal region in 12 crossbred 
calves under xylazine–ketamine spinal analgesia having 6–18 months of age and weighing 
120–250 kg. A 2.5-cm long gap was created in the superficial digital flexor (SDF) tendon and 
immediately repaired with carbon fibers. About 3000 carbon fibrils (diameter of each fila-
ment was 7.5 micron) were taken and allowed to recoil upon themselves to form a two ply 
twist implant of 6000 carbon fibrils filament. They were threaded in straight cutting suturing 
needle with fine nylon suture material used to tow these carbon fibers. This implant was 
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laying down of fibrous tissue [32]. Uniform covering of prosthetic material with a layer of 
white connective tissue of variable thickness due to formation of fibrous connective tissue and 
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had induced extensive fibrous tissue (collagen fiber) reaction. The inflammatory cells 
were almost found negligible in the stroma, which indicates the host tissue tolerance to 
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healing tissue and chronic cell reaction adjacent to the carbon fibers/fibrils along with 
macrophages, few foreign body giant cells and microgranulomas have similarly been 
observed by earlier workers in relation to carbon fibers and Mersilene mesh [29, 34].  
Subsequent to repair of abdominal wall defect with PTFE and Marlex mesh similar find-
ings were also reported [35]. The chronic cellular reaction persisted throughout the obser-
vation period of 90 days in the form of microgranulomas and foreign body giant cells 
around carbon fibrils [31].
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formation and grows stronger with age [37]. Ideally, carbon fibers not only provide structural 
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the repair process, particularly in long term [29]. Keeping in view the possible advantage of 
carbon fibers, the present study was conducted for reconstruction of abdominal wall defects 
with carbon mesh in rabbits.

3.3.2. Materials and m`ethods

Clinically healthy adult New Zealand white rabbits (12) of either sex were divided randomly 
into groups I and II having 8 animals in group I and 4 animals in group II (control). Mid-
ventral abdominal region was chosen for the purpose of study. Food for 18 h and water for 
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was cut in desired shape and size. The carbon mesh was washed in acetone and autoclaved 
before use. In animals of group II the linear abdominal muscular wall incision was made and 
repaired with black braided nylon. Daily dressing of suture line with povidone iodine was 
done till recovery.
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3.3.3. Results and discussion

Collagen and hydroxyproline content increased gradually up to 30 days in both the groups. 
However, significant (P < 0.05) increase was observed up to day 60 in group I and up to day 
30 in group II animals. Elastin percentage increased in the healing tissue in both the groups 
up to 30th day. On the basis of the present study it can be concluded that the carbon mesh 
can be used for the reconstruction of large abdominal wall defects. Carbon fibers were used 
for the repair of experimental large abdominal incisional hernias in sheep [34]. The carbon 
fibers were well tolerated by animals and no herniation was reported in 20 sheep repaired 
with carbon fibers. Greenstein et al. [38] used polylactic acid carbon mesh for repair of experi-
mentally created ventral hernias in rats. In another experimental study fascial defects in dogs 
were repaired with carbon fibers. Bilateral defects (1 cm square) were made in the fascia of 
the back and mechanical strength and stiffness at the sites were measured 3–12 months after 
operation. Defects repaired with carbon fibers were significantly stronger 12 months after 
operation compared with defects repaired with polypropylene mesh and unrepaired defects 
[39]. It is concluded that carbon fiber mesh act as biocompatible material and significantly 
increases mechanical strength at the repair site. It stimulated fibroplasias, resulted in strong 
fibrous reaction at the site. Experimental results in animals have been reported but on perusal 
in literature no report was found using carbon fiber mesh for the repair of external abdominal 
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has advantages over other materials because it is a basic constituent of tissues. The high pro-
portion of the tissues of living organisms is composed of carbon compounds so it is well 
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3.4.2. Materials and methods
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calves under xylazine–ketamine spinal analgesia having 6–18 months of age and weighing 
120–250 kg. A 2.5-cm long gap was created in the superficial digital flexor (SDF) tendon and 
immediately repaired with carbon fibers. About 3000 carbon fibrils (diameter of each fila-
ment was 7.5 micron) were taken and allowed to recoil upon themselves to form a two ply 
twist implant of 6000 carbon fibrils filament. They were threaded in straight cutting suturing 
needle with fine nylon suture material used to tow these carbon fibers. This implant was 
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Figure 2. Repair of 2.5 cm long defect in SDF tendon using carbon fibers.

washed with acetone for 2 min before autoclaving. Under epidural anesthesia a curvilinear 
incision was made at mid medial metatarsal region and superficial digital flexor tendon (SDF) 
was exposed. A 2.5 cm long defect was created in the SDF. The cut ends of SDF tendon were 
repaired with carbon fibers using modified locking loop suture pattern (Figure 2). The skin 
incision was closed with nylon sutures. Both the hind limbs were utilized for the study. The 
animals were evaluated on the basis of clinical, radiological, gross, histopathological and 
scanning electron microscopic observations.

3.4.3. Results and discussion

Clinical examination revealed a slight increase (P > 0.05) in rectal temperature, heart and 
respiratory rate for 2–4 days post-operation. Milder pain and exudation as well as earlier 
restoration of tendon gliding movements and weight bearing were seen. Air-tendogram in 
the carbon fiber group on day 30 revealed restoration of continuity across the defect of the 
tendon. Regression of peritendinous adhesions and swelling at the reconstructed site at later 
stages was observed indicative by the clear demarcation among these structures. On day 90 
the tendon at the reconstructed site attained near normal thickness and density. Angiography 
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showed hypervascularization at the reconstructed site on day 14 in the carbon fiber group. On 
days 30 and 90, blood vessels were normally organized.

Gross observations showed filling of the defect with granulation tissue with more vascularity 
on day 7, which was less prominent at day 14). On day 30, the neotendon formed was slightly 
thicker and comparable to normal tendon in appearance and texture (Figure 3). On day 90, 
it exhibited all the characteristics of a fully developed tendon. A longitudinal split section 
showed intact carbon fibers strand surrounded by neo tendon. Peritendinous adhesions were 
maximum on day 7, and later on reduced gradually (Figure 4). Microscopically, an acute 
inflammatory reaction in the periphery of carbon fibers was observed on day 7. Immature 
fibroblasts were arranged in a haphazard pattern at this stage. By day 14, numerous newly 
formed capillaries and comparatively more mature fibroblasts were present in between and 

Figure 3. Gross observation on day 30, split section showing formation of neotendon.
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Figure 4. Gross observation on day 90 and its split section exhibiting all characteristics of a fully developed tendon.

around the carbon fibers which were aligning parallel to the longitudinal axis of the tendon. 
By day 30 the healing tissue exhibited longitudinal orientation of collagen fibers and was at a 
more advance stage of maturation. By day 90, the neotendon formed simulated the picture of 
normal tendon. Scanning electron microscopic observation revealed formation of neotendon 
between carbon fiber strands, resulting in thickening of the implant. Longitudinal grooving 
on the carbon fiber filaments was also observed. In later stages parallel collagen fibers resem-
bling normal tendon were observed.

4. Clinical applications

Successful repair of abdominal wall defect requires closure of defect without undue tension 
on suture line. To reduce the recurrence rates, surgeons had used prosthetic materials of dif-
ferent structures and composition to bridge the tissue defects of large hernias that cannot 
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be approximated primarily without placing excess tension on the suture line. Carbon mesh 
is available as a prosthetic sheet for bridging abdominal wall defects. This material is inert 
and has been proved to be biocompatible in experimental trials in rabbits [40]. In the present 
study carbon mesh was utilized in the treatment of cattle with abdominal wall hernias where 
repair by direct tissue approximation could not be accomplished without unacceptable ten-
sion across the suture line.

4.1. Materials and methods

Six crossbred heifers aged between 12 and 18 months with congenital umbilical hernias with-
out complication were taken up in this study. After washing with acetone for 2 min, the mesh 
was autoclaved. The animals were kept on fasting for 24 h before surgery. Preoperatively all 
these animals received antibiotic therapy and surgery was carried out in dorsoventral recum-
bency. Analgesia at the site of operation was achieved by field block by using 2% Lignocaine 
hydrochloride. After preparing the site aseptically, a semicircular skin incision was made over 
the swelling. The subcutaneous tissue, abdominal muscles and hernial rings were separated. 
Carbon mesh was implanted subfascially. Interrupted sutures were then placed 1.5 cm from 
the edge of prosthesis and 1.5 cm apart, circumscribing the edges of the musculofascial defect 
by using Vetafil (1.1 mm). In all herniorrhaphies, the mesh was strengthened with Vetafil by 
using vest over pant technique. The skin incision was closed in routine manner. Injection 
Oxytetracycline for 5 days and Injection Diclofenac sodium for 3 days were administered 
intramuscularly. Antiseptic dressing was done with Betadine till suture removal. Sutures 
were removed on 12th postoperative day.

4.2. Results and discussion

All the animals were partially anorectic for 2 days thereafter feeding pattern was com-
pletely normal. Carbon mesh was well tolerated by all animals. Carbon mesh acted as a 
biocompatible scaffold and did not degrade or loose strength [38]. Slight inflammatory 
swelling was observed at the operated site, which may be due to tissue reaction to surgical 
trauma [41].

Seroma formation after hernioplasty with different biomaterials in human beings was also 
reported [42] and this complication was treated by aspiration and compression [36]. In pres-
ent study, infection at the mesh-implanted site was not observed. It may be due to preopera-
tive use of antibiotics in all the animals. Judicious use of local and systemic antibiotics was 
useful in decreasing the infection rate. Excessive tension on suture line forced the suture line 
to cut the tissue by progressive aseptic necrosis [43]. Hard swelling at the reconstruction site 
was recorded on day 12 in all animals, which gradually decreased and subsided completely 
between 34 and 40 days. This may be due to excessive production and deposition of fibrous 
tissue in the interstices of the mesh [29]. Later on decrease in hard swelling may be due to 
gradual disintegration of carbon fibers, phagocytosis and removal of debris. Carbon fiber 
implant induced extensive fibrous tissue reaction with neovascularization around it. The 
inflammatory cells were almost negligible in the stroma which indicated the host tissue reac-
tion tolerance to carbon fibers [44]. The deposition of more collagen fibers in the healing tissue 
and chronic cell reaction adjacent to the carbon fibrils along with macrophages, few foreign 
body giant cells and microgranulomas has been reported [29].
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Two cases of umbilical hernia in dogs have been successfully repaired using carbon fibers 
as suture materials [45]. The hernial ring was about 3 cm in diameter in both the cases. 
Carbon fibers filaments (6000 filaments of 7.5 micron diameter) were used to repair the 
hernial ring. There was an uneventful recovery without untowards reaction. Braided 
carbon fibers as a suture material for the repair of hernia in a buck and in buffalo calf 
with no untoward reaction have been used successfully [46]. Use of carbon fibers for 
the reconstruction of abdominal wall defects has been reported [47]. About 3000 carbon 
fibrils were taken and allowed to recoil upon themselves to form a two ply twist implant 
of 6000 carbon fibrils filament. This implant was washed with acetone for 2 min before 
autoclaving. They were used as sutures for the closing hernial ring. Carbon fibers have 
the advantage of being a non-irritable biomaterial of reasonable tensile strength. These 
fibers evoked less inflammatory response. Abundant fibrous tissue was produced around 
the carbon fibers.

During a 3-year period (2001–2004) 18 animals were surgically treated because of abdominal 
wall defects [48]. Out of 18 animals 8 were bovines, 5 caprines and 5 canines. In each case 
the defect was repaired with carbon fibers. Carbon fibers were placed either in simple inter-
rupted pattern or as mattress overlapping pattern. All the cases were successfully treated 
and no complication was observed up to 6 months postoperatively. In the present study 6000 
filaments of carbon fibers have been used for the repair of external abdominal wall defects/
hernias in 18 clinical cases of different species of animals having the hernial ring size range 
from 1.5 to 8 cm in diameter with good results.

Carbon fibers for the repair of congenital umbilical hernias in five buffalo calves aged 
5–13 months have been used. The size of the hernial rings in different animals ranged from 
5 to 7 cm in diameter [49]. About 3000 carbon fibrils were taken and allowed to recoil upon 
themselves to form a two ply twist implant of 6000 carbon fibrils filament. This implant was 
washed with acetone for 2 min before autoclaving. Carbon fibers have the advantage of being 
a non-irritable biomaterial of reasonable tensile strength. These fibers evoked less inflamma-
tory response and abundant fibrous tissue response around the carbon fibers. The amount of 
fibrosis increased with time with a gradual transition of stress from the carbon fibers to the 
induced fibrous tissue. The wound was healed by first intention in all the animals. Gangwar 
et al. [50] reported the use of carbon fibers for the repair of umbilical hernias in six cow calves. 
The size of the hernial rings in different animals ranged from 5 to 7 cm in diameter. About 
3000 carbon fibrils were taken and allowed to recoil upon themselves to form a two ply twist 
implant of 6000 carbon fibrils filament. All the animals recovered completely. No complica-
tion was observed at the repair site.

Successful repair of large umbilical hernia in a crossbred heifer has been reported using carbon 
sheet. The hernial ring size was 12 × 10 cm in diameter. The carbon sheet was applied as inlay 
graft and sutured with hernial ring by silk sutures. The animal show uneventful recovery and 
no complication were observed up to 6 months postoperatively [51]. Similarly in another case 
carbon mesh was used to repair large umbilical hernia in a crossbred male calf as inlay graft 
where the hernial ring size was 8 × 10 cm in diameter. The animal show uneventful recovery 
and no complication were observed up to 3 months postoperatively [52] (Figure 5a–c).
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Figure 5. Large umbilical hernia in a crossbreed male calf repair with carbon mesh (a) crossbred male calf showing 
large umbilical hernia (b) opening of hernial sac and placing of carbon mesh for repair of hernial ring as inlay graft (c) 
complete closure of defect after skin suturing.
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During a 4-year period (2001–2005) 9 animals (8 bovines and 1 caprine) were surgically trea-
ted for abdominal wall defects (hernia). In each case the defect was repaired with carbon 
mesh. All the cases were successfully treated and no complication was observed up to 6 
months postoperatively. In the present study carbon fiber mesh have been used for the repair 
of external abdominal wall defects/hernias having the hernial ring size ranged from 6 to 15 cm 
in diameter with good results. This is probably the first report in which carbon fiber mesh has 
been successfully used for the repair of abdominal wall defects in clinical cases [53].

Use of carbon cloth/carbon fiber mesh for the repair of abdominal hernias in animals was 
reported with good results [54]. Similarly, Gangwar et al. [55] used carbon fiber mesh for 
the repair of external abdominal wall defect in a calf having the hernial ring size of 8 cm in 
diameter with satisfactory results. Kh Sangeeta Devi et al. [56] operated six crossbred heif-
ers, 12–18 months old, with congenital umbilical hernia using carbon mesh. Results revealed 
that all animals were clinically healthy after the surgery. Inflammation gradually decreased 
between 34 and 40 days postoperatively. With significant increase in erythrocyte sedimen-
tation rate up to 30 days. Total leukocyte count and neutrophils returned to normal after 
30 days. Histopathological lesions showed that the carbon fiber implant induced extensive 
fibrous reaction with neovascularization. It is concluded that the carbon mesh can be used for 
successful reconstruction of umbilical hernia in cattle.
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During a 4-year period (2001–2005) 9 animals (8 bovines and 1 caprine) were surgically trea-
ted for abdominal wall defects (hernia). In each case the defect was repaired with carbon 
mesh. All the cases were successfully treated and no complication was observed up to 6 
months postoperatively. In the present study carbon fiber mesh have been used for the repair 
of external abdominal wall defects/hernias having the hernial ring size ranged from 6 to 15 cm 
in diameter with good results. This is probably the first report in which carbon fiber mesh has 
been successfully used for the repair of abdominal wall defects in clinical cases [53].

Use of carbon cloth/carbon fiber mesh for the repair of abdominal hernias in animals was 
reported with good results [54]. Similarly, Gangwar et al. [55] used carbon fiber mesh for 
the repair of external abdominal wall defect in a calf having the hernial ring size of 8 cm in 
diameter with satisfactory results. Kh Sangeeta Devi et al. [56] operated six crossbred heif-
ers, 12–18 months old, with congenital umbilical hernia using carbon mesh. Results revealed 
that all animals were clinically healthy after the surgery. Inflammation gradually decreased 
between 34 and 40 days postoperatively. With significant increase in erythrocyte sedimen-
tation rate up to 30 days. Total leukocyte count and neutrophils returned to normal after 
30 days. Histopathological lesions showed that the carbon fiber implant induced extensive 
fibrous reaction with neovascularization. It is concluded that the carbon mesh can be used for 
successful reconstruction of umbilical hernia in cattle.
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1. Introduction

Composites are made from at least two constituents that together produce material proper-
ties that are different from the properties of those materials on their own. In practice, most 
composites consist of a bulk material (plastic matrix), and a reinforcement (typically fibers, i.e. 
carbon fibers), added primarily to increase the strength and stiffness of the material.

While they offer fantastic durability, high specific stiffness, and strength-to-weight ratio, their 
properties are essentially controlled by those of their constituents, including fiber/matrix 
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of these lightweight but expensive materials in high-volume markets such as automotive 
and aeronautical industry.

The principal waste management options that have been adopted for composites are burying, 
landfilling, or incinerating. Several European Directives and regulations were implemented 
in order to make better use of landfills (EU 1999/31/EC) [4]; to reduce waste management (EU 
2000/53/EC on End-of-Life vehicles) [5]; to prevent or limit the emission levels produced by 
incineration plants (Directive 2000/76/EC) [6]; as well as to prevent and remedy the environ-
mental damage (2004/35/EC on Environmental Liability) [7]. To reduce the consumption of 
natural resources and landfill allocations, recycling composite elements for reusing in dif-
ferent applications is postulated as a promising solution. Because of their high initial cost 
and energy consumption during manufacture, fibers are the most attractive constituent for 
recycling. In addition to these economic incentives and compared to the production of virgin 
materials, recycling will also reduce air, water, pollutant emissions (90–95% of CO2 emis-
sions), as well as energy demand. Therefore, recycling results in a substantial improvement 
on the environmental impact of composite materials.

The economic costs can be reduced by about 70% (from €30–58/kg to €15–23/kg for carbon 
fibers) and the energy requirement by nearly 98% (from 55 to 166 kWh/kg to 3–10 kWh/kg), 
since the majority of energy consumption occurs during production of virgin carbon fibers 
[8]. Substituting virgin carbon fibers with recycled ones would save enough electricity to 
power 175,000 homes in a year [9]. However, the amount of composites currently recycled is 
less than 5% due to their complex composition; the nature of the resin (i.e., thermoset resins 
have a cross-linked matrix that cannot be simply reprocessed by remelting or remolding); 
their combination with other materials; and the high variability among waste products [9]. 
Furthermore, the use of the recycled carbon fibers in industrial applications is currently very 
limited due to the low quality control of the fibers, i.e., the length, surface quality, and origin 
of the fibers are difficult to control. In addition, the hierarchical structure of composites is 
destroyed during recycling; and the resultant laminates composed of recycled fibers present 
disorientation. Then, these composites do not meet the standards of high-value structural 
applications.

There are three main general technical approaches to the recovery of the fibers in thermoset-
matrix composites: mechanical, thermal, and chemical. The mechanical recycling consists 
of reducing the size of the scrap composite components by shredding, crushing or milling. 
Nevertheless, in industry, this technology has not been extensively exploited to treat carbon 
fiber-reinforced polymers (CFRCs) due to the poor bonding between the recycled fibers and 
the new resin.

Thermal recycling of composites involves the separation of the matrix from the fibers by 
applying heat. There are two main types of thermal recycling methods: pyrolysis and flu-
idized-bed recycling process. In both, the resin is volatilized into lower weight molecules to 
produce mainly oil and gases, while fibers are recovered, usually with char on their surfaces. 
These thermal processes have been widely implemented in industry. Among them, pyrolysis 
is the most widespread technology. Both glass and carbon fiber-reinforced composites can 
be recycled through pyrolysis. Because of the much higher market value of carbon fibers, 
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of the fibers are difficult to control. In addition, the hierarchical structure of composites is 
destroyed during recycling; and the resultant laminates composed of recycled fibers present 
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There are three main general technical approaches to the recovery of the fibers in thermoset-
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Nevertheless, in industry, this technology has not been extensively exploited to treat carbon 
fiber-reinforced polymers (CFRCs) due to the poor bonding between the recycled fibers and 
the new resin.
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applying heat. There are two main types of thermal recycling methods: pyrolysis and flu-
idized-bed recycling process. In both, the resin is volatilized into lower weight molecules to 
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These thermal processes have been widely implemented in industry. Among them, pyrolysis 
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pyrolysis of carbon fiber-reinforced composites has higher economic attractiveness. The first 
continuous pyrolysis recycling line, commercially producing recycled carbon fibers, has 
been introduced by the company Recycled Carbon Fiber Ltd. (RCF) in 2008 [10]. One of the 
most famous cases of recycling composites is BMW: up to 95% of the BMW, i3 is recyclable 
[11]. In Spain, the company Thermal Recycling of Composites (TRC, SL) has technology for 
the thermochemical recycling of composite materials reinforced with both glass and carbon 
fibers, with a special recycling line for wind turbine blades [12]. ELG Carbon Fiber (ELG-CF), 
Coseley, UK, develops a pyrolysis process in which they treat around 24,000 tons per year of 
carbon fiber waste. The process yields a tough and abrasive cotton-wool-like fuzz of carbon 
fiber, which maintains 90–95% of its original mechanical properties [13].

The recycling of CFRP waste through pyrolysis poses the additional problem of managing the 
liquids that are produced in the process, as a consequence of the thermochemical degrada-
tion of the resins (usually epoxy) [14]. Therefore, other less expensive alternatives are being 
studied. In this regard, many researchers have investigated the decomposition of resin matrix 
and CFRP carbon fiber recovery using chemical treatment to break and degrade the resin. 
The solvent can be water (hydrolysis) or organic (solvolysis). Solvolysis offers a large number 
of possibilities, thanks to a wide range of solvents, temperatures, pressures, and catalysts. 
Depending on the amount of solvent and on the temperature, the fluid can be vapor, liquid, 
biphasic, or supercritical. The latest have gained much attention since 2000 because charac-
teristics between liquid and gas phases can be achieved through combinations of tempera-
ture and pressure, allowing the enhancement of the diffusion effect [15]. The results of recent 
research on the use of supercritical or subcritical fluids including water and alcohol are very 
promising [16–18].

In this chapter, we propose a two-step carbon-fiber recycling process: pyrolysis followed 
by oxidation. An optimization of the method in terms of sustainability of the technique and 
the characteristics of the fibers will be carried by performing surface, microstructure, and 
mechanical testing of the recovered fibers. With respect to mechanical performance, fiber 
strength distribution and fracture toughness were the properties analyzed. In addition, the 
remanufacture of laminates by means resin film infusion using the recycled fibers is pro-
posed. The mechanical performance of the resulting laminates will be evaluated and com-
pared to that of pristine ones.

2. Recycling process

A common scrap material from the aeronautic sector was selected for recycling. The recycling 
steps and process optimization parameters are detailed below.

2.1. Scrap material

The composite material used as the basis for the optimization of the experimental parameters 
was a scrap (HexPly® F593, supplied by AIRBUS OPERATIONS S.L., Getafe, Spain) composed 
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of a plain woven prepreg made of epoxy resin reinforced with Toray T300/3 k carbon fibers 
[19] (55–60% carbon fibers [by mass] and 40–45% resin; fiber area weight = 193 g/m2) [20]. The 
carbon fibers were made of PAN. This process is as follows. First, there is a pre-oxidation treat-
ment under 200–300°C; second, a carbonization in high purity inert gas under 1000–1500°C 
takes place; third, there is a graphitization under 2500–3000°C; and finally, a sizing.

2.2. Recycling approach

The process used to recover the fibers was pyrolysis. It is a thermochemical decomposition of 
the organic part of the composite materials at temperatures between 450°C and 700°C in the 
nearly absence of oxygen. It is widely performed in the industry due to its easy and cheap 
implementation.

The recycling process was done in a thermolysis installation (Figure 2). It consists of a heating 
system and a gas condensation device [21]. The muffle furnace (1) contains a 9.6 L steel reac-
tor, sealed by a screw-on lid. The flue gases circulate across four condensers (3–6) connected 
to each other by six cooling pipes. Each condenser allows the collection of distilled oils as cool 
gases and has four collection holes for the withdrawal of the distilled liquids and a thermom-
eter to measure their temperature. The noncondensable gases are led to a water-cooling tower 
(7), where the last fraction of the distilled liquids is collected. These gases pass through a set 
of three filters (8 and 9) to eliminate pollutant gases and solid particles. The gases can then 
be mixed with air and burned off or collected for analysis. When the thermolysis is complete 
(the rotameter (10) inside the tubing no longer detects any distillation gas), the reactors are 
cooled and the thermolytic solid residues removed, which are mainly composed of pieces of 
dimensions equal to those of the input material but completely black.

The complete process consists of two steps: a thermolysis or pyrolysis (heat rate of 20°C/
min) and a gasification or oxidation (air flow of 5 L/min). In the first one, the separation 
fiber/resin takes place; on the second stage, there is the removal of the char deposited on the 

Figure 2. Installation used for the pyrolysis of the carbon fibers [15].
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 surface of the fibers. However, this second step, if not properly designed, is likely to reduce 
the mechanical properties of the fibers.

2.3. Process optimization

With the purpose of designing the experimental procedure toward achieving the best recy-
clability and keeping the original fiber properties as intact as possible, the pyrolysis and oxi-
dation steps were studied and optimized.

The design of the pyrolysis temperature for the degradation of the resin was performed by 
conducting tests runs at 500, 600, and 700°C for 6 h. Values below 500°C did not effectively 
remove all the resin; and values higher than 700°C caused a high degradation of the recovered 
fibers. The temperature of the pyrolysis (P) stage was then set to 500°C, because for 550°C and 
above, the preliminary thermogravimetric analysis and surface element concentration tests 
showed the fibers to be damaged.

The optimum oxidation (O) step was determined by varying the oxidation times between 30 
and 90 min. This was done with the following objectives: efficiently removing the char on the 
fiber surface, while maintaining fiber microstructure intact and retaining fiber mechanical 
properties as much as possible. Section 3 details the results of this optimization study.

3. Recycled fibers

To determine the optimum oxidation time, analyses of fiber surface quality, fiber composi-
tion and mechanical properties of the recovered fibers were performed, as described in this 
section.

3.1. Surface quality

Scanning electron microscope (SEM) was used to evaluate the presence of char on the surface 
of the recycled fibers and compare with pristine ones. The images of the morphology change 
of the virgin and the recycled carbon reveal that pristine fibers exhibit a rough and irregular 
surface, while the recycled fibers are free of resin char, with a much more regular and smooth 
surface (Figure 3(a)–(d)). Only a few traces of micron-sized resin residues can be seen in few 
regions on the fiber surface. It can be concluded that, independently the oxidation time, the 
surface of recycled fibers presented a low amount of residual char and was otherwise clean 
and showed no evidence of fiber damage. This means that the removal of char from the fiber 
surface was efficient, and that this process requires only short oxidation times, e.g., 30 min.

3.2. Composition

3.2.1. Surface chemistry

The surface chemistry of virgin and recycled carbon fibers was examined by X-ray photo-
electron spectroscopy by López et al. [20]. As shown in Table 1, the surface of all the exam-
ined fibers was composed of carbon (C), oxygen (O), and nitrogen (N). While the C content 
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remains practically constant, the O content increases with gasification time and the N content 
decreases. The increase in the O/C ratio with gasification time is indicative of the degree of 
fiber oxidation, which can lead to undesirable alterations. The smaller ratio obtained, i.e., the 
less oxidized recovered fiber (compared to 0.082% of the virgin ones) indicates that the opti-
mum gasification time is 30 min.

Moreover, according to the thermolytically derived solid residue, 500°C is the condition in 
which the best atomic surface composition was obtained, due to the smallest quantity of C═O 
and COOH groups, which suggests the formation of oxygenated compounds on the surface of 
the solid residue, potentially caused by secondary repolymerization reactions in the gaseous 
phase.

Figure 3. SEM images of the virgin (a) recovered carbon fibers after thermolysis at 500°C and gasification times of 30 min 
(b), 60 min (c), and 90 min (d).

Fiber sample C (at.%) N (at.%) O (at.%) Si (at.%) O/C (at.%)

Virgin 90.1 1.0 8.9 — 0.082

Recycled: P-500°C 89.3 4.5 6.0 0.1 0.067

Recycled: P-500°C/O-30 min 81.2 7.1 10.0 1.7 0.123

Recycled: P-500°C/O-60 min 83.3 4.6 11.7 0.4 0.140

Virgin: virgin TORAY T300/3 k fibers; values provided by manufacturer TORAY JAPAN [22].

Table 1. Surface atomic concentration (at.%) of the recovered fibers obtained at the different gasification times, plus 
concentrations for pristine fibers.
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3.2.2. Crystallite structure

Raman spectra of the surface and transversal section of the carbon fibers (Figure 4) were 
obtained at room temperature to detect the changes in crystallite structure of the recycled car-
bon fibers at a penetration depth of the order of 60 nm. Independently of the zone evaluated, 
all first-order Raman spectra for the recycled carbon fibers exhibited two broad peaks at about 
1350 and 1580 cm−1 corresponding to the D and G bands, respectively.

The G band is associated with a single crystal of graphite, whereas the D peak is from the 
structural imperfections created by the attachment of hydroxyl and epoxide groups on the 
carbon basal plane. The ratio of the intensity of the D and G bands (ID/IG) indicates the mea-
surement of the graphitic plane size, so the lateral crystallite size (La) of the recycled fibers had 
become smaller [23]. The recycling process generated surface defects caused by the reduced 
La values through the oxidation effect, as is indicated in Table 2. The general expression that 
gives the crystallite size form the integrated intensity ratio is given by Ref [24].

   L  a    (nm)  =  (2.4 ·  10   −10 )  ·   ( λ  1  )    4  ·   (  
 I  D  

 __  I  G    )    
−1

   (1)

where λ1 is the laser line wavelength in nanometer units.

The variation of La is generally indicative of a change in material strength. It can be inferred that 
the larger the reduction in La, the lower the tensile strength of the recycled fibers. Therefore, 
these results indicate that the lowest reduction in fiber tensile strength is likely to be achieved 
for an oxidation step of 30 min.

Figure 4. Raman spectra for the recycled carbon fibers.
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3.3. Mechanical properties

To achieve an objective determination of the optimum oxidation time based on mechanical 
properties, evaluations of the tensile strength and of the fracture toughness of the recovered 
fibers were performed.

3.3.1. Fiber tensile strength

The tensile properties of the carbon fibers were determined through tensile tests at a gage 
length of 20 mm in the fiber tensile tester at room temperature. Each single fiber was directly 
connected to the mechanical grips and then submitted to uniaxial straining up to failure under 
stroke control at 1 mm min−1. Then, the natural frequencies were extracted to determine the 
linear density (using the frequency method according to the ASTM D1577 standard [25]), and 
subsequently, the cross-section area was calculated with the known fiber density, in order to 
finally determine the average fiber diameter at 20 mm gage length [26].

During the test, the force-strain curve was recorded. These curves indicate linear and elas-
tic behavior up to failure (Figure 5). The maximum load attained was used to calculate the 
strength of each individual fiber, and the elastic modulus in the fiber direction was deter-
mined from the slope of the stress-strain curve.

The large reductions in tensile strength with increases of the gasification time are attributed to 
the large number of micropits on the fiber surfaces generated due to the severity of the oxida-
tion. The higher void content also contributes to strength degradation. Overall, the oxidative 
effect results in a higher amount of surface defects, which leads to a reduction in the tensile 
strength and lateral crystallite size, as demonstrated above.

The average fiber diameter (D), elastic moduli (E), and tensile strength (σu) of fibers recycled 
with different gasification times are given in Table 3. It is shown that the decrease in strength 
is more significant compared to that of the modulus. This is caused by the presence of large 
number of defects on the thermally oxidized surface of fibers. At 30 min of oxidation time, 
the modulus seems to be slightly higher than the one of the virgin fibers (+2%). This can be 
due the presence of a layer of residual matrix or char on the surface of some recycled fibers. 
The modulus for the recovered fibers drops by about 10% with respect to virgin fibers after 
90 min of gasification. With longer oxidation times, the modulus further reduces, which can 
be attributed to the removal of the amorphous carbon layer resulting from the oxidizing ther-
mal treatment (corroborated with the decrease of the fiber diameter). This is consistent with 

Fiber sample D band position (cm−1) G band position (cm−1) ID/IG La (nm)

P-500°C/O-30 min 1357 1588 0.93 21

P-500°C/O-60 min 1364 1582 0.98 20

P-500°C/O-90 min 1364 1580 0.98 20

Table 2. Microstructure parameters of the recycled T300 carbon fibers at different gasification times using Raman 
spectrometer.
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3.2.2. Crystallite structure
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where λ1 is the laser line wavelength in nanometer units.

The variation of La is generally indicative of a change in material strength. It can be inferred that 
the larger the reduction in La, the lower the tensile strength of the recycled fibers. Therefore, 
these results indicate that the lowest reduction in fiber tensile strength is likely to be achieved 
for an oxidation step of 30 min.

Figure 4. Raman spectra for the recycled carbon fibers.
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the finding that heat treatment affects the diameter of the fibers. Consequently, gasification 
times of 60 min already lead to severe reductions in elastic modulus and tensile strength.

3.3.2. Fiber fracture toughness

In spite of the remarkable specific properties mentioned above, fracture of fiber-reinforced 
composite materials tends to occur in a brittle way due to their low capacity for plastic defor-
mation and relatively low fracture toughness. In combination with the fiber/matrix interface, 
fiber fracture plays a role on the ultimate failure stress and energy dissipation mechanisms in 
brittle unidirectional composites. However, this property is less widely reported owing to the 
experimental difficulties associated with evaluation fracture in small-diameter fibers.

The methodology used consists on the introduction of artificial notches in the fibers by remov-
ing material using a focused ion beam (FIB) (Figure 6) [26–28]. A fine tungsten pin covered 
with liquid gallium (Ga) is used as an ion source from which Ga atoms are extracted and ion-
ized via high voltage. This methodology allows precise monitoring of the notch geometry in 
terms of length, depth, and tip radius.

Figure 5. Strain vs. strain relationship for a pristine and recovered carbon fiber at different oxidation times.

Fiber sample Diameter D (μm) Elastic modulus E (GPa) Tensile strength σu (GPa)

Virgin 7.5 ± 0.2 197 ± 18 3.4 ± 0.4

Recycled: P-500°C/O-30 min 7.2 ± 0.1 (−4%) 200 ± 4 (+2%) 3.0 ± 0.3 (−10%)

Recycled: P-500°C/O-60 min 7.1 ± 0.2 (−5%) 189 ± 9 (−4%) 2.7 ± 0.3 (−20%)

Recycled: P-500°C/O-90 min 6.6 ± 0.6 (−12%) 178 ± 5 (−10%) 2.4 ± 0.4 (−30%)

Table 3. Average diameter and mechanical properties of the fibers analyzed as function of the oxidation time.
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Straight and sharp notches perpendicular to the fiber axis were introduced, as shown in 
Figure 7. The fiber diameter and the notch length of each test specimen were measured with a 
SEM associated to the FIB apparatus. Once the notch was milled into the fiber, the fibers were 
submitted to uniaxial loading up to failure in similar form as for the plain tensile strength tests 
described previously.

The fracture process started from the crack tip induced by FIB milling, and the response was 
also linear and elastic up to failure. The residual strength of the notched fiber was deter-
mined from the failure load and the corresponding area of the cross section of the fiber. The 
mode-I apparent fracture toughness, KIC, was evaluated from the residual strength based on 
Linear Elastic Fracture Mechanics (LEFM) postulates. It is assumed that neither the small 
crack tip radius (≈50 nm) nor the possible material modification induced during the milling 
will excessively affect the fracture behavior of the fiber, and thus, the result can be consid-
ered a good approximation of the real material property. Hence, the failure of the fiber is 
dictated by

   K  IC   =  (  a __ D  , a, σ)  = Y (  a __ D  )  ·  σ  c   ·  √ 
_________

 π a    (2)

where KI depends on the specimen geometry, the crack depth, and the far-field stress applied. 
The parameter Y is a dimensionless stress intensity factor calculated according to the litera-
ture that assumes the geometric effects and the elastic anisotropy of the material [29].

Figure 6. Fiber-milling system by focused ion beam (FIB).
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The critical energy release rate, or fracture energy, GIc, is computed through Irwin’s equation, 
assuming the validity of LEFM, as

   G  Ic   =   
  K  IC     2 

 ____  E   ∗     (3)

where E* is the effective modulus which is taken as E* = E, assuming plane strain conditions. 
The calculation of the plastic region length ahead of the crack tip, lp, is based on

   l  p   =   1 ___ 2π   ·   (  
 K  IC  

 ___  σ  0    )    
2

   (4)

where σ0 is the average tensile strength of the Weibull statistics given by

  F = 1 − exp  (−   L __  L  0  
     (  σ __  σ  0    )    

m
 )   (5)

The function F above is the cumulative fracture probability function, wherein L is the fiber 
length, L0 is an arbitrary reference length, and σ0 and m are the characteristic strength and the 
Weibull modulus of the fiber [26].

The average fracture toughness and fracture energies obtained for virgin and recycled fibers, 
at different oxidation times, are given in Table 4. The small value of the plastic radius com-
pared to the fiber diameter demonstrates the validity and applicability of LEFM postulates. 
Very large reductions in fracture toughness and fracture energy (in the order of 50% for KIc 
and 70% for GIc) result of the recycling process, independently of the oxidation time, and they 
are presumably affected mostly during the thermolysis step. The operated material modifica-
tions that lead to these property reductions are also unclear. Hence, these aspects are under 

Figure 7. SEM micrographs the milling procedure; (a) original fiber; (b) gallium ions focusing and (c) notched fiber.
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investigation. However, it should be noted that the reduction in fiber fracture toughness is 
bound to have a limited influence on the fracture of the fiber-reinforced composite ply, as 
this property (GIc

ply ≈ 100 kJ/m2) is mostly determined by the fiber/matrix interface behavior.

Given the results achieved in terms of tensile strength and fracture toughness, it can be con-
cluded that the optimal recycling process conditions consist on a thermolysis step at 500°C, 
for 6 h followed by gasification step for another 30 min. These conditions result in retentions 
of 100% of fiber elastic modulus and 90% of fiber tensile strength, although the brittleness of 
the fibers is seriously increased.

4. Remanufacturing of composites

Remanufacturing of unidirectional composites was pursued with the optimal fibers resulting 
from the optimization of the recycling process (thermolysis at 500°C for 6 h and oxidation at 
500°C for 30 min). This section describes the adopted fabrication route and the preliminary 
evaluation of the mechanical performance of the resulting laminates.

4.1. Resin film infusion of recycled fibers

A tow-spreading technique was used to compact the nearly unidirectional fiber tows in 
order to obtain a high fiber volume fraction in plies of thin thickness. The fibers passed 
through a spreading machine, which is equipped with an air duct and rolls (Figure 8). 
The air pressure can be regulated and flows between two guide rolls, making the tows sag 
downward toward the air direction. This creates a momentary free tension stage that allows 
the tow to be spread.

Afterward, the resin film infusion technique (RFI) was used for manufacturing new laminates. 
In this way, the recycled fiber tows were laid down next to each other to complete a thin fiber 
bed layer. The fiber layers were interleaved with layers of semi-solid epoxy resin film Letoxit® 
LFX 060 [30] for subsequent consolidation. The fibers/resin consolidation is characterized by 

Fiber sample a0/D Apparent fracture 
toughness KIc (MPa m1/2)

Apparent fracture 
energy GIc (J m−2)

Irwin plastic radius 
lp (μm)

Virgin 0.15 ± 0.01 2.4 ± 0.5 24 ± 8 0.19 ± 0.01

Recycled: 
P-500°C/O-30 min

0.10 ± 0.03 1.2 ± 0.2 8 ± 3 0.15 ± 0.06

Recycled: 
P-500°C/O-60 min

0.15 ± 0.02 1.2 ± 0.3 7 ± 4 0.20 ± 0.03

Recycled: 
P-500°C/O-90 min

0.12 ± 0.02 0.9 ± 0.1 4 ± 1 0.15 ± 0.03

Table 4. Geometry and mechanical properties of the pristine and the recovered fibers for different gasification times.
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investigation. However, it should be noted that the reduction in fiber fracture toughness is 
bound to have a limited influence on the fracture of the fiber-reinforced composite ply, as 
this property (GIc

ply ≈ 100 kJ/m2) is mostly determined by the fiber/matrix interface behavior.

Given the results achieved in terms of tensile strength and fracture toughness, it can be con-
cluded that the optimal recycling process conditions consist on a thermolysis step at 500°C, 
for 6 h followed by gasification step for another 30 min. These conditions result in retentions 
of 100% of fiber elastic modulus and 90% of fiber tensile strength, although the brittleness of 
the fibers is seriously increased.
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500°C for 30 min). This section describes the adopted fabrication route and the preliminary 
evaluation of the mechanical performance of the resulting laminates.
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order to obtain a high fiber volume fraction in plies of thin thickness. The fibers passed 
through a spreading machine, which is equipped with an air duct and rolls (Figure 8). 
The air pressure can be regulated and flows between two guide rolls, making the tows sag 
downward toward the air direction. This creates a momentary free tension stage that allows 
the tow to be spread.

Afterward, the resin film infusion technique (RFI) was used for manufacturing new laminates. 
In this way, the recycled fiber tows were laid down next to each other to complete a thin fiber 
bed layer. The fiber layers were interleaved with layers of semi-solid epoxy resin film Letoxit® 
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three major steps: intimate contact, adhesion, and fiber impregnation. The configurations car-
ried out were [2x rCF layer/2x LFX 060 film/ …], with three LFX 060 film epoxy sheets placed 
on the top and bottom layer (the number of repetitions depends on the desired thickness). 
The final kit was introduced in a close-mold and cured in a hot-plate press, applying pressure 
(0.7 MPa) and heat (125°C for 25 min) simultaneously. The steps followed to make a laminate 
are depicted in Figure 9. It was then confirmed that the degree of resin curing was optimal by 
means of Differential Scanning Calorimeter (DSC) tests.

Figure 9. Staking sequence: (a) recycled carbon fiber layer; (b) LFX 060 film; (c) laminate after 2 h in the thermal plate; 
and (d) laminate in the close-molding.

Figure 8. Tow-spreading equipment.
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4.2. Quality and properties of remanufactured composites

The quality of the composites recycled according to the methodology described above was 
evaluated by means of ultrasonic C-scan laminates. It was confirmed that the laminates were 
free of major porous, voids, or delaminations.

Thermogravimetric analyses (TGA) were carried to evaluate the composition of the laminates. 
It was determined that the nominal fiber volume fraction, Vf, was approximately 50%, a value 
not far from the typical Vf ≈ 60–65% of high-performance unidirectional composites.

As means of rapidly assessing the mechanical performance of the remanufactured laminates, 
their interlaminar shear strength (ILSS) was evaluated by means of Short Beam Shear tests. 
This consists on flexural testing method using a very short beam relative to its thickness in 
order to promote interlaminar shear failure [31]. According to the test standard ASTM D2344 
[32], all specimens (27 × 9 × 4.5 mm3) were loaded in a three-point bending configuration. The 
interlaminar shear strength was calculated using the equation:

   F   sbs  =   3 __ 4   ·   P ____ b · h    (6)

where P is the maximum applied load, b is the measured specimen width, and h is the mea-
sured specimen thickness. The measured average ILSS of the remanufactured laminate was 
64.3 ± 1.8 MPa, a value close to the lower bound of typical carbon fiber composite laminates 
(60–120 MPa). This might be a result of the lower Vf and flexural stiffness but also of the degra-
dation of fiber/matrix interface properties. In fact, this aspect was previously reported in other 
researcher works [33] and will be investigated by the authors in the future. The interlaminar 
shear mode of failure confirms that this test is valid in terms of fracture mechanism.

5. Conclusion

This chapter dealt with the study of recycling technologies, of properties of the recovered 
fibers, and of the composites formed from these fibers. Regarding the recycling methodology, 
a thermolysis process at 500°C, for 6 h, followed by an oxidation/gasification step in air atmo-
sphere at the same temperature, for 30 min, has been found to constitute the optimum recy-
cling process. The combination of pyrolysis and gasification provides high process reliability, 
repeatability, product quality, and cost reduction. Moreover, remanufacture of composites 
was successfully achieved. As a whole, this constitutes a complete process of recycling carbon 
fibers that significantly reduces the environmental footprint and improves the life cycle of 
lightweight CFRP structures.

Regarding the properties of the recovered fibers, an oxidation time of 30 min leads to a full 
retention of elastic modulus and a 90% retention of tensile strength, relatively to pristine 
fibers. Longer gasification times lead to more significant decreases in these properties and 
undesirable alterations in the atomic composition of the surface of the fiber (increase of the 
O/C ratio). Moreover, the fracture toughness of the recycled fibers was found to decrease 
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4.2. Quality and properties of remanufactured composites
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evaluated by means of ultrasonic C-scan laminates. It was confirmed that the laminates were 
free of major porous, voids, or delaminations.

Thermogravimetric analyses (TGA) were carried to evaluate the composition of the laminates. 
It was determined that the nominal fiber volume fraction, Vf, was approximately 50%, a value 
not far from the typical Vf ≈ 60–65% of high-performance unidirectional composites.
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their interlaminar shear strength (ILSS) was evaluated by means of Short Beam Shear tests. 
This consists on flexural testing method using a very short beam relative to its thickness in 
order to promote interlaminar shear failure [31]. According to the test standard ASTM D2344 
[32], all specimens (27 × 9 × 4.5 mm3) were loaded in a three-point bending configuration. The 
interlaminar shear strength was calculated using the equation:
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where P is the maximum applied load, b is the measured specimen width, and h is the mea-
sured specimen thickness. The measured average ILSS of the remanufactured laminate was 
64.3 ± 1.8 MPa, a value close to the lower bound of typical carbon fiber composite laminates 
(60–120 MPa). This might be a result of the lower Vf and flexural stiffness but also of the degra-
dation of fiber/matrix interface properties. In fact, this aspect was previously reported in other 
researcher works [33] and will be investigated by the authors in the future. The interlaminar 
shear mode of failure confirms that this test is valid in terms of fracture mechanism.
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This chapter dealt with the study of recycling technologies, of properties of the recovered 
fibers, and of the composites formed from these fibers. Regarding the recycling methodology, 
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sphere at the same temperature, for 30 min, has been found to constitute the optimum recy-
cling process. The combination of pyrolysis and gasification provides high process reliability, 
repeatability, product quality, and cost reduction. Moreover, remanufacture of composites 
was successfully achieved. As a whole, this constitutes a complete process of recycling carbon 
fibers that significantly reduces the environmental footprint and improves the life cycle of 
lightweight CFRP structures.

Regarding the properties of the recovered fibers, an oxidation time of 30 min leads to a full 
retention of elastic modulus and a 90% retention of tensile strength, relatively to pristine 
fibers. Longer gasification times lead to more significant decreases in these properties and 
undesirable alterations in the atomic composition of the surface of the fiber (increase of the 
O/C ratio). Moreover, the fracture toughness of the recycled fibers was found to decrease 
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 significantly, independently of the oxidation time. These results still have to be investigated 
but are judged not to impact the properties of the remanufacture composites.

With respect to the composites remanufacturing process, tow-spreading of the unidirection-
ally aligned recycled fibers followed by means of resin film infusion is postulated to be an 
appropriate method in terms of resulting ply thickness, disposition of the fiber, fiber/resin 
ratio, and porosity control. It provides a potential solution to prepreg production scraps with 
enhanced quality assurance, resulting in the reduction of toxic emissions. The resulted lami-
nates presented similar fiber content and interlaminar shear properties as compared to the 
brand new composites.
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Abstract

There is a growing interest for the reused composite oriented strand board (COSB) 
for stiffness-critical and contoured applications. COSBs are made of rectangular shape 
prepreg strands that are randomly oriented within the structure. Development of this 
product form could markedly reduce the scrap generated during aerospace manufac-
turing processes. COSBs retain high modulus and drapability during processing and 
manufacturing. However, before any material can be deployed in industrial applications, 
its various properties must be well understood so that proper design analysis can be per-
formed. Nondestructive testing (NDT) is widely used in research and industry to evalu-
ate the quality of a variety of materials including composite materials and structures. 
NDT, as the name indicates, has the benefit that it does not alter or destroy the sample 
like other techniques, such as cross-sectional imaging. In this chapter, two nondestructive 
techniques, ultrasound and micro-computed tomography (micro-CT), were used to char-
acterize carbon fiber epoxy composites, particularly comparing conventional laminates 
and reused COSB. The void content and morphology of samples cured using a range of 
materials and process parameters were determined using NDT and conventional micro-
scopic analysis of cross sections. The mass distribution of fiber and resin within each 
sample was also determined. The manufacturing and NDT of COSB were introduced, 
and provided most detailed information on composite microstructure, including void 
size, void morphology, void distribution, and overall void content. Conventional micro-
CT was determined to be ill-suited to scan large samples because of long scan times 
and large file sizes. To enhance the capabilities of micro-CT for evaluation of composite 
materials and structures, a micro-CT postprocessing method using stitching computer 
programming algorithms was developed. The method presented markedly increases 
the resolution that micro-CT can achieve, as well as the maximum feasible sample size, 
thus overcoming some of the primary drawbacks to conventional micro-CT. The primary 
objective of this work was to evaluate the feasibility of NDT methods in the assessment 
of both conventional composite laminates and the reused COSB fabricated from prepreg 
scrap. To this end, the advantages and limitations of ultrasound and micro-CT were dis-
cussed. The results showed that with stitching up postprocessing, micro-CT can be used 
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There is a growing interest for the reused composite oriented strand board (COSB) 
for stiffness-critical and contoured applications. COSBs are made of rectangular shape 
prepreg strands that are randomly oriented within the structure. Development of this 
product form could markedly reduce the scrap generated during aerospace manufac-
turing processes. COSBs retain high modulus and drapability during processing and 
manufacturing. However, before any material can be deployed in industrial applications, 
its various properties must be well understood so that proper design analysis can be per-
formed. Nondestructive testing (NDT) is widely used in research and industry to evalu-
ate the quality of a variety of materials including composite materials and structures. 
NDT, as the name indicates, has the benefit that it does not alter or destroy the sample 
like other techniques, such as cross-sectional imaging. In this chapter, two nondestructive 
techniques, ultrasound and micro-computed tomography (micro-CT), were used to char-
acterize carbon fiber epoxy composites, particularly comparing conventional laminates 
and reused COSB. The void content and morphology of samples cured using a range of 
materials and process parameters were determined using NDT and conventional micro-
scopic analysis of cross sections. The mass distribution of fiber and resin within each 
sample was also determined. The manufacturing and NDT of COSB were introduced, 
and provided most detailed information on composite microstructure, including void 
size, void morphology, void distribution, and overall void content. Conventional micro-
CT was determined to be ill-suited to scan large samples because of long scan times 
and large file sizes. To enhance the capabilities of micro-CT for evaluation of composite 
materials and structures, a micro-CT postprocessing method using stitching computer 
programming algorithms was developed. The method presented markedly increases 
the resolution that micro-CT can achieve, as well as the maximum feasible sample size, 
thus overcoming some of the primary drawbacks to conventional micro-CT. The primary 
objective of this work was to evaluate the feasibility of NDT methods in the assessment 
of both conventional composite laminates and the reused COSB fabricated from prepreg 
scrap. To this end, the advantages and limitations of ultrasound and micro-CT were dis-
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to detect global void morphology structure wide, making the technique competitive with 
ultrasound, yet with greater resolution and equivalent scan size.

Keywords: composite oriented strand board (COSB), reuse, recycle, NDE, micro-CT, 
ultrasound computer numeric control (CNC)

1. Introduction

Production waste and end-of-life (EOL) materials from one industrial process can serve as 
the raw materials for another, thereby reducing the environmental impact of an industry or 
process [1]. This concept is drawing attention in the aerospace industry as commercial aircraft 
designs transition from primarily metallic structure to carbon and glass fiber composite materi-
als reduce weight and increase durability. Over the next 20 years, approximately 12,000 aircraft 
currently utilized for different purposes will be at the end of service life. In 2015, Boeing proj-
ects a demand of 38,050 new airplanes at a total value of $5.6 trillion [2] over the next 20 years, 
an increase of 3.5% from the previous year’s forecast. With current trends in aircraft design, 
these airplanes are likely to contain increasing quantities of composite materials. The Boeing 
787 Dreamliner, for example, is about 50% composite by weight, equating to roughly 32,000 kg 
of carbon fiber reinforced polymer (CFRP). The increased use of composites in aerospace has 
benefits in terms of fuel efficiently and durability. An immediate concern, however, is the large 
amount of thermosetting composite scrap generated during the manufacturing process.

In current aerospace and automotive production lines, 10–20% or more of virgin carbon fiber 
reinforced prepreg sheets end up as production wastes (Figure 1), as large prepreg rolls are cut 
into desired shapes to manufacture parts. This production scrap accounts for a significant source 
of composite waste. A second waste stream is end-of-life (EOL) thermoset composites. The total 
combined volume of end of life and production waste generated by the thermoset composites 
market in Europe is expected to reach 304,000 tons by 2015 [5]. Composite waste reduction and 
disposal are pressing concerns worldwide. Traditional disposal routes include landfilling and 
incineration. The financial and environmental costs of these methods, however, are steadily 
increasing. The composite industries, from suppliers and part manufacturers to customers, are 
seeking more sustainable solutions for reusing and recycling composite materials.

Jin et al. have been actively seeking viable methods and processes to turn in-process waste into 
useful products and components [6–9]. Research efforts thus far have focused on the repur-
posing of prepreg scrap into reused composite products including consumer products like 
skateboards and structural materials like reused composite oriented strand board (COSB), hat 
stiffened panels, etc. These components are fabricated by cutting prepreg trim waste into rect-
angular strands and curing them using out-of-autoclave (OoA) techniques like vacuum bag 
only (VBO), oven cure, and hot pressing. The work presented here originated from an NSF G8 
Research Council funded project on “Sustainable Manufacturing through Out-of-Autoclave 
Processing”. The first phase of the project focused on evaluating the manufacturing feasibility 
and mechanical properties of components made from scrap prepreg. As part of this work, 
finite element analysis (FEA) was utilized to predict the mechanical properties of scrap-based 
composites. Jin et al. and Jain et al. [7, 8] used FEA and mean field homogenization hybrid 
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methods to predict equivalent modulus of the COSB. Jin et al. [10] built a 3-D parametric FE 
model for random fiber composites with high volume fraction and fiber aspect ratio based 
on innovative 3-D spatial mathematic algorithm. In related work, Faessel et al. [11] created 
a finite element model on low-density wood-based fiberboards to study their local thermal 
conductivity, using a model based on X-ray tomography. While preliminary experimental 
and model results have shed light on the processing and mechanics of composites fabricated 
from prepreg scrap, a more detailed understanding of the microstructure of the materials 
is required, including voids. Details of void morphology and microstructure, as obtained 
through nondestructive techniques, can be utilized to build detailed and FEA models. This 
work describes results of NDT analysis of COSB fabricated from rectangular prepreg strands 
of uniform size.

2. Experiments

A reused carbon fiber epoxy COSB demonstrator panel was produced using OoA tech-
niques [9]. The part was then analyzed for mass and void distribution using ultrasonic 
C-scan. After scanning, the COSB was cut down using a CNC milling machine. Void 
content and void morphology were investigated using both microscopic examination of 
polished cross sections and state-of-the-art stitched high-resolution micro-CT techniques. 
The results, pros and cons of the three techniques are compared and discussed later in this 
chapter.

Figure 1. Motivation and potential applications of the composite oriented strand board (COSB), top middle shows the 
scrap generated during manufacturing, the scrap is trimmed to rectangular strands (center) and subsequently used for 
a variety of applications [3, 4].
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Production waste and end-of-life (EOL) materials from one industrial process can serve as 
the raw materials for another, thereby reducing the environmental impact of an industry or 
process [1]. This concept is drawing attention in the aerospace industry as commercial aircraft 
designs transition from primarily metallic structure to carbon and glass fiber composite materi-
als reduce weight and increase durability. Over the next 20 years, approximately 12,000 aircraft 
currently utilized for different purposes will be at the end of service life. In 2015, Boeing proj-
ects a demand of 38,050 new airplanes at a total value of $5.6 trillion [2] over the next 20 years, 
an increase of 3.5% from the previous year’s forecast. With current trends in aircraft design, 
these airplanes are likely to contain increasing quantities of composite materials. The Boeing 
787 Dreamliner, for example, is about 50% composite by weight, equating to roughly 32,000 kg 
of carbon fiber reinforced polymer (CFRP). The increased use of composites in aerospace has 
benefits in terms of fuel efficiently and durability. An immediate concern, however, is the large 
amount of thermosetting composite scrap generated during the manufacturing process.

In current aerospace and automotive production lines, 10–20% or more of virgin carbon fiber 
reinforced prepreg sheets end up as production wastes (Figure 1), as large prepreg rolls are cut 
into desired shapes to manufacture parts. This production scrap accounts for a significant source 
of composite waste. A second waste stream is end-of-life (EOL) thermoset composites. The total 
combined volume of end of life and production waste generated by the thermoset composites 
market in Europe is expected to reach 304,000 tons by 2015 [5]. Composite waste reduction and 
disposal are pressing concerns worldwide. Traditional disposal routes include landfilling and 
incineration. The financial and environmental costs of these methods, however, are steadily 
increasing. The composite industries, from suppliers and part manufacturers to customers, are 
seeking more sustainable solutions for reusing and recycling composite materials.

Jin et al. have been actively seeking viable methods and processes to turn in-process waste into 
useful products and components [6–9]. Research efforts thus far have focused on the repur-
posing of prepreg scrap into reused composite products including consumer products like 
skateboards and structural materials like reused composite oriented strand board (COSB), hat 
stiffened panels, etc. These components are fabricated by cutting prepreg trim waste into rect-
angular strands and curing them using out-of-autoclave (OoA) techniques like vacuum bag 
only (VBO), oven cure, and hot pressing. The work presented here originated from an NSF G8 
Research Council funded project on “Sustainable Manufacturing through Out-of-Autoclave 
Processing”. The first phase of the project focused on evaluating the manufacturing feasibility 
and mechanical properties of components made from scrap prepreg. As part of this work, 
finite element analysis (FEA) was utilized to predict the mechanical properties of scrap-based 
composites. Jin et al. and Jain et al. [7, 8] used FEA and mean field homogenization hybrid 
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methods to predict equivalent modulus of the COSB. Jin et al. [10] built a 3-D parametric FE 
model for random fiber composites with high volume fraction and fiber aspect ratio based 
on innovative 3-D spatial mathematic algorithm. In related work, Faessel et al. [11] created 
a finite element model on low-density wood-based fiberboards to study their local thermal 
conductivity, using a model based on X-ray tomography. While preliminary experimental 
and model results have shed light on the processing and mechanics of composites fabricated 
from prepreg scrap, a more detailed understanding of the microstructure of the materials 
is required, including voids. Details of void morphology and microstructure, as obtained 
through nondestructive techniques, can be utilized to build detailed and FEA models. This 
work describes results of NDT analysis of COSB fabricated from rectangular prepreg strands 
of uniform size.

2. Experiments

A reused carbon fiber epoxy COSB demonstrator panel was produced using OoA tech-
niques [9]. The part was then analyzed for mass and void distribution using ultrasonic 
C-scan. After scanning, the COSB was cut down using a CNC milling machine. Void 
content and void morphology were investigated using both microscopic examination of 
polished cross sections and state-of-the-art stitched high-resolution micro-CT techniques. 
The results, pros and cons of the three techniques are compared and discussed later in this 
chapter.

Figure 1. Motivation and potential applications of the composite oriented strand board (COSB), top middle shows the 
scrap generated during manufacturing, the scrap is trimmed to rectangular strands (center) and subsequently used for 
a variety of applications [3, 4].
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A demonstrator COSB panel (Figure 2, Left) was first manufactured. Fresh prepreg (UD 
Tape T40/800B with Cytec CYCOM 5320-1 epoxy resin) was manually cut into rectangular 
strands (10 × 20 mm) and distributed evenly on an aluminum plate. The prepreg was sub-
sequently cured using a compression molding hot press (Wabash) into a flat COSB panel 
measuring 215.9 × 215.9 mm. The manufactured panel is analogous to a composite version of 
the ubiquitous wood-based strand board (Figure 2). A CNC milling machine with a diamond 
cutting wheel was used to section the COSB into seven individual plain tensile specimens 
(25 × 200 mm) in accordance with ASTM D3039 [12] standard for quasi-static tensile testing. 
Six coupons were tested in a loading frame (INSTRON), and elastic modulus was determined 
from the resulting load-displacement curve, the details of which are presented elsewhere [7].

The remaining coupons (prepared from the center of the COSB) were cut into smaller pieces (25 × 
50 mm) for nondestructive evaluation (NDE) using ultrasound A and C scans, high-resolution 
micro-CT, as well as cross-sectional imaging analysis, that are discussed in Section 3 of this chapter.

3. Results and discussion

A commonly used nondestructive testing method used for composite materials is ultrasonic test 
[13]. Ultrasonic testing is a noncontact method, which typically requires a coupling agent (often 
water) and therefore an extensive setup. Ultrasound scans, when performed properly, enable 
defects such as delamination and debonding to be detected easily and accurately [14, 15].

3.1. Ultrasound scans

Ultrasonic A-scans were performed on both the demonstrator COSB sample and a reference 
panel. The reference laminate was an autoclave-cured Cytec 5320-1 composite panel with known 
low void content (<1%, by microscopic image study). To carry out the scans, the ultrasound trans-
ducer was fixed in position at the center of the specimen. A pulse-echo mode was utilized to 

Figure 2. Composite oriented strand board (COSB, left), similar to wood OSB (right).
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interrogate defects within each panel. The strength of the reflected ultrasonic echoes as function 
of time is presented in Figure 3. The A-scan of the reference laminate (Figure 3, Upper) reveals 
clear top surface and back surface reflections. The region between these top and bottom surfaces 
(Gate 2, the interior of the panel) shows <3% signal attenuation, indicating a low void content. The 
A-scan of the COSB (Figure 3, Lower), in contrast, shows roughly 20% signal attenuation between 
the top and back surface reflections, indicating greater void content within the composite.

While the A-scan mode reveals critical information about the ultrasound signal attenuation, 
visual maps of panel quality can be produced using a C-scan mode, which is one of the most 
suitable method for production inspection of composites using a conventional pulse-echo 
or pulsed through-transmission system. In this study, a 10-MHz transducer was focused on 
the top surface of the specimen and gated on the echo from a glass reflector plate (Figure 4). 
The pulse passed through the specimen twice. A quantized display was used, so the various 
attenuation levels are presented as finite changes to tone density on a plain view of the speci-
men. The white regions are of lowest attenuation. There is no attenuation in the absence of a 
specimen, which accounts for the white border outlining each sample.

Ultrasonic C-scans were performed on the following specimens: a quasi-isotropic reference 
panel that was manufactured using heated platen compression molding (Figure 5, Left), and 
the demonstrator COSB (Figure 5, Right). These two panels are both made of same prepreg 
material (Cytec 5320-1). The transducer moved in two dimensions within a range in the x-y 
plane covering the whole flat panel area. The total time for the transducer to cover the entire 
laminate (215.9 × 215.9 mm) was about 6 hours. The images in Figure 5 display the peak signal 
response within a time or depth interval of interest as a function of transducer position. There 
are two observations from the examination of the C-scan images. First, the COSB displays 
high signal attenuations (max ~90%) when compared to continuous fiber laminates (max ~10–
20%) This confirms that, not surprisingly, COSB has a much higher overall void volume frac-
tion compared to that of the reference panel (void volume fraction <1%). Secondly, insights 
into the distribution of resin and fiber in each sample are revealed in the C-scan images. 
We observe that the distribution of matter in COSB is significantly more uneven than in the 
conventional continuous prepreg laminate. The uneven distribution of the matter in COSB 
is probably due to less free-flowing resin as compared to the continuous prepreg plies. Also, 
the discontinuity and random orientation and location of the strands play an important role.

3.2. Microscopy study of void contents

To gain more insight into void morphology and assess the validity of NDT analysis, the void 
contents of test laminates were also evaluated using optical microscopy. To investigate a 
method for reducing void content in COSB, two samples with smaller sizes (50 × 50 mm) were 
fabricated from prepreg aged for 14 and 28 days at room temperature, in addition to the dem-
onstrator COSB made of fresh prepreg strands. The samples for cross-section imaging were 
prepared from the center of each panel, and measured 50 mm in length and 3 mm in thick-
ness. Cross sections were prepared via mechanical polishing with silicon carbide abrasive 
papers on a grinder-polisher (Struers), at successive grits of 150, 240, 400, 600, 1200, and 2400. 
Cross-sectional images were acquired using a digital microscope (Keyence) at a magnification 
of 100×. Approximately, 20 images were obtained from each sample to assemble a full-scale 
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interrogate defects within each panel. The strength of the reflected ultrasonic echoes as function 
of time is presented in Figure 3. The A-scan of the reference laminate (Figure 3, Upper) reveals 
clear top surface and back surface reflections. The region between these top and bottom surfaces 
(Gate 2, the interior of the panel) shows <3% signal attenuation, indicating a low void content. The 
A-scan of the COSB (Figure 3, Lower), in contrast, shows roughly 20% signal attenuation between 
the top and back surface reflections, indicating greater void content within the composite.

While the A-scan mode reveals critical information about the ultrasound signal attenuation, 
visual maps of panel quality can be produced using a C-scan mode, which is one of the most 
suitable method for production inspection of composites using a conventional pulse-echo 
or pulsed through-transmission system. In this study, a 10-MHz transducer was focused on 
the top surface of the specimen and gated on the echo from a glass reflector plate (Figure 4). 
The pulse passed through the specimen twice. A quantized display was used, so the various 
attenuation levels are presented as finite changes to tone density on a plain view of the speci-
men. The white regions are of lowest attenuation. There is no attenuation in the absence of a 
specimen, which accounts for the white border outlining each sample.

Ultrasonic C-scans were performed on the following specimens: a quasi-isotropic reference 
panel that was manufactured using heated platen compression molding (Figure 5, Left), and 
the demonstrator COSB (Figure 5, Right). These two panels are both made of same prepreg 
material (Cytec 5320-1). The transducer moved in two dimensions within a range in the x-y 
plane covering the whole flat panel area. The total time for the transducer to cover the entire 
laminate (215.9 × 215.9 mm) was about 6 hours. The images in Figure 5 display the peak signal 
response within a time or depth interval of interest as a function of transducer position. There 
are two observations from the examination of the C-scan images. First, the COSB displays 
high signal attenuations (max ~90%) when compared to continuous fiber laminates (max ~10–
20%) This confirms that, not surprisingly, COSB has a much higher overall void volume frac-
tion compared to that of the reference panel (void volume fraction <1%). Secondly, insights 
into the distribution of resin and fiber in each sample are revealed in the C-scan images. 
We observe that the distribution of matter in COSB is significantly more uneven than in the 
conventional continuous prepreg laminate. The uneven distribution of the matter in COSB 
is probably due to less free-flowing resin as compared to the continuous prepreg plies. Also, 
the discontinuity and random orientation and location of the strands play an important role.

3.2. Microscopy study of void contents

To gain more insight into void morphology and assess the validity of NDT analysis, the void 
contents of test laminates were also evaluated using optical microscopy. To investigate a 
method for reducing void content in COSB, two samples with smaller sizes (50 × 50 mm) were 
fabricated from prepreg aged for 14 and 28 days at room temperature, in addition to the dem-
onstrator COSB made of fresh prepreg strands. The samples for cross-section imaging were 
prepared from the center of each panel, and measured 50 mm in length and 3 mm in thick-
ness. Cross sections were prepared via mechanical polishing with silicon carbide abrasive 
papers on a grinder-polisher (Struers), at successive grits of 150, 240, 400, 600, 1200, and 2400. 
Cross-sectional images were acquired using a digital microscope (Keyence) at a magnification 
of 100×. Approximately, 20 images were obtained from each sample to assemble a full-scale 
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image of the cross section. Images were processed and merged using image-processing soft-
ware for void content analysis. The images were first converted to gray scale. Voids were 
manually selected and filled to distinguish from solid phases. An image analysis program 
(ImageJ [16]) was used to convert each image into a binary map of voids (black pixels) and 
solid (white pixels). The areal void contents was then calculated and used as a representation 
of void volume fraction (Figure 6).

Figure 3. Upper: ultrasonic A-scan plot of the referenced autoclave cured composite laminates: void content <1%. Lower: 
the A-scan result of a COSB, indicating greater signal attenuation compared to the referenced laminate: void content ~6%.
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Figure 4. Ultrasonic scan setup. At the top is the arm with a 10-MHz transducer installed. The samples are placed in the 
water pool underneath.

Figure 5. Ultrasonic C-scan results. Left: reference panel, quasi-isotropic layup, heated platen compression molding 
cured. Right: the demonstrator COSB.
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COSB made from fresh prepreg strands, 14-day room-temperature-aged-, and 28-day room-
temperature-aged prepreg strands yielded void contents of 2.07, 0.81, and 2.41%, respectively. 
The COSB sample made from prepreg with 14 days of out time had the lowest void content. This 
is because prepreg is partially cured during room temperature aging time, resulting in decreased 
tack and easier manipulation during layup and more efficient air removal during cure. This aging 
process can have beneficial results in the short term, but when prepreg is aged over its shelf life 
(28 days), viscosity increases such that resin flow is hindered and flow-induced voids are formed.

3.3. Micro-CT analysis

X-ray CT is an effective nondestructive technique for studying the details of internal defects. 
This technique was first applied in designing medical CT device. Because nonmetal com-
posite materials have a similar composition to human bodies, the medical CT devices were 
well suited to imaging of carbon fiber epoxy composite materials. The device can be used 
for 3-D image reconstruction to detect defects (microcracks, inclusions, voids, delamination 
and debonding), determine distribution of mass, and accurately measure and display internal 
structural configurations. Previous studies [14] have indicated that the resolution of micro-CT 
is well suited to the detection of internal and surface defects in carbon fiber epoxy composites. 
In this work, a Phoenix Nanotom Tomographic machine (General Electric) with a Hamamatsu 
C-7942 detector and an Mo anode was utilized to perform micro-CT scans on the demonstrator 
COSB. A micro-CT sample (25 × 50 × 3 mm, Figure 7, Left) was prepared from the center of 
COSB. Electric tensions between 30 and 55 kV and current intensities between 190 and 220 μA 
were used. Spatial resolutions between 2.5 and 14.5 μm/px were attained from the above setup.

Initial scans showed that clear boundaries between strands cannot be resolved using X-ray 
absorption tomography, even at the highest resolution. However, when viewing continu-
ous frames of scanned images, an animation reveals strand boundaries. This observation 
was helpful in identifying the shape of deformed strands and stitching multiple volumes 
for further postprocessing and analysis. The technique proved to be valuable for estimating 
void content. Thus, all samples were scanned in sets of 3–4 simultaneous samples to optimize 
available tomography time. Updated settings used were 80 kV and 150 μA, with a 500 ms 
exposure time. The attained resolution was 13.04 μm/px.

Figure 6. Microscopic scan results of (from top to bottom): (a) the demonstrator COSB (made of fresh prepreg 
strands). Void content = 2.07%, (b) COSB sample made from prepreg strands aged in room temperature for 14 days. 
Void content = 0.81%, (c) COSB sample made from prepreg strands aged in room temperature for 28 days. Void 
content = 2.41%, (d) an autoclave-cured reference sample with continuous prepreg fibers.
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Multiple scans were performed on different regions from a single sample in order to cover 
the entire sample volume. The obtained volumes were reconstructed using a user-defined 
computer program. By stitching and cropping, an individual volume containing the com-
plete sample volume was obtained. Results are displayed in Figure 8. Detailed void content 
and void morphology information was extracted from the stitched volume, as presented in 
Figure 9. In the demonstrator COSB made of fresh prepreg strands, voids mostly appear as 

Figure 7. Left: a micro-CT sample prepared from the center coupon of COSB. Right: a 2-D micro-CT image of cured 
COSB sample (resolution: 2.5 μm/px). Deformed prepreg strands and their curvature were observed. Morphology of the 
voids was also presented.

Figure 8. Stitching of multiple scanned volumes to obtain completed final micro-CT scanned volume.
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needle shapes, and void content was determined to be 8.55%. This is considerably higher than 
the 2.07% void content determined via microscopic analysis. This is not surprising, as the 
void content from micro-CT is obtained from a 3-D volume, while the void content concluded 
from microscopic imaging is obtained from 2-D images. There is a difference of one spatial 
degree between two sources of data. Because micro-CT can reveal void information in 3-D, it 
has advantages compared to 2-D techniques such as microscopic images of polished sections.

The curvature of the deformed strands is a critical parameter when trying to predict and optimize the 
modulus and strength [7, 8] of COSBs using FEA techniques. Micro-CT allows for examination 
of this critical parameter. Several shapes of deformed strands (10 × 20 mm), extracted from the 
micro-CT data, are displayed in Figure 10. Strands have various deformed shapes after being cured 
within the COSB, due to the randomness and complex geometry of the material (Table 1).

Figure 9. Extracted void content (8.55% voids) and void morphology of COSB (left and middle). Close-up view of void 
morphology (right).

Figure 10. Extracted shape of deformed strands in COSB.
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3.4. Comparison of NDE techniques

In this chapter, the void content, void distribution, void morphology and deformed strand 
shapes of carbon fiber epoxy composite panels were examined. Microscopic cross-sectional 
analysis and NDE techniques (ultrasound and micro-CT) were employed. Traditional lami-
nates and reused COSB were examined using these techniques. Conclusions on the pros and 
cons of each technique are discussed below:

3.4.1. NDT ultrasonic scans

a. Ultrasonic scans evaluate the overall void distribution in a panel-level scale. Macrolevel 
information such as void cluster regions, and distribution of matter, can be revealed by this 
technique. Ultrasound scans can also evaluate relatively large sample sizes.

b. Signal attenuation level does not directly link to void content. Ultrasonic scans cannot 
offer a void content number quantitatively and accurately without the use of reference 
panels. Overall relative panel level void content can be estimated when compared to ultra-
sonic image of a reference panel with low void content.

3.4.2. Microscopic image study

a. Microscopic imaging of cross sections is one of the most convenient methods in evaluating 
composite void content. The process of sample preparation including cutting, polishing 
and image postprocessing are relatively straightforward and less time consuming com-
pared to other methods.

b. However, it is not nondestructive. Samples need to be cut and polished. Extra-damages 
are possible to be introduced during sample preparation procedure. Also, void content is 
only investigated in the area of the cross-sectional cut, which is a 2-D area but not a 3-D 
volumetric study. The results vary based on location within the sample.

3.4.3. Micro-CT

a. Micro-CT is a nondestructive method. It yields accurate void content values, and reveals 
void morphology. However, it is time consuming and requires a large amount of image-
processing work. One high-resolution micro-CT scan can take up to dozens of hours and 
engage dozens of GBs of data space in computer system.

Technique Approximate processing time Maximum sample size

Ultrasonic scan (3-D) 4–6 hours 1 × 1 m by sample thickness

Microscopic image (2-D) 1–2 hours 5 × 5 cm

Micro-CT (3-D) 6–12 hours 3 × 5 cm × 5 mm by sample thickness

Table 1. Comparison of different techniques: approximate processing time and sample size.
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3.4.1. NDT ultrasonic scans

a. Ultrasonic scans evaluate the overall void distribution in a panel-level scale. Macrolevel 
information such as void cluster regions, and distribution of matter, can be revealed by this 
technique. Ultrasound scans can also evaluate relatively large sample sizes.

b. Signal attenuation level does not directly link to void content. Ultrasonic scans cannot 
offer a void content number quantitatively and accurately without the use of reference 
panels. Overall relative panel level void content can be estimated when compared to ultra-
sonic image of a reference panel with low void content.

3.4.2. Microscopic image study

a. Microscopic imaging of cross sections is one of the most convenient methods in evaluating 
composite void content. The process of sample preparation including cutting, polishing 
and image postprocessing are relatively straightforward and less time consuming com-
pared to other methods.

b. However, it is not nondestructive. Samples need to be cut and polished. Extra-damages 
are possible to be introduced during sample preparation procedure. Also, void content is 
only investigated in the area of the cross-sectional cut, which is a 2-D area but not a 3-D 
volumetric study. The results vary based on location within the sample.

3.4.3. Micro-CT

a. Micro-CT is a nondestructive method. It yields accurate void content values, and reveals 
void morphology. However, it is time consuming and requires a large amount of image-
processing work. One high-resolution micro-CT scan can take up to dozens of hours and 
engage dozens of GBs of data space in computer system.

Technique Approximate processing time Maximum sample size

Ultrasonic scan (3-D) 4–6 hours 1 × 1 m by sample thickness

Microscopic image (2-D) 1–2 hours 5 × 5 cm

Micro-CT (3-D) 6–12 hours 3 × 5 cm × 5 mm by sample thickness

Table 1. Comparison of different techniques: approximate processing time and sample size.
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b. Limitation of the sample size cannot be ignored. Due to the limitation of scanning time and 
storage, the sample size of micro-CT is relatively small, normally within a few millimeters 
in length and width. As a result, some materials could potentially loose representativeness 
when examined via a micro-CT scan.

c. Due to this limitation of the sample size, overall void distribution in panel size level can-
not be obtained. So, this technique does not work well for large panels with none-even 
mass distribution.

4. Conclusions

The void contents of COSB made of reused production scraps as well as conventional compos-
ite laminates were studied using different NDE methods, including ultrasonic C-scan, micro-
CT scan, and microscopic image analysis of polished cross sections. Results were reported 
and the general pros and cons of the different techniques as well as specific observations 
relative to the COSB material have been identified. The void content, void distribution, void 
morphology and curvature and geometries of the deformed strands obtained by the NDE 
techniques in this study are valuable information for future COSB design and optimization. 
With these information, methods such as FEA [7] and hybrid methods using analytical solu-
tions and homogenization schemes [8] can be used to predict various mechanical responses of 
such material. Future work will be focused in these directions.
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