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Abstract
Both environmental and economic factors have driven the development of recycling
routes for the increasing amount of carbon fibre reinforced polymer (CFRP) waste
generated. This paper presents a review of the current status and outlook of CFRP recycling operations, focusing on state–of–the–art fibre reclamation and re-manufacturing
processes, and on the commercialisation and potential applications of recycled products. It is shown that several recycling and re-manufacturing processes are reaching a
mature stage, with implementations at commercial scales in operation, production of
recycled CFRPs having competitive structural performances, and demonstrator components having been manufactured. The major challenges for the sound establishment
of a CFRP recycling industry and the development of markets for the recyclates are
summarised; the potential for introducing recycled CFRPs in structural components is
discussed, and likely promising applications are investigated.
Keywords: Carbon fibre reinforced polymers, Recycling, Fibre reclamation,
Manufacturing Structural applications,
1. Introduction
The increasing use of carbon fibre reinforced polymers (CFRPs) has raised an environmental and economic awareness for the need to recycle the CFRP waste. The
latest governmental UK strategy for composites (BIS 2009) identifies “Increasing Sustainability and Recycling” as one of the three major goals for the composites industry.
In this paper, the current status of recycling processes for CFRP and the forthcoming
challenges for the introduction of the recyclates in structural applications are reviewed.
The world–wide demand for carbon fibres (CFs) reached approximately 35, 000 t in
2008; this number is expected to double by 2014, representing a growth rate of over 12%
per year (Roberts 2009). CFRP is now used in a widening range of applications, and
in growing content in most of them (Sloan 2008); the aircraft industry is an impressive
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Nomenclature
Superscripts
f
fibre

Variables
E
Young’s modulus
Gc
fracture toughness
l
length
S
shear strength
U
energy absorption
V
volume fraction
X
uniaxial strength

Subscripts
avg
average
IF
interfacial
imp
impact
T
tensile

example, with the new Boeing 787 and Airbus A350 having up to 50% of their weight
in CFRP, and military aircraft showing a similar trend (Marsh 2008).
Despite all advantages associated with CFRPs, the increasing use generates an also
increasing amount of CFRP waste. Common sources of waste include out–of–date prepregs, manufacturing cut–offs, testing materials, production tools and end–of–life (EoL)
components (Figure 1); manufacturing waste is approximately 40% of all the CFRP
waste generated (Pickering et al. 2006), while woven trimmings contribute with more
than 60% to this number (Hunter 2009). Continuing with the aeronautics sector as example, the first aircraft with structural CFRP components will soon be decommissioned
(Marsh 2008); within 30 years, the same will happen to the new composite–generation
aircraft (8, 500 commercial planes will be retired by 2025, Carberry 2008), with each
vehicle representing more than 20 t of CFRP waste (Roberts 2007). Within a similar time frame, the wind industry will be another great source of CFRP waste (Wood
2010).
Recycling composites is inherently difficult because of (i) their complex composition (fibres, matrix and fillers), (ii) the cross–linked nature of thermoset resins (which
cannot be remoulded), and (iii) the combination with other materials (metal fixings,
honeycombs, hybrid composites, etc.). Presently, most of the CFRP waste is landfilled
(Pickering 2006); the airframe of EoL vehicles is usually disposed in desert graveyards,
airports, or by landfilling (Carberry 2008, PAMELA 2005). However, these are unsatisfactory solutions for several reasons:
• Environmental impact: the increasing amount of CFRP produced raises concerns
on waste disposal and consumption of non-renewable resources.
• Legislation: recent European legislation is enforcing a strict control of composite
disposal; the responsibility of disposing EoL composites is now on the component’s
manufacturer, legal landfilling of CFRP is limited, and for instance it is required
that automotive vehicles disposed after 2015 are 85% recyclable (EU 1999/31/EC
1999, EU 2000/53/EC 2000).
• Production cost: CFs are expensive products, both in terms of energy consumed
during manufacturing (up to 165 kWh/kg) and material price (up to 40 £/kg)
(Carberry 2008).
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(a) Out-of-date prepreg rolls.

(b) Manufacturing cut–offs.

(c) Yatch mould.

(d) EoL–aircraft wings.

Figure 1: CFRP waste (Panesar 2009).

• Management of resources: demand of virgin (v-) CFs usually surpasses supply–
capacity (Roberts 2007), so recycled (r-) CFs could be re-introduced in the market
for non-critical applications (Carberry 2009).
• Economic opportunity: disposing of CFRP by landfilling, where not illegal, can
cost approximately 0.20 £/kg (Meyer et al. 2007); recycling would convert an
expensive waste disposal into a profitable reusable material.
It is clear that turning CFRP waste into a valuable resource and closing the loop
in the CFRP life–cycle (Figure 2) is vital for the continued use of the material in some
applications, e.g. the automotive industry (Pickering 2006). This need has driven not
only a great amount of research on recycling processes for CFRPs over the last 15 years,
but also the formation of several collaborative entities working on a more commercial
or industrial level (Table 1).
Some review papers on carbon–fibre recycling are available in the literature; DeRosa
et al. (2005) and Pickering (2006) focused on established recycling processes, while McConnel (2010) and Wood (2010) discussed their implementation at commercial scales.
However, there is a strong connection between recycling, re-manufacturing processes
and the final performance of the recyclates (Pimenta et al. 2010a); this clearly affects
the type of markets in which rCFs can be introduced, which has a great impact for
any commercial recycling operation (Line 2009). Processes, performance, commerciali3
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Janney et al. 2009.
Figure 2: Closed life–cycle for CFRPs.

sation and markets must therefore be considered altogether if a comprehensive analysis
of CFRP recycling operations is envisaged.
This paper aims to fulfill this need: on the one hand, it encompasses the latest
technical developments and the forthcoming commercialisation challenges; on the other
hand, it relates the existing recycling and re-manufacturing processes to the final recyclates and their respective potential market applications.
The paper is organised as follows: Section 2 establishes the state of the art in carbon
fibre recycling. Section 3 analyses re-manufacturing of recycled composites using rCFs.
Section 4 discusses achievements and current issues with recycling operations, including technical, commercial and marketing considerations, all in the scope of structural
applications. Finally, the main conclusions are summarised in Section 5.
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· Defining standards for management of EoL
aircraft (PAMELA 2008)
· Retiring aircraft (Tarmac 2010)
· Supporting CFRP recycling activities (McConnel
2010)
· Publishing standards for aircraft recycling (AFRA
2009)
· Accrediting companies with eco–friendly certificate
· Retiring aircraft (7, 000 since 2006)
· Supporting CFRP recycling activities
· Developing recycling processes for CFRP waste
(pyrolysis implemented in pilot plant)
· Commercialising compounded recycled CFRP for
use in electronic and automotive industries (Wood
2010)
· Supporting the improvement and development of
recycling processes
· Establishing applications for the recyclates
· Providing a link between industry and researchers

· Overview on advances in recycling and
re-manufacturing
· Discussion on commercialisation of processes and
recyclates
· Analysis of rCFRPs and market outlook

· Aircraft manufacturer
· Waste managers
· CF recyclers

·
·
·
·

· CF producers

· UK Dept. for Business,
Innovation & Skills
· CFRP producers & users
· CF recyclers
· Universities
· CF recyclers
· (r)CFRP producers
& users
· rCF and rCFRP
researchers

To implement a “platform
[for] dismantling parts and
assemblies and valorisation of
materials from EoL aircraft”

“Sustainable management of
EoL airframes and engines”

To “establish the CF
recycling system and to study
the feasibility of starting a
CF recycling business”

To “ensure the sustainability
of [composites] industry,
increase uptake and secure
the future use of advanced
composites”
The world’s first Conference
exclusively dedicated to
CFRP recycling

PAMELA (2005),
Process for
Advanced
Management of
EoL Aircraft

AFRA (2006),
Aircraft Fleet
Recycling
Association

JCMA (2006),
Japan Carbon
Fiber
Manufacturers
Association

BIS (2009),
Increasing
Sustainability
and Recycling
Consortium

CFRRC (2009),
Carbon Fibre
Recycling and
Reuse Conference

Aircraft manufacturers
Material recyclers
Technology developers
Others (currently over 40
members)

· Running a mechanical recycling facility (Larsen
2009)
· Guaranteeing EoL solutions for parts certificated
with the “Green FRP Label” (Marsh 2005)
· Creating network of waste suppliers and markets
for the recyclates (glass and carbon fibres)

· Resin suppliers
· Fibre suppliers
· Compounders

To create an “European–wide
waste management system for
handling composite waste”.

Activities

ECRC (2003),
European
Composites
Recycling Services
Company

Contributors

Scope / Aim

Initiative

Table 1: Global initiatives contributing to CFRP recycling activities.

2. Carbon fibre recycling processes
2.1. Technology families
2.1.1. Overview
Two technology families have been proposed to recycle CFRPs (Figure 3): mechanical recycling and fibre reclamation. Both are addresses below, and a critical comparison
is summarised in Table 2. Most efforts have been focusing on thermoset composites
(e.g. carbon–epoxy systems), as their cross–linked matrix cannot be reprocessed simply
by remelting (Pickering 2006).
2.1.2. Mechanical recycling
Mechanical recycling involves breaking–down the composite by shredding, crushing,
milling, or other similar mechanical process; the resulting scrap pieces can then be
segregated by sieving into powdered products (rich in resin) and fibrous products (rich
in fibres) (Palmer et al. 2009, Pickering 2006).
Typical applications for mechanically–recycled composites include their re-incorporation
in new composites (as filler or reinforcement, Pickering 2006) and use in construction
industry (e.g. as fillers for artificial woods or asphalt, or as mineral–sources for cement,
Conroy et al. 2006). However, these products represent low–value applications; mechanical recycling is therefore mostly used for glass fibre reinforced polymers (GFRPs),
although applications to thermoplastic and thermoset CFRPs can be found as well
(ECRC 2003, Kouparitsas et al. 2002, Ogi et al. 2007, Takahashi et al. 2007). Because
mechanical recycling does not recover individual fibres, the mechanical performance of
the recyclates is evaluated at the composite level (Table 5 in Section 3).
2.1.3. Fibre reclamation
Fibre reclamation consists on recovering the fibres from the CFRP, by employing
an aggressive thermal or chemical process to break–down the matrix (typically a therCFRP waste

CFRP waste

Shredding / Crushing / Milling

Pyrolysis
Oxidation
Chemical

Fibrous fragments
Composite remanufacturing

Powdered CFRP
New
matrix

Reinforced material

Recycled CF

Composite remanufacturing

New
matrix

Filled material

Composite remanufacturing

Recycled CFRP

(a) Mechanical recycling.

(b) Fibre reclamation.

Figure 3: Main technologies for CFRP recycling.
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Matrix
products

7

Process

Mechanical
(see Section
2.1.2)

− Common reduced adhesion to
polymeric resins (19)
− Low contamination tolerance (21) (22)
− Reduced scalability of most
methods (17) (21)
− Possible environmental impact if
hazardous solvents are used (23)

◦ Very high retention of
mechanical properties
and fibre length (19) (20)
◦ High potential for
material-recovery from
resin (21)

RCFL (2009)
JCMA (2006) (8)
MIT-RCF (2010) (9)
CFK (2007)
Karborek (1999) (10)
Firebird (2005) (8) (11)
HADEG (1995)
Others (Lester et al. 2004,
Meyer et al. 2009)

ECRC (2003) (3)
Kouparitsas et al. (2002)
Takahashi et al. (2007)
Ogi et al. (2007)
Others (1)

Implementation

· ATI (1994) (22) (24) (25)
· Nakagawa et al. (2009) (26)
· Hyde et al. (2006),
Pinero-Hernanz et al. (2008a,b),
Jiang et al. (2009), using SCF (21)
· Others (Buggy et al. 1995,
Liu et al. 2004, 2009)

· Kennerley et al. (1998),
Pickering et al. (2000),
Yip et al. (2002),
Pickering (2006),
Jiang et al. (2007, 2008),
Wong et al. (2007b),
Turner et al. (2009)

·
·
·
·
·
·
·
·

·
·
·
·
·

Recycler

(?)

L

P (u/p to 1, 000 t/year)
P
L

P (under continuous
development)

C (2, 000 t/year)
C (1, 000 t/year)
C (500 t/year)
P (u/p for 2010)
P (u/p to 1, 000 t/year)
P (u/p for 2010)
P
L

P (10 t/year)
L
L
L
L

Process scale

(1)

Key for Process scale: P: pilot-scale plant; L: laboratory scale; C: commercial-scale plant; u/p: upagrade planned.
Pickering 2006; (2) Palmer et al. 2009; (3) Larsen 2009; (4) Cunliffe et al. 2003; (5) Meyer et al. 2009; (6) Wong et al. 2009a; (7) Alsop 2009; (8) Wood
2010; (9) MIT 2010; (10) Cornacchia et al. 2009; (11) Hunter 2009; (12) Pickering 2009; (13) Jiang et al. 2008; (14) Wong et al. 2007b; (15) Turner et al.
2009; (16) Pickering et al. 2006; (17) Warrior et al. 2009; (18) Pickering et al. 2000; (19) Jiang et al. 2009; (20) Nakagawa et al. 2009; (21) Marsh 2009;
(22)
Gosau et al. 2009a; (23) Liu et al. 2004; (24) Allred et al. 2001; (25) Gosau et al. 2009b; (26) Hitachi 2010.

(?)

− Strength degradation between 25%
and 50% (14)
− Fibre length degradation (14) (15)
− Unstructured (“fluffy”) fibre
architecture (15) (16) (17)
− Impossibility for material-recovery
from resin (12) (18)

− Possible deposition of char on fibre
surface (5) (6)
− Sensitivity of properties of recycled
fibres to processing parameters (5)
− Environmentally hazardous
off-gases (7)

◦ High retention of
mechanical properties
◦ Potential to recover
chemical feedstock
from the resin (4)
◦ No use of chemical
solvents

(2)

− Significant degradation of
mechanical properties (1)
− Unstructured, coarse and
non-consistent fibre architecture
− Limited possibilities for
re-manufacturing

Drawbacks

◦ Recovery of both fibres
and resin (1)
◦ No use or production
of hazardous materials

Advantages

Table 2: Summary analysis of different recycling processes.

◦ High tolerance to
contamination (1) (12)
◦ No presence of residual
char on fibre surface (13)
◦ Well established and
documented process

Pyrolysis
(see Section 2.2)

Fluid. bed proc.
(see Section 2.3)

Chemical
(see Section 2.4)

moset); the fibres are released and collected, and either energy or molecules can be
recovered from the matrix. Fibre reclamation may be preceded by preliminary operations e.g. cleaning and mechanical size–reduction of the waste.
Fibre reclamation processes are particularly suitable to CFRPs: carbon fibres have
high thermal and chemical stability (Pickering 2006), so usually their excellent mechanical properties are not significantly degraded (especially regarding stiffness). Generally,
the rCFs have a clean surface (Figure 4a) and mechanical properties comparable to
the virgin (v-) precursors (Figure 5); nevertheless, some surface defects (pitting, residual matrix and char, Figure 4b) and strength degradation (especially at longer gauge
lengths, Heil et al. 2009) have also been reported.

(a) Clean recycled fibres.

(b) Recycled fibres with char residue.

Figure 4: Scanning–electron microscopy of recycled (through pyrolysis) carbon fibres (Wong et al.
2009a).
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(a) Young’s modulus.

Pyrolysis Fluid. Chemical
bed
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Figure 5: Mechanical properties of recycled carbon–fibres and their virgin precursors (Jiang et al. 2009,
2008, Panesar 2009); see Sections 2.2 (pyrolysis), 2.3 (fluidised bed process), and 2.4 (chemical).
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Table 3: Mechanical properties of recycled CFs reclaimed through different processes.
Process

Recycler(?)

Pyrolysis

RCFL (2009)

Chemical

Fluid.
bed

(1)

Hexcel AS4

Meyer et al. (2009)
Karborek (1999)

Fibre type

(2)

E f (GPa)

(†)

XTf (GPa)

(†)

231(+0.4%) 3.69(+2%)

Toho HTA

SIF (MPa)

(†)

42(−2%)

3.57(−4%)

Toray T800

222(−12%)

4.62(−10%)

Lester et al. (2004)

Grafil 34-700

210(−13%)

3.26(−20%)

Jiang et al. (2008);
Wong et al. (2007b)

Toray T600S

218(+4%)

3.18(−34%)

Allred et al. (2001)

Hexcel AS4

Pinero-Hernanz et al. (2008a)

Toray T600S

205(−15%)

4.00(−2%)

Jiang et al. (2009)

Toray T700S

225(−2%)

5.20(−0.3%)

99(+41%)

62(+3%)

3.37(−9%)
62(−9%)

(?)

See Sections 2.2 (pyrolysis), 2.3 (fluidised bed process), and 2.4 (chemical recycling).
Values between brackets represent relative difference to virgin fibre.
(1)
Mechanical properties measured by Connor (2008).
(2)
Mechanical properties measured by Heil et al. (2009).
(†)

After reclamation, the recycled fibres are usually re-impregnated with new resin to
manufacture recycled CFRPs (rCFRPs, Section 3). In addition, rCFs have also been
used in non-structural applications (Section 4.3).
An overview on fibre reclamation processes is given in Sections 2.2 to 2.4. A critical
comparison between them is established in Table 2, while Figure 5 and Table 3 present
the mechanical properties of recovered fibres.
2.2. Pyrolysis
Pyrolysis, the thermal decomposition of organic molecules in an inert atmosphere
(e.g. N2 ), is one of the most widespread recycling processes for CFRP. During pyrolysis,
the CFRP is heated up to 450 ◦ C to 700 ◦ C in the (nearly) absence of oxygen; the polymeric matrix is volatilised into lower–weight molecules, while the CFs remain inert and
are eventually recovered (Marsh 2008, Meyer et al. 2009). Advantages, drawbacks and
current implementations of pyrolysis are summarised in Table 2; mechanical properties
of reclaimed fibres are presented in Table 3.
In the UK, the Milled Carbon Group started developing a pyrolysis process for
CFRP in a pilot–plant in 2003, and finally upgraded to “the world’s first commercial
scale continuous recycled carbon fibre operation” and formed Recycled Carbon Fibre
Ltd. (RCFL 2009). Their process is implemented as a semi–open continuous–belt furnace with controlled atmosphere to avoid char formation; it complies with all legislation
on the treatment (post-combustion) of off-gases, and the resin’s calorific value is recovered and fed back in the process (material recovery from the polymer is not economically
viable, Alsop 2009). The company has successfully reclaimed fibres from virtually all
types of waste (Figure 1); the large dimensions and continuity of the furnace belt allow
for entire out–of–date pre-preg rolls to be recycled while maintaining the architecture of
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the reinforcement. The group recently launched Green Carbon Fibre Ltd. (GCF 2010)
for commercialisation of recycled products (e.g. milled and chopped fibres or pellets).
The Japan Carbon Fiber Manufacturers Association (JCMA 2006) started working
on CFRP recycling in 2006. JCMA currently runs a pyrolysis plant, but details on the
process itself and mechanical properties of fibres have not been disclosed (Wood 2010).
In the USA, Materials Innovation Technologies RCF (MIT-RCF) was created by the
homonymous “advanced–materials solutions developer” company (MIT 2010), which
had started recycling CFRP in 2008 using an undisclosed pyrolysis process (Janney
et al. 2009). Their approach includes a preliminary step of chopping the feedstock
to a consistent length; after pyrolysis, an in–house developed manufacturing process
(three dimensional engineered preforming, 3–DEP) proved to be particularly suitable
for re-manufacturing (Section 3).
In Germany, CFK Valley Stade Recycling GmbH & Co. KG (CFK 2007) uses a
continuous pyrolysis process (complemented with an oxidation step for char removal)
developed together with the Technical University of Hamburg–Harburg and ReFiber
ApS (Meyer et al. 2007). The process is suitable for several types of CFRP waste, and
the main products comprise milled fibres, chopped fibres, and textile products (CFK
2007, McConnel 2010).
In Italy, Karborek S.p.a. (Karborek 1999) uses a combined pyrolysis and upgrading
(in oxygen) patented process to recycle the fibres and avoid char formation (Cornacchia
et al. 2009); although fibre–length is preserved during reclamation, Karborek’s main
products are milled and chopped rCFs, as well as blended non-woven veils with carbon
and thermoplastic fibres (Section 3.3).
A variation of the pyrolysis process, using a continuous microwave approach (which
avoids char formation, Lester et al. 2004) has been implemented by Firebird Advanced
Materials, Inc., in the USA (Hunter 2009).
In Germany, HADEG Recycling Ltd. (HADEG 1995, working in collaboration with
the Technical University of Hamburg–Harburg) reclaims CFs by pyrolysis, and also
commercialises unprocessed manufacturing remainings (dry CF rovings or fabrics, and
uncured pre-preg cut–offs).
2.3. Oxidation in fluidised bed
Oxidation is another thermal process for CFRP recycling; it consists in combusting
the polymeric matrix in a hot and oxygen–rich flow (e.g. air at 450 ◦ C to 550 ◦ C). This
method has been used by a few researchers (Jody et al. 2004), being the fluidised bed
process (FBP) the most well–known implementation (Pickering 2006).
FBP has been developed and implemented by Pickering et al. (2000) at the University of Nottingham. Advantages and drawbacks of FBP are summarised in Table 2;
mechanical properties of the reclaimed fibres are presented in Table 3.
During recycling, CFRP scrap (reduced to fragments approximately 25 mm large)
is fed into a bed of silica on a metallic mesh. As the hot air stream passes through
the bed and decomposes the resin, both the oxidised molecules and the fibre filaments
are carried up within the air stream, while heavier metallic components sink in the
10

bed; this natural segregation makes the FBP particularly suitable for contaminated
EoL components. The fibres are separated from the air stream in a cyclone, and the
resin is fully–oxidised in an afterburner; energy–recovery to feed the process is feasible
(Pickering 2006, Pickering et al. 2000, Yip et al. 2002).
2.4. Chemical recycling
Chemical methods for CFRP recycling are based on a reactive medium — e.g. catalytic solutions (Allred et al. 2001), benzyl alcohol (Nakagawa et al. 2009), and supercritical fluids (Goto 2009, Jiang et al. 2009, Pinero-Hernanz et al. 2008a,b) — under
low temperature (typically < 350 ◦ C). The polymeric resin is decomposed into relatively large (and therefore high value) oligomers, while the CFs remain inert and are
subsequently collected (Marsh 2009).
Advantages, drawbacks and current applications of chemical recycling are summarised in Table 2; mechanical properties of reclaimed fibres are presented in Table 3.
In the USA, Allred et al. (2001) developed a “catalytic tertiary recycling process”
for CFRP, in Adherent Technologies, Inc. (ATI 1994). The standard method consists
on a proprietary low–temperature liquid catalysis (Allred et al. 2001), although contaminated waste may undergo a complementary dry pyrolysis step (Gosau et al. 2009a);
with scrap preparation and post–treatment units, the whole process is automated and
runs continuously (ATI 1994). The centre recycles both manufacturing waste (Allred
et al. 2001, Gosau et al. 2009a) and EoL components (Connor 2008, Gosau et al. 2009b);
the rCFs are marketed either milled or chopped, while resin products are recovered as
fuels or chemical feedstock (ATI 1994).
In Japan, Nakagawa et al. (2009) developed a CF–epoxy recycling process using
benzyl–alcohol and a catalyst in a N2 atmosphere. The plant (Hitachi 2010) includes a
distillation system for cleaning the reaction fluid (which is then re-introduced in the system) and recovering resin–based products; it has reclaimed CFs from EoL components
of sports and aeronautics industry.
Supercritical fluids (SCFs) are fluids at temperatures and pressures (typically just)
above the critical point; at this stage, the fluid presents itself in one single supercritical
phase, while having combined characteristics: liquid–like density and dissolving power,
and gas–like viscosity and diffusivity (Eckert et al. 1996). SCFs can therefore penetrate
porous solids and dissolve organic materials, while still being relatively innocuous under
atmospheric conditions (Hyde et al. 2006). Several types of SCF (usually coupled with
alkali catalysts) have been used for CF recycling, such as water (Pinero-Hernanz et al.
2008a), methanol (Pinero-Hernanz et al. 2008b), ethanol (Pinero-Hernanz et al. 2008b),
acetone (Pinero-Hernanz et al. 2008b), and propanol (Hyde et al. 2006, Jiang et al. 2009,
Pinero-Hernanz et al. 2008b). Chemical recycling with SCFs is a more recent approach;
it is nevertheless already recognised for producing rCFs with virtually no mechanical
degradation — especially when using propanol — and for allowing recovering useful
chemicals from the matrix (Marsh 2009, Pickering 2009, Warrior et al. 2009).
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3. Composites re-manufacturing
3.1. Introduction
The second phase of CF reclamation processes (overview in Figure 3b) consists on
re-impregnating the reclaimed fibres with a new matrix (Figure 6).
The rCFs are usually fragmented into short lengths, as a result of (i) size reduction of CFRP waste before reclamation, (ii) fibre breakage during reclamation, and
(iii) chopping of the fibres after reclamation. In addition, all fibre reclamation processes remove the sizing from the fibres, so the recyclate is in a filamentised, random,
low–density–packing (fluffy) form (Figure 7). Therefore, the existing manufacturing
processes — developed for virgin materials, typically available as sized tows — must be
adapted to the unique recycled–fibre form (Pickering 2009, Warrior et al. 2009).
An overview on re-manufacturing processes is given in Sections 3.2 to 3.5. A critical
comparison between them is established in Table 4; Figure 8 and Table 5 present the
mechanical properties of the different types of rCFRP.

+ new matrix

Inject. mould.
BMC compr.

rCFRP by
direct moulding

Random, low–density–packing rCF

Woven rCF

Papermaking
Preforming
Carding

+ wet alignment

+ new matrix

Random non-woven
rCF product
+ new matrix

Aligned
rCF product
+ new matrix

Compr. mould.

Compr. mould.
Autoclave

rCFRP by
compr. non-woven

rCFRP with
aligned mats

Resin infusion
RTM

rCFRP
woven

Figure 6: Re-manufacturing of rCFRPs.

Figure 7: RCFs in a typical unsized, random, low–density–packing (“fluffy”) form (Pickering 2009).
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− Need for nearly perfect
alignment to significantly
improve packability (2)
− Need for substantial
development of processes

◦ Improved uniaxial mechanical
properties (11)
◦ Possibility of tailoring the lay-up of
rCFRP laminates
◦ Potential for preserving fibre length
and achieving higher reinforcement
fractions (2) (11)

− Applicability currently reduced
to pre-preg EoL rolls
− Experimental realisation of
theoretical mechanical
properties still to be measured

· Allen (2008)
· Meredith (2009)
· George (2009)

· Turner et al. (2009),
Howarth and Jeschke (2009),
Wong et al. (2009b)
– papermaking technique
· Janney et al. (2007) – 3-DEP
· Wong et al. (2009a)
– centrif. align. rig
· Wong et al. (2009b)
– yarn spinning

· Pickering et al. (2006),
Turner et al. (2009),
Wong et al. (2007b, 2009a)
· Janney et al. (2009)
· Nakagawa et al. (2009)
· Szpieg et al. (2009b)
· Cornacchia et al. (2009)

· Wong et al. (2007a) – IM
· Connor (2008) – IM
· Pickering et al. (2006),
Turner et al. (2009),
Warrior et al. (2009) – BMC

(?)

(†)

T
D
D

P
(un.)
(EP)
(un.)
(un.)

P
P
(EP,UP)
(un.)

P,T

P,T,D
T,D
P,T
P
(EP,UP)
(UP)
(rPP)
(PP)
(EP)

P,T,D

P,T
T
P,T,D

Focus

(EP)

(PP)
(PC)
(EP,VE)

Implementation
Manufacturer
Matrix

(†)

Key for Matrix: (r)PP: (recycled) polypropylene; PC: polycarbonate; EP: epoxy resin; VE: vinylester resin; UP: unsaturated polyester; un.: unknown.
Key for Focus: P: process development; T: mechanical testing; D: demonstrator manufacturing (see Table 8).
(1)
Astrom 1997; (2) Turner et al. 2009; (3) Connor 2008; (4) Pickering et al. (2006); (5) Strong and Ploskonka (1989); (6) Pimenta et al. (2010a); (7) Wong
et al. (2007b); (8) Carberry (2009); (9) Janney et al. (2009); (10) Wong et al. (2009a); (11) Wong et al. (2009b);

(?)

◦ Structured architecture with
continuous fibres and high
reinforcement content
◦ Simplicity of manufacturing
processes
◦ Applicable demonstrators already
manufactured

− Common fibre damage during
compression moulding (6) (10)
− Competing market dominated
by relatively cheap materials (8)

◦ Processes requiring minor
adaptations only (5)
◦ Processes widely used for rCFRP
and well documented
◦ Mech. properties comparable to
virgin structural materials (6) (7)
◦ Potential application in automotive
and aircraft industries (8) (9)

(2) (11)

− Very low fibre contents
(V f < 20%)
− Reduced fibre length (2)
− Difficult processing due to rCFs’
filamentised form (2) (3) (4)

◦ Processes already established (1)
◦ Mechanical performance compatible
with low– or medium–end structural
applications

Drawbacks

Advantages

Process

Table 4: Summary analysis of different re-manufacturing processes.

Direct mould.
(see
Section 3.2)

Compr. mould. of
non-woven products
(see Section 3.3)

Compr. mould. of
aligned mats
(see Section 3.4)

Impregnation
of woven
(see Section 3.5)
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E ρ 10 6 m 2 s 2 

X ρ 10 3 m 2 s 2 
300

50
40

200

0

rCFRPs

0

Virgin
materials

rCFRPs

(a) Specific stiffness.

GFRP

Aluminium

Aligned mat

3-DEP

2D non-woven

100
GFRP

Aluminium

Aligned mat

10

3-DEP

20

2D non-woven

30

Virgin
materials

(b) Specific strength.

Figure 8: Mechanical properties of rCFRPs vs. conventional structural virgin materials. RCFRPs (see
Sections 3.3 and 3.4) were produced from 2D non-woven mats (Wong et al. 2007b), 3-DEP process
(Janney et al. 2009), and aligned mats (Turner et al. 2009); virgin materials (Wong et al. 2007b) are
Aluminium 2024-T4 and GFRP for aircraft interiors (phenolic resin, V f = 31%, short fibres).

Table 5: Mechanical properties of recycled CFRPs manufactured through different processes.
Process
Mechanical
recycling
Injection
moulding

Manufacturer(?)
Takahashi et al. (2007)
Ogi et al. (2007)

Vf
(%)

ET
(GPa)

XT
(MPa)

PP

24

21 (a)

101 (a)

24

12

102

19

19

16

126

27

16

14

124

10

20

71

EP

30

25

207

UP

16

ABS

Wong et al. (2007a)

PP

Connor (2008)

PC

BMC compr.

Turner et al. (2009)

Compr. mould.
of non-woven
products

Wong et al. (2009a)

Compr. mould.
of alig. mats

Matrix

Nakagawa et al. (2009)

EP
(d)

(b)

(c)

5.5

Janney et al. (2009)

EP

34

23

Turner et al. (2009)

EP

44

80

(?)

(e)

Uimp 
kJ/m2

8

90
400 (e)
422

35

See Sections 2.1.2 (mechanical recycling), 3.2.2 (injection moulding), 3.2.3 (BMC compression),
3.3 (compr. mould. of non-woven products), and 3.4 (compr. mould. of aligned mats).
(a)
Along preferential fibre direction.
(b)
With 5% (over fibre weight fraction) of G3003 MAPP coupling agent.
(c)
Filled with calcium carbonate, moulded at 2 MPa.
(d)
Recycled–CF feedstock with lf = 25 mm.
(e)
Flexural properties.
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3.2. Direct moulding
3.2.1. Overview
Injection moulding (IM) and bulk moulding compound (BMC) compression are two
direct methods of remoulding rCFs into recycled composites. Advantages, drawbacks
and applications of these processes are summarised in Table 4, and the mechanical
properties of the composites are presented in Table 5.
3.2.2. Injection moulding
During IM, a mixture of resin (typically a thermoplastic), rCFs (short or milled)
and fillers / additives is pre-compounded into pellets, which are subsequently injected
into a mould (at 10 MPa to 100 MPa) (Astrom 1997).
Wong et al. (2007a) injected rCFs (from FBP) with polypropylene (PP). The addition of coupling agents (maleic anhydride grafted polypropylene, MAPP) improved
fibre–matrix adhesion and thus the overall mechanical properties (Table 5).
Connor (2008) manufactured and compared the performance of two injected CFRPs:
one with virgin and another with recycled (from RCFL) carbon fibres. The recyclate
(Table 5) was 25% less stiff than the virgin control; strength reduction was less pronounced (12%), likely due to an improved fibre–matrix adhesion in the recyclate. The
same process was not successful with fibres from ATI (1994), because of their more
dispersed structure and poorer fibre–matrix adhesion.
3.2.3. BMC compression
BMCs are intermediate products made by mixing resin (typically a thermoset),
rCFs, fillers and curing agents into bulky charges; this premix is subsequently compression moulded (under 3.5 MPa to 35 MPa) into a component (Allen 2008, Astrom
1997).
Pickering et al. (2006) and Turner et al. (2009) moulded several BMCs with rCFs
from the FBP and SCFs. The formulation of the BMC was tuned so as to overcome the
poor flow properties of the resin and the filamentised and entangled form of the fibres.
The main factors affecting the mechanical performance of the rCFRPs (especially the
strength) were the fractions of fillers and of rCFs. The mechanical performance of
the rCFRPs (optimised properties in Table 5) was superior to that of commercial glass
BMCs (Warrior et al. 2009); however, it is not clear whether these rCFRPs can compete
in price (Pickering et al. 2010).
3.3. Compression moulding of intermediate non-woven products
The production and subsequent re-impregnation of 2D or 3D rCF non-woven dry
products (with a short and random reinforcement architecture, Figure 9a) is one of the
most widely used manufacturing processes for rCFRPs.
Several methods to produce the intermediate dry non-woven products are summarised in Table 6; the potential for fibre alignment (detailed in Section 3.4) is highlighted. Most techniques are similar to the production of Chopped Strand Mats (mostly
applied to vGFRP, Strong and Ploskonka, 1989) or paper (TFP 2010).
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1.0

Moulding
pressure (MPa)
random
mats

0.5

aligned
mats

V f %

0.0
0

(a) 3D preform with random fibre
orientation (Janney et al. 2009).

(b) Aligned 2D mat
(Howarth and Jeschke
2009).

10

20

(c) Required moulding pressure
for 2D mats (Turner et al. 2009).

Figure 9: Intermediate non-woven rCF products for compression moulding.
Table 6: Overview on manufacturing processes for non-woven intermediate products.
Overview
(see Section 3.3)

Fibre alignment
(see Section 3.4)

Process

Manufacturer

Papermaking
technique

Turner et al.
(2009), Wong et al.
(2007b, 2009a)

Industrial wet papermaking
(Howarth and Jeschke 2009,
TFP 2010, Wong et al. 2009b)

Controllable preferential
alignment along moving belt

Wet
dispersion

Szpieg et al.
(2009b)

In-house developed wet mixer

Not possible in
current configuration

Carding
process

Cornacchia et al.
(2009)

Dry carding of rCF and
thermoplastic fibre hybrid mats

Unknown

Carding
process

Nakagawa et al.
(2009)

Dry carding of rCF mats

Unknown

3-DEP
process

Janney et al.
(2007, 2009)

Deposition of chopped fibres on
a 3D forming screen

Controllable alignment using
multi-motions deposition tool

The 2D or 3D non-woven dry products are then either compression moulded with
resin layers (Pickering et al. 2006, Szpieg et al. 2009b), or re-impregnated through a
liquid process (Janney et al. 2009). Advantages, drawbacks and applications of these
processes are summarised in Table 4; mechanical properties of the rCFRPs are presented
in Table 5.
Pickering et al. (2006), Turner et al. (2009) and Wong et al. (2007b, 2009a) produced
2D mats (in collaboration with Howarth and Jeschke, 2009, TFP 2010) with rCFs
reclaimed through several processes (FBP, pyrolysis and SCF). Wong et al. (2009a)
found that the random and filamentised form of the rCFs (enhanced by a filamentisation
step) yielded mats with high loft and low permeability; this increased the moulding
pressures (up to 14 MPa for V f = 40%), which consequently damaged the fibres during
manufacture (down to only 10% of fibres longer than the critical length). Because of
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these issues, the rCFRP tensile strength saturated at V f = 30% (Wong et al. 2007b,
2009a); nevertheless, fibre–matrix adhesion was good, and the specific stiffness and
strength of the optimised rCFRP compared favourably with virgin materials (Table 5
and Figure 8). Current work focuses on improving the mat–flow properties (e.g. by
using thin mats down to 10 gsm, performing pre-compaction, reducing binder levels,
filling the resin, Turner et al. 2009, Warrior et al. 2009), and studying alternatives to
compression moulding (e.g. autoclave and out–of–autoclave curing, Turner et al. 2009,
Warrior et al. 2009).
Janney et al. (2007, 2009) developed the three dimensional engineered (3-DEP) preforming process, initially for virgin fibres but also applicable to recyclates; the process
consists on the deposition of chopped fibres (dispersed in water) on a porous forming
screen mounted on a deposition tool, through application of vacuum (MIT 2010). The
multiple–motions of the deposition tool enabled manufacturing of complex 3D parts
(Figure 9a), with controlled fibre placement and orientation if required (detailed in
Section 3.4). The researchers found that using constant fibre–lengths within each plate
improved the permeability of the preforms during compression moulding (at 1.7 MPa)
and, consequently, the mechanical performance of the rCFRP (Figure 8 and Table 5).
Nakagawa et al. (2009) manufactured sheet moulding compounds (SMCs) by carding
the rCFs. The composite’s tensile strength (Table 5) increased with the length of the
rCFs fed to the carding machine up to a saturation point at lf ≈ 40 mm.
Szpieg et al. (2009b) produced fully–recycled composites, with milled rCFs (supplied
f
by HADEG Recycling Ltd., lavg
≈ 200 µm) and reprocessed PP PURE manufacturing
scrap (Szpieg et al. 2009a). Overall fibre content was 25% < V f < 30%, but resin rich
regions were present; nevertheless, void content was only 1%. Giannadakis et al. (2010)
studied the material’s mechanical response, including non-linear visco-elastic and plastic
effects; current work focuses on improving performance.
Cornacchia et al. (2009) manufactured hybrid non-woven mats with their in-house
recycled CFs and PP fibres, using a carding process and subsequent compression moulding (at 8 MPa for V f = 30%).
3.4. Fibre alignment
Fibre alignment (Figure 9b) is a key point to improve the mechanical performance
of composites manufactured with discontinuous rCFs (Pickering 2009): not only the
composite’s mechanical properties improve along preferential fibre direction, as manufacturing requires lower moulding pressures (Figure 9c) and smoother fibre–to–fibre
interactions (Turner et al. 2009, Wong et al. 2009b).
Advantages, drawbacks and applications of compression moulding of aligned mats
are summarised in Table 4; mechanical properties of the rCFRPs are presented in
Table 5.
The modified papermaking technique developed by Pickering (2009), Turner et al.
(2009) and Warrior et al. (2009), in collaboration with Howarth and Jeschke (2009, TFP
2010), is a proprietary adaptation of the manufacturing process for random non-woven
2D mats. Currently, up to 80% of the theoretical UD alignment is reached (Figure 9b),
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using shorter rCFs and thin mats (down to 10 gsm). This method yielded rCFRPs with
the highest mechanical properties ever reported (Figure 8 and Table 5); however, the
filamentised rCF form reduced the impact energy to half of that typically measured
for GFRP SMCs (Turner et al. 2009). Ongoing work focuses on improving packability
of mats and through–the–thickness uniformity of alignment (Turner et al. 2009, Wong
et al. 2009b).
The 3-DEP process (Section 3.2) developed by Janney et al. (2007) was used to
produce a vCFRP cone with fibres preferentially aligned circunferentially; this was
achieved by adjusting the position and motion of the deposition tool.
A centrifugal alignment rig was presented by Wong et al. (2009b); it uses a rotating
drum equipped with a convergent nozzle, which aligns a highly–dispersed suspension of
rCFs. The use of shorter fibres (down to lf ≈ 5 mm) improved the rCFRP alignment
obtained (up to 90%).
A yarn spinning technique is under development by Wong et al. (2009b), within the
FibreCycle project (Marsh 2009). Wet dispersions of rCFs are transported through a
pipe with an induced vortex; under optimised conditions, spun yarns with 50 filaments
and 60 mm long are produced.
3.5. Woven rCFRP
As some recycling processes can preserve the reinforcement architecture of the waste
(Section 2), it is possible to recover the structured weave from large woven items, e.g.
out–of–date pre-preg rolls, EoL aircraft fuselage, or pre-preg trimmings from large components; re-impregnating (through e.g. resin transfer moulding (RTM) or resin infusion)
the recycled weave fabrics then produces woven rCFRPs. With currently available recycling processes, stiffness and strength could theoretically reach more than 70GPa and
700 MPa respectively; moreover, fabrics reclaimed from pre-preg rolls would be fully
traceable. Advantages, drawbacks and applications of this process are summarised in
Table 4.
Allen (2008) used woven fabrics from undisclosed recyclers; the mechanical properties of the rCFRPs were poor when compared to similar vCFRPs (especially tensile
strength), due to fibre degradation during recycling.
Meredith (2009) applied woven rCFRP to non–critical parts of an environmentally
sustainable Formula-3 car (Figure 10c); the car also uses other recycled and natural
materials (e.g. potato starch) and bio-fuels (e.g. derivatives from chocolate oil).
George (2009) produced a rCFRP tool (Janicki 2010) for composite lay–up in aircraft
manufacturing.
4. Discussion
4.1. State of the art and outlook in recycling and re-manufacturing technologies
Three methods for recovering clean fibres from CFRP waste were identified: pyrolysis, oxidation in fluidised bed, and chemical recycling (Table 2). Pyrolysis is currently the only process with commercial–scale implementations (JCMA 2006, MIT 2010,
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(a) Wing mirror covers
(BMC compression, Warrior
et al. 2009).

(b) Aircraft seat arm–rest (3-DEP
process, George 2009).

(c) Rear or WorldFirst F3
car (woven re-impregnation,
Meredith 2009).

Figure 10: Examples of demonstrators manufactured with recycled CFs.

RCFL 2009); some chemical methods are advantageous regarding the mechanical performance of the rCFs (Jiang et al. 2009, Warrior et al. 2009), while the fluidised bed
process is particularly interesting for EoL components and contaminated waste (Pickering 2006).
Mechanical degradation is usually minor in all optimised processes apart from the
fluidised bed (Figure 5 and Table 3), although it depends on fibre type and length (Heil
et al. 2009). Current estimatives suggest that reclaiming rCFs requires only a small
fraction of the resources for producing vCFs (Table 7), so recycling CFRP appears to
be economically and environmentally viable. The main technical challenges relate now
to waste preparation, recycling of EoL parts, and quality control of rCFs (Hunter 2009,
Line 2009, Pickering 2009).
Research on rCFRP manufacturing is still on-going, as the entangled and unsized
rCF form requires existing methods to be adapted. Re-impregnating non-woven mats
is one of the most effective methods in terms of the mechanical performance of the
composites (Janney et al. 2009, Warrior et al. 2009, Wong et al. 2009a); properties are
at the level of structural virgin materials e.g. GFRPs, short–fibre CFRPs and aluminium
(Figure 8 and Table 5).
Further technical developments in re-manufacturing technologies are still needed,
especially regarding inducing fibre alignment, increasing fibre content, and decreasing
fibre damage during processing (Pickering 2009, Pimenta et al. 2010a). The performance of most rCFs is similar to that of virgin fibres, so recycled composites could
in principle reach the properties of vCFRPs with comparable architectures if suitable
re-manufacturing processes were developed.

Table 7: Estimated values for the cost of carbon fibres (Carberry 2008).

Fibre type
vCF
rCF

Manufacturing energy (kWh/kg)
55 – 165
3 – 10
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Price (£/kg)
20 – 40
11 – 16

Table 8: Demonstrators manufactured with recycled CFs.
Virgin
component

CF
recycler
(see Section 2)

rCFRP
manufacturer
(see Section 3)

Wing mirror
cover

Unknown

Unknown

Warrior et al.
(2009)

UP

Car door
panel

Unknown

Unknown

Warrior et al.
(2009)

EP

Corvette wheelhouse

EoL F-18 aircraft
stabiliser

RCFL (2009)

Janney et al.
(2009)

UP

Aircraft seat arm rest
(George 2009)

Aircraft testing &
manufact. waste

Janney et al.
(2009)

Janney et al.
(2009)

EP

Driver’s seat of a Student
Formula SAE car

Tennis rackets

Nakagawa et al.
(2009)

Nakagawa et al.
(2009)

UP

Rear structure of
WorldFirst F3 green car

Outdated woven
pre-preg

RCFL (2009)

Meredith (2009)

EP

Tool for composite
lay-up

Outdated woven
pre-preg

RCFL (2009)

George (2009)

un.

rCFRP
demonstrator(?)

rCFRP
matrix(†)

(?)

Additional information can be found in the reference associated with the rCFRP manufacturer,
unless otherwise here specified.
(†)
Key for rCFRP matrix: EP: epoxy resin; UP: unsaturated polyester; un.: unknown.

A few structural components have been manufactured with rCFRPs as technology
demonstrators: crashworthy and secondary components for the automotive industry,
components for aircraft interiors, and tooling (Figure 10 and Table 8).
4.2. Forthcoming challenges to the commercialisation of rCFs
In addition to the technical challenges identified in the previous section, the major
current challenge to CFRP recycling operations is the establishment of a sound CFRP
recycling chain supporting the effective commercialisation of recycling processes and
products. The main issues to overcome, as identified by academics, recyclers, end-users
and governments, are:
• Global strategy: organised networks for CFRP recycling (Table 1) — bringing
together suppliers / users (composite–related industries), recyclers and researchers
— must be created, so as to understand the current state of the art and plan for
future developments on the topic according to industrial needs (BIS 2009).
• Incentives for recycling: governments should support the option of recycling; this
could involve not only penalties for non-recyclers (e.g. landfilling taxes) but also
direct privileges (e.g. carbon credits) for companies recycling their CFRP waste
(Line 2009).
• Implementing suitable legislation: there is currently a void in specific legislation covering the CFRP recycling operations. For instance, the classification of
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pyrolysis processes for CFRP recycling should be distinguished from that of traditional pyrolysis processes (Alsop 2009); a suitable classification of CFRP waste
for international transport to recycling units needs to be approved.
• Logistics and cooperation in the supplying chain: waste suppliers must cooperate
with recyclers, which includes supplying the waste in a continued and suitable
form (Hunter 2009, Marsh 2008) and providing the recyclers with material certificates whenever possible (e.g. for out-dated prepreg rolls) (Line 2009). Conversely,
recyclers must ensure that materials and components supplied will not undergo
reverse engineering.
• Market identification and product pricing: this requires that (i) characteristics
and properties of different rCFRPs are known, (ii) their processing times and
costs are assessed, and (iii) the value for the recycled label is established (Line
2009).
• Life–cycle analysis: the environmental, economic and technical advantages of
rCFRPs over other materials and disposal methods can be estimated only through
cradle–to–grave analyses of the whole CFRP life–cycle.
• Market establishment: ultimately, the major current challenge for the success
of CFRP recycling is the establishment of a market for the recyclates; this is
recognised by leading researchers (Pickering 2006, 2009), CF recyclers (Line 2009),
CF users (George 2009), and analysts (McConnel 2010, Wood 2010). Creating a
market requires all the previous issues to be overcome, so rCFs are accepted as
an environment–friendly and cost–effective material.
4.3. Development of structural applications for rCFRPs
One of the most promising applications for rCFRPs consists of non-critical structural components (George 2009, Pickering 2006, 2009). Although there are currently
non-structural applications for rCFs — e.g. industrial paints, construction materials,
electromagnetic shielding, high performance ceramic brake discs, fuel cells (Curry 2010,
Howarth and Jeschke 2009, Panesar 2009, Pickering 2006) — structural applications
would fully exploit the mechanical performance of the fibres, thus increasing the final
value of recycled products.
The aeronautics industry is particularly interested in incorporating rCFRPs in the
interiors of aircraft (Carberry 2009, George 2009), as long as the materials are traceable
and their properties consistent (which may easily achieved when the feedstock is manufacturing waste). Certification of recycled materials might not be viable in the short
term, and it is recognised that rCFRPs should be allowed to mature in non-aeronautical
applications first (George 2009); nevertheless, the involvement of aircraft manufacturers in CFRP recycling (e.g. in AFRA (2006) and PAMELA (2008) projects) and their
effort in identifying suitable applications for the recyclates (specifically in aircraft interiors) suggests that rCFRPs might be incorporated back into non-critical aeronautical
applications in a foreseeable future.
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There is also scope to manufacture automotive components with rCFRPs, not only
for technical or economic reasons, but also to boost green credentials. As legislation
tightened regarding recyclability and sustainability (EU 2000/53/EC 2000), the automotive industry grew interest for natural composites (Ellison and McNaught 2000),
which are nowadays widely used in mass production despite some associated problems
(e.g. consistency of feedstock); rCFRPs could follow as an environmental–friendly material with improved mechanical performance.
Currently, structural demonstrators manufactured with rCFRPs are aimed at aircraft or automotive industries (Figure 10, Table 8); other markets have also been identified, such as construction industry, sports and household goods, and wind turbines
(Pickering 2006, Pickering et al. 2010). Table 9 provides a comprehensive overview
of potential applications for several types of rCFRPs; this is complemented by specific applications currently manufactured with virgin materials, to allow for a direct
comparison regarding manufacturing methods and mechanical properties.
4.4. Multiscale analysis of the mechanical response of rCFRPs
General studies on the mechanical behaviour of rCFRPs (Connor 2008, Giannadakis
et al. 2010, Janney et al. 2009, Nakagawa et al. 2009, Turner et al. 2009, Wong et al.
2009a) are valuable to validate the recycling processes and to identify major weaknesses
in the recyclates. They also reveal how complex and unique the architecture of rCFRPs
can be, and how essential it is to investigate their mechanical response in-depth (Gibson
2010, Pickering 2009).
Understanding the relations between microstructure, mechanical properties and
damage mechanisms of rCFRPs provides informed guidance for reclaimers and manufacturers towards recyclates with optimal structural performance. Moreover, this understanding supports design methods for rCFRPs, which are essential for the establishment of a structural applications market. Given the urgency in closing the loop on
the CFRP life–cycle, analysing the mechanical response of rCFRPs at the micro and
macromechanical levels has become critical for the continued use of composites.

dispersed
phase

Gc(kJ/m2)
fibrebundle

6
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2

125 μm

(a) Fibres fractured during manufacture.

0
1 mm

(b) RCFRP architecture:
persed fibres and bundles.

dis-

0
5
10
15
(c) Increase of fracture toughness
near fibre bundles.

Figure 11: Aspects of the mechanical response of a non-woven random rCFRP (Pimenta et al. 2010a).
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◦ Automotive
semi-structural parts
◦ Equipment housing

◦ Automotive non-critical
structures
◦ Aircraft interiors
◦ Wind turbine non-critical
structures
◦ Automotive structures
◦ Wind-turbine structures

◦ BMC
compression
◦ C. mould.
non-woven
mats
◦ C. mould.
non-woven
mats
◦ C. mould.
aligned mats
◦ Lay-up of
aligned
pre-pregs
◦ Resin
infusion
◦ RTM

◦ Pyrolysis
◦ Fluid. bed
◦ Chemical

◦ Pyrolysis
◦ Fluid. bed
◦ Chemical

◦ Pyrolysis
◦ Chemical

◦ Pyrolysis
(pre-preg
rolls)

◦ Automotive non-critical
structures
◦ Aircraft interiors

◦ Automotive
semi-structural parts
◦ Construction materials
◦ Leisure and sports goods

◦ Injection
moulding
◦ C. mould.
non-woven
mats

◦ Pyrolysis
◦ Fluid. bed
◦ Chemical

(7)

(2)

· Car body panels (9)
· Wind turbine
critical layers (12)

(12)

Car rear wing (9)
Car decklid (10)
Aircraft seat structure (11)
Aircraft overhead bin (11)

Car door panel (5)
Carburator housing (6)
Car headlamp reflectors
Fridge handler (8)

Car dashboard (1)
Car underbody shielding
Plywood replacement (3)
Swimming googles (4)

· Car roof shell (9)
· Wind turbine
non-critical layers

·
·
·
·

·
·
·
·

·
·
·
·

CF+EP
GF+EP

CF+EP
GF+EP

CF+VE
GF+un.
Al 2024
GF+PF

GF+UP
GF+UP
GF+UP
GF+UP

GF+PP
GF+PP
GF+PP
CF+PA

53
38

31
22

27
12
73
20

(b)

(b)

(c)

(b)

(a)

450
711

234
367

152
120
469
167

36
37
48
44

200

15
14
13
12
12

100
60

5.3
4.5

(a)

(b)

(b)

(c)

(b)

Table 9: Potential structural applications for rCFRPs.
Possible processes
Foreseen
Examples of current solutions with virgin materials
Recycling
Manufacturing
markets
Material
ET
XT
(†)
(see Table 2)
(see Table 4)
for rCFRP
Component
( GPa) ( MPa)

(†)

Key for Type of rCFRP: TP: thermoplastic matrix; TS: thermosetting matrix.
Key for Materials: GF: glass fibre; PP: polypropylene; CF: carbon fibre; PA: polyamide; UP: unsaturated polyester; VE: vinylester resin; un.:
unknown; Al: aluminium; PF: phenolic resin; EP: epoxy resin.
(1)
Borealis 2009; (2) Quadrant 2007; (3) Quadrant 2010; (4) Blueseventy 2010; (5) Menzolit 2004a; (6) Menzolit 2004b; (7) BMCI 2010a; (8) BMCI
2010b; (9) Lexus 2009; (10) Menzolit 2008; (11) Wong et al. 2007b; (12) Kong et al. 2005.
(a)
Flexural property.
(b)
Calculated from specific properties, assuming same density as rCFRPs under comparison.
(c)
Aluminium is ≈ 2× denser than rCFRPs under comparison.

(?)

Woven
TS

Aligned
TS

Medium–
reinforced
TS

Low–
reinforced
TS

Reinforced
TP

Type
of
rCFRP(?)

A detailed multiscale mechanical study of a state–of–the–art rCFRP (manufactured
at the University of Nottingham with fibres reclaimed at RCFL) was performed at Imperial College London (Pimenta et al. 2010a); microstructure, mechanical properties,
and failure and toughening mechanisms were investigated, and the influence of recycling and re-manufacturing processes analysed. The study showed that the extensive
breakage of fibres during re-manufacturing lead to a considerable degradation of tensile
strength at the composite level (Figure 11a); in addition, it was found that fibre bundles
— held together by minimal amounts of residual matrix not completely pyrolysed —
increase the in-plane fracture toughness of the material (Figures 11b and 11c).
The work by Pimenta et al. (2010a) proved that a feature usually seen as a recycling
defect — incomplete removal of matrix — can actually enhance the mechanical response
of the recyclates, which illustrates the need for a comprehensive approach towards the
optimisation of processes. In addition, the experimental observations were used to
develop multiscale analytical models to predict the properties of recycled composites
(Pimenta et al. 2010b), which can be used in the design of rCFRP structural components. As recycling and re-manufacturing processes evolve, other types of rCFRPs can
be analysed in a similar framework.
5. Conclusions
A comprehensive overview on the state of the art and market outlook for CFRP
recycling operations was presented; recycling and re-manufacturing processes were reviewed, and the commercialisation challenges and potential markets for the recyclates
were identified.
A critical comparison between recycling processes proved each of them to have specific advantages and drawbacks, suggesting complementarity rather than competition.
Most of recycling processes yield rCFs with high retention of mechanical properties,
and a few commercial–scale plants already exist (Tables 2 and 3).
Re-manufacturing composites with rCFs was found to be challenging, especially
regarding achieving high mechanical properties; research is therefore still on-going.
Nevertheless, the mechanical performance of some rCFRPs overcomes that of some
conventional structural materials, and a few structural demonstrators for the automotive and aircraft industries have been manufactured (Tables 4 to 6 and 8).
It has been shown that establishing applications for the recyclates is the key to
finally close the loop in the CFRP life–cycle. The technical feasibility of re-introducing
the recyclates in the non-critical structural market has been demonstrated, and specific potential applications have been suggested (Table 9). Nevertheless, there are still
several non-technical issues which need to be overcome; in that sense, collaborative
organisations focusing on the whole chain of CFRP recycling are essential (BIS 2009).
Researchwise, more detailed, multiscale and systematic studies on the mechanical
performance of rCFs and rCFRPs are needed, so as to increase the acceptance of recyclates as structural materials by engineers and designers. It is also essential to perform
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life–cycle analyses of the several recycling and re-manufacturing methods, to assess cost
effectiveness and environmental impact of using rCFs.
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