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Abstract

The rapid rise in the applications of carbon fim@nforced polymer matrix
composites (CFRPs) is creating a waste recyclingllaige. The use of high-
performance thermoset polymers as the matrix mideesecovery of the fibres and the
resins extremely difficult. Implementation of aatifar economy that can eliminate
waste and re-use resources warrants the use okaffprocesses to recycle end-of-life
CFRP components and manufacturing wastes. To tisheerein we present a critical
review of the current technologies for recoveriagoon fibres and/or the polymers and
re-manufacturing CFRPs. New research opportuniiekkveloping new biodegradable
thermosets and thermoplastic matrices are alsonedtltogether with more radical

recycling strategies for the future.

" Corresponding Author: Phone: +61 7 34704102, Enteib.wang@usq.edu.au, Centre for Future
Materials, 37 Sinnathamby Boulevard, Springfieldhttal, QLD 4300, Australia

" Corresponding Author: Phone: +61 2 93853232, Enwhiun.h.wang@unsw.edu.au, School of
Mechanical and Manufacturing Engineering, Univgrsif New South Wales, Sydney, NSW 2052,

Australia



Keywords

A. Polymer-matrix composites (PMCs); B. Fibre/matstond; D. Mechanical testing;
E. Recycling

1 Introduction

Carbon fibre reinforced polymer matrix composité-RFP) materials are increasingly
used in a wide range of industries, including &nd, and sea vehicles, wind turbines,
storage tanks, and sports equipment. This soaengadd for CFRPs stems from their
high specific strength, high specific stiffnessyldensity, ease of integration for part
consolidation and multi-functionalities, and freed design. Driven by new targets of
lower CQ emissions and the need for light-weighting of ealar structures, the global
demand for composites in aerospace, constructiong wnergy and automotive is
projected to continue to grow at a compound anmgrawth rate (CAGR) of
approximately 6%, with the total market increasfrgm $26 billion in 2018 to $41.4
billion in 2025 [1, 2]. The global demand for canbiibre is expected to reach 117 kilo
tonnes (kt), and 194 kt for carbon fibre reinforgedymer or plastic (CFRP) in 2022,
which represents a CAGR of around 11.50% and 11.88%ugh the year 2010 [3].
The rapid growth in the adoption of CFRPs in ergtand emerging industry sectors
presents major environmental challenges in wasies) as off-cuts generated during
composite manufacturing (as much as 40%), and étitecCFRP products. The global
CFRP waste is projected to increase to 20 kt ahnbgl2025 [4]. With around 6000—
8000 commercial aircraft reaching their end-of-lifg 2030 [5], there is a clear and
exigent demand for developing economically-sustdmawaste management and

recycling techniques for CFRPs.

The production of carbon fibres is an energy-intenprocess that consumes around
198~595 MJ/kg [2]. As a result, carbon fibres pessaigher (approx. 10 times)
embodied energies than other synthetic fibres, agcblass fibres. Recycling the used
carbon fibres can hence significantly reduce thpatential environmental impact.
According to the recent literature, 38.4 MJ/kg mnsumed to recycle CFRP by a
chemical method [6], which is close to 10~30 % bé ttotal energy required to

manufacture virgin fibres.



CFRP recycling is often dictated by the propertéshe polymer matrix. Currently,
thermoset polymers (e.g., epoxy and unsaturategegiar) are mainly used as matrices
for structural CFRPs, representing around 80% &frper matrix composites (PMCs)
[7], attributed to their high mechanical strendtigh chemical and thermal resistance,
dimensional stability, and durability. However, tineversible cross-linked structure of
cured thermoset polymers leads to significant diffies in the recovery of the fibres
and the thermosetting polymer, since they, onced;ucannot be melted, remoulded,
reprocessed, or re-crosslinked into solid polyn8is The chemical degradation of
cross-linked thermoset networks occurs under agiyeshemical or high-temperature
reaction conditions, which can also cause damatfeeteecovered carbon fibres.

Researchers and industry are currently working tdgvacircular economy, which is
an industrial system aimed at reusing, remanufegu@nd recycling of products at
their end-of-life (EOL) stage. When reuse and ramfagturing, and further reselling of
products is impracticable, closed-loop recyclingxercised to retain materials in use
and circulation [9]. Recycling within the circulaaconomy is particularly deemed
effective when the physical characteristics of thaterial are conducive for easy
transformation. Overall, the circular economy aimas using renewable energy,
eliminating toxic chemicals, and eliminating wagig better design of materials,
products, systems and business models [10]. Thasegy has been reflected in some

recently published works [11, 12] on zero-waste ufiacturing.

This review aims to provide a comprehensive evalonatf the state-of-the-art in the
recycling of carbon fibres and CFRPs, and the otrend future applications of
recovered carbon fibres (RCFs). Within this revieiwe concepts of the circular
economy pertinent to the recycling of CFRPs ardiligbted in terms of EOL CFRP
transformation and manufacturing wastes to RCFsycted polymers, and re-
manufactured CFRPs. The development of recyclab&mosets, broader use of
thermoplastics matrices, and utilisation of low{co®ethods for separating thermoset

matrix from carbon fibre reinforcement will also scussed.



2 Carbon fibre composites market and recycling challenges

The global demand for CFRP is growing steadily athbthe established and new

sectors, causing challenges for recycling and magagaste.

2.1 Global market for carbon fibre composites

The demand for CFRPs has tripled from 2010 to 2020. 1) and is expected to
surpass 190 kt by the year 2050 [13-15]. The gl&@faRP demand in 201&iQ. 2a)
shows predominant CFRP use in aerospace, windneitilade, sport and leisure, and
automotive applications. Interestingly, the impleaéion of CFRPs in wind turbine
blade manufacturing has driven a higher volume2(34) utilisation, exceeding their
usage in traditional aircraft (32.8 kt) applicasBo€FRP pressure vessel applications for
gas and liquid storage constitute 8% or 11.4 kiglobal demand. However, when
analysed in terms of cost, the sector-wise didtioouof CFRP leans towards the
aerospace sector, which constitutes 73% of CFR&s dalg. 2b). Sport and leisure
commercial products amount to 7% of the revenuegeding CFRP usage in the
automotive sector (6%). The fraction of CFRP saiebe wind turbine and automotive

sectors are relatively low, owing to the usageowi-tost carbon fibres.
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Fig. 1. Global CFRP demand in kilo tonnes by year [16, 17].



A Global Carbon Fibre Demand by Application (Kilotonnes) b Global CFRP Demand by Sales (US$Billion) C Global CFRP Demand by Region (Kilotonnes)

Automotive Sport Goods Aerospace
Mouldlng Compound14.3 18.5 18 g Japan Eau1f%pe
71 10% 13% 7300 S 18.5 -
‘ _— 13% _29%
11.4 ) / Other N
b ( 0.25
Other Wind Energ \ 1%
57N ~34.2 Marine /‘
4% 24% 025
Marine /"% 1% !
29— / _Construction AS'?;’?C'“C |
2% ' \Wind Ener // 0.5 : [
” Construction J 10 ggon Goods Moulding Préssure 20 12% North Ameri
7 Aerospace 4% 17  AutomotiveCompoundVessel Other orth America
o ° 57
4% 328 79% 15 0.7 8.6
23% ° 6% 3% 3% 6% 40%
Global CFRP Demand by ing Pi il Global Carbon Fibre Demand by Application (Kilotonnes) Global CFRP Waste from Commercial Aeronautical Sector
Moulding Compound RTM Automotive Sport Goods by Region (Kilotonnes)
14.3 Mouldlng Compound11 15 Africa & Middle East Oceania
Pultrusion & 1\5/° 10% Wet1L0ayup - 5\ 10% 13% 61 09 Latin Amerlca

T3 _~
Filament Winding _— 18% . 26%
371 i

/79 |Pressure Vessel, - JG 7 %
- 94

- Oéhger poo North Amenca
o o~
2% |Otper Wind Energy E47P®
o [Oth o7 23/0
N 23?\\
24%

4%
Marine
P 2%Construction v
repre: . /
5;) g 30}3 Aerospace
20% ° 26 A5|a

23% 9.1
27%

Fig. 2. Global CFRP demand in the Year 2018 classifieda)ypplication, (b) sales, (c)
region, and (d) manufacturing process. The globhdban fibore demand in 2020 (e) by
application, and (f) estimated Global CFRP wast20B0 from the aeronautical sector
by region [16, 18, 19].

North America, Europe, Japan, and Asia Pacifggores constitute the majority of
demand for CFRPS-{g. 2¢). North America and Europe used 40% and 29% of the
CFRP composites, while Japan and the rest of tha Rsacific accounted for a
combined 25% of CFRPs. Boeing, Airbus, defence, atieér automotive and wind
energy companies in North America and Europe leREBales in these two regions.
The CFRP use was significantly lower in Japan caegpdo the US and Europe,
although the highest quality carbon fibres are poed in Japan.

The global CFRP market is classified accordinghe tomposite manufacturing
methods shown iRig. 2d. The conventional prepreg and lay-up processiagtit the
most widely used routes for manufacturing produntsaerospace and sport (40%)
applications. Pultrusion and filament winding arevalent in wind turbine blade
fabrication and rotary part construction, accoumtiar 26% of the share. Moulding
compounds based on discontinuous carbon fibreariedl polymer composites such as

sheet moulding compound (SMC) are prevalent in raotive applications. Out-of-



autoclave methods such as resin transfer mouldRid/) and its variations, especially
high-pressure RTM, is gaining acceptance in aut@oproduction because of its
potential to reduce cycle times to 10 min, alb@tassociated high tooling cost that

inhibits its progression in industrial adoption [20

The future market for CFRP composites encompass@s@ace and aircraft, sport
and leisure, wind blade, automotive, pressure Vessrilding compound, construction,
and marine applications. The estimated carbon filereand for aerospace use is 26 kt
in 2020 Fig. 2e), which is predominately (70%) driven by commelrcaarcraft
manufacturing (e.g., Boeing 787 and Airbus A 330je estimated carbon fibre demand
for use in sport and leisure is 15 kt in 2020, ryaim golfing, fishing, bicycles,
racquets, hockey, and ski poles. The increasedisarbon fibres in bicycles is the
main driver in this sector. A comparable amountatbon fibres to aerospace are used
by building wind blades largely because of the éase in the cost of carbon fibres, and
the availability of novel manufacturing processeat tenable the fabrication of large-
diameter wind turbines. Today, the CFRP industryiessing a shift with Vestas,
Nortex, and GE promoting the broader use of ligigivecarbon fibres.

The automotive market is driven by cost reductimategies encompassing reduction
of cycle time and lowering of material cost. A syge of low-cost carbon fibres for
reducing material cost, and innovative design enghbthe utilisation of lightweight
carbon fibres is required to drive this changehim automotive industry. The hydrogen
economy, particularly with the gas and liquid st@aressure vessels are increasingly
built by CFRP, and this demand is projected to w#h novel fuel cell vehicles and
hydrogen transportation and storage becoming nareronplace.

Discontinuous fibre-reinforced composites featuters and long carbon fibre
reinforcements, with fibre aspect ratio (I/d) lowan 10,000. These discontinuous
carbon fibre composites can achieve a high fraafamechanical performance at lower
material cost, higher production rate, and theeefogalising the balance between
component quality and economic cost, in compariseith continuous CFRP
composites. CFRP composites are being increasusgy for reinforcing old buildings

and to construct offshore structures such as atfg@ims because of the high corrosion



resistance of CFRPs. Also, CFRPs are expectedimopgaminence in building racing
boats, luxury cruises, military ships, increasiragbon fibre utilisation from 0.8 kt in
2010 to approx. 1.8 kt in 2020. Emerging markets@G&RPs, such as electronics, are
adopting CFRP composite thin laminates and shobiocafibre plastics for lightweight
and aesthetics. Furthermore, high-speed trainsebratrode material markets are using
more carbon fibre materials such as hybrid compssind carbon fibre papers.

2.2 Recycling challenges of CFRP waste

Global growth in CFRP utilisation has brought abautoncomitant increase in
production waste (e.g, off-cuts) and EOL compongatg., decommissioned aircraft),
which will grow correspondingly with the number afcraft reaching their EOLFig.
2f shows the estimated CFRP waste in the commendiaii@n sector from production
waste and EOL aircraft by region in 2050. The ahmaste to be processed will reach
estimated 34.2 kt in 2050, with the highest cumvagrowth concentrated in Europe,
North America, and Asia [21]. According to a revi®@ivcomposite waste in the UK
supply chain in 2015, nearly 98% of the EOL compas@nd manufacturing composite
waste were buried in landfills [22]. Landfill andcineration recovery of the embodied
energy [23, 24] are two traditional waste treatmmethods, with a majority of FRP
wastes currently being buried in landfill siteseTdnergy generated from incineration is
approximately 30 MJ/kg for CFRP waste [25] and pad¢ential of recovered energy
depends on the energy content of the materialsefficdency of the incinerator [2].
However, both incineration and landfilling are mtdassified as recycling since they do
not involve a recovery operation by which wasteariats are reprocessed into products,

materials or substances whether for the originalt@rnate purposes [26].

The 2016-2017 rate of the landfill in the UK wagt£B) per tonne, and the cost of the
landfill included transport and gate fees of £1283-lper tonne. The European
Commission put forth a target of reducing municipaiste to 10% by 2030, with
landfills banned in some European countries. Mogeovthe European Waste
Framework Directive (2008/98/EC) implemented a lyi@r pays” principle, stating
“by 2020 a minimum of 70% (by weight) of non-hazaud construction and demolition

waste... shall be prepared for re-use, recycled dergo another material recovery”



[27]. The End-of-Life Vehicle Directive (ELV, 20088/EC) set targets that require a
minimum of 95% of a new vehicle by average weighb¢ recycled at the EOL stage,
and 85% of the waste to be re-used by the Eurofesnmission [23]. Similarly, the

Waste Electrical and Electronic Equipment DirecfVéEEE, 2012/19/EU) set targets
for collection, recycling and recovery of electticamponents. These increasingly
stringent legislations cause changes to how wasteeated and managed within the
operations and supply chains of the compositessingand compel manufacturers to

seek novel, alternative, and more efficient reeyglioutes for CFRP wastes.

3 Current thermoset matrix compositesrecycling routes

CFRP recycling can be categorised into three bnoethods, i.e., mechanical,
thermal, chemicalKig. 3), which uses a corresponding energy source toraepthe

carbon fibres from the thermoset matrix respecyivel

Mechanical Milling
g) j Pyrolysis
E . Thermal
3
14 Fluidised bed
o
14
5
Solvolysis
Chemical ] Electrochemical

Other catalytic depolymerisation
methods under ambient pressure

Fig. 3. A classification of the major CFRP recycling method

3.1 Mechanical recycling-milling

Mechanical recycling is technologically the mosttmma CFRP recycling method,
which involves multiple steps to reduce the sizehaf waste. Firstly, composites are
pulled apart and shredded to a 50~100 mm size,famler grinding or milling is
applied to obtain recyclates with different sizeattrange from fine powder to fibrous

8



recyclates [2, 28]Fig. 4 shows a common granulator (Wittmann MAS1) with a
processing capacity of 30 kg/h, with a fixed drymeed of 200 rpm, and an exit sieve
aperture diameter of 5 mm [29], which allows powdad fibrous recyclates to be
collected in a bin. The recyclates from this meateglnecycling can be used as fillers in
short fibre composites such as sheet moulding cang® (SMCs). Because of the

resultant short fibre aspect ratio, these recyslptsssess a relatively low market value.

Because of the attrition caused by CFRPs duringchieg, the ensuing damage to the
processing equipment often increases the oper&timost of mechanical recycling,
hence decreasing the economic margin of the reeg;laand often making this a
guestionable choice in terms of viability. The medlal milling process is albeit
nontoxic, and the process can be performed at teamperature [30]. This process can
accommodate waste of size up to 50 mm, and atta¥ & 65% residual tensile
strength of the virgin carbon fibre strength. Thaimhealth and safety hazard for this
recycling method is the dust from the recyclingteys which is precluded with proper
engineering controls and use of personal proteatigg@ipment in addition to well-

ventilated work areas with particulate and dustastion.

Fig. 4. The (a) MAS1 Wittmann granulator and its rotor lea@nd (b) cutting chamber
[29].



3.2 Thermal recycling

Thermal recycling methods for CFRP incorporateabigon of high temperature and
fluids to break down the matrix fibore and uncovke ffibres and are classified as

pyrolysis and fluidized bed recycling or the vatgathereof.

3.2.1 Pyrolysis

Pyrolysis is a thermal decomposition process peréar in an inert gas atmosphere
without oxygen where the thermoset composite iddiedo a temperature between
400~1000 °C enabling recovery of long carbon filwek high modulus [2], which also
exhibit 50-85% of the tensile strength of virgirrlwan fibres [30]. During pyrolysis, the
decomposed and de-constituted resin matrix is reohdsom the fibre reinforcement,
generating gas, oil, tar, and char [31, 32]. Pgsblgsis of the recyclate in the air is
required to remove the char residue and obtaimdibees for reuse. Usually, polyester
resins require a lower temperature for completesemion, but epoxy resins require a
higher temperature for decomposition. The seledtriteria for processing temperature
is dictated by the degree of conversion of resat firecludes significant mechanical
property loss of the reinforcement fibres. Giorgeti al. investigated the pyrolysis
process for fibre reinforced polyester composit@sss in their 70 kg pilot plant, and
found that pyrolysis at 500~600 °C yielded ~20 vaPoil, ~40 wt% of gas, and ~40 wt%
solid residue. Further oxidation treatment at 500Gr 50 min or at 600 °C for 20 min
was sufficient to obtain clean fibres [33]. A novaliper-heated-steam method (at
550 °C) was used to reclaim high-quality carbomefsowith no char residue on the fibre
surface [34].

A recent review of using pyrolysis to recycle EOERPs [35] with a critique of
pyrolysis processing conditions of composite wadtesassociated technical challenges,
and re-use applications for the recycled fibrese Phirolysis process was identified as
the most viable and sustainable CFRP recyclingga®to achieve process and resource

efficiency.
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3.2.2 Fluidized bed recycling

Fluidized bed recycling Hig. 5) is under development at the University of
Nottingham since the 2000s and it is now operatiaiaa pilot-scale [36]. After
shredding to typically 6~20 mm [6], the compositaste is fed into a bed of silica sand
(with size <1 mm) which is fluidised by the streainhot air at a temperature between
450 and 55, at pressures of 10 — 25 kPa [30]. The main vieith hazards of this
process are the pollutant gas, presence of orgahients, and the usage of high energy,
which guides the selection criteria of the recyglaonditions. The reaction temperature
is selected to ensure decomposition of thermosdtixnaithout significant fibre
degradation. Upon rapid heating, the fibres areas#d by attrition and the thermal
decomposition and degradation of the matrix, arehtheparated and collected. The
gases released from the matrix are subjected tdwstion to oxidize the by-products.
The recycled fibre length is 5~10 mm, and a cowedpg 10-75% retention of the
tensile strength of virgin carbon fibres can beieatd [30, 37]. This process is suitable
for EOL composite components since rivets, bolt atfer fittings can be collected in
the bed, and carbon fibres from composites carebgcled [2]. Overall, the reuse of

fluidised bed RCFs is competitive in terms of thienited environmental impact [6].
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Fig. 5. A schematic of the configuration and flofvtloe fluidised bed CFRP recycling
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process. Reprinted from [6], Copyright (2019), watrmission from Elsevier.
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3.3 Chemical recycling

Chemical and associated electrochemical metho@$-8fP recycling use a divergent
range of solvents, both supercritical and subeiitiand often are operated at ambient
pressures. The electrochemical recycling methods high electrical currents to
decompose the CFRP constituents, whereas catdgialymerisation methods also are
efficient at ambient pressure to achieve a highrele@f clean, residue-free carbon

fibres.

3.3.1 Solvolysis using supercritical/subcritical solvent

Solvolysis uses solvents or heated solvents to rdpose thermoset matrix to
separate fibres from the matrix. Solvolysis offer@ny ways of recycling because of the
availability of a broad range of solvents combimwgth different processing variables
such as temperature and pressure, and often inrodign with a catalyst. The chemical
processing is usually classified into supercritisabcritical, and near-critical [2].

Water is widely used over other solvents due temgironmentally friendly nature.
Other solvents such as ethanol, acetone, methaotheir mixture with water at low
critical temperature and pressure have also besehest [38]. The chemical recycling
process can produce long RCFs with no residue erstiface, therefore, high-quality
carbon fibres with a minor reduction in mechanigabperties can be obtained.
Compared with pyrolysis, the chemical treatmentsuse lower temperature for
processing and generates cleaner and longer relcyiddees, however, solvolysis
requires expensive equipment that is ought to tresisosion at elevated temperatures
and pressures and bears a negative impact on #remment and human physiology.
These characteristics of the fluidized bed procefien limit its industrial-scale
application [39].

Phenol and potassium hydroxide (KOH) were usedh&mically recycle CFRP by
Liu et al., who found an optimal ratio of KOH masgsnol mass/water volume
(1/10/100, g/g/mL) exhibiting the highest decomgposi efficiency with no tensile
property loss in the recovered carbon fibres [40].et al. depolymerised cured epoxy

resin in subcritical methanol in the presence ofagsium hydroxide (KOH) at a

12



relatively low reaction temperature (210°C), andrfo that with 0.036 mol 1 KOH
catalyst, the complete depolymerisation temperatemeased to 65°C [41]. Zhang et
al. reported a degradation method using an orgaagsg N-methyl-4-piperidinol, in
ethylene glycol to depolymerise methylcyclohexerzdicarboxylic anhydride
(MeTHPA)-cured epoxy resin [42]. The catalyst colld recovered by vacuum
distillation, in contrast to alkaline catalysts ttleae usually difficult to remove from

degradation products.

Kuang et al. recycled EPON 828 epoxy, which is mmon bisphenol A diglycidyl
ether resin in the composite industry, using aealwnixture at relatively low pressure
and mild temperatures [43]. The anhydride-epoxyvoet was depolymerized by the
selective ester bond cleavage process via a sehssidted, alcohol-assisted
transesterification reaction. At 170 °C in the aspizere, the thermoset was dissolved
by 50% in 28 min, and by 95% in 70 min. They wds® able to reclaim carbon fibres
(Fig. 6) under the same conditions in 90 min and use thendposed epoxy oligomer
to synthesize new epoxies with high mechanical gnigs. Kim et al. used supercritical
fluid water to recycle TORAYCA T700 carbon fibregsin commercial composites with
99.5% epoxy matrix removed by optimising treatmeanditions [44]. The CFRP
composite was immersed in 0.30 M TBD-EG/NMP (10/88)ution (150 mL) and
heated at 170 °C for 1.5 h to dissolve the epoxyddx. The carbon fabric was
reclaimed after washing with acetone and subseqirgintg.

13



(b)

Fig. 6. Recovery and reuse of carbon fibres fronREFshowing (a) recycling of
composites laminate, and a comparison of opticatrgscopy images and SEM
micrographs of virgin carbon fibres ((b) and (chWdaRCFs ((d) and (e)) elucidating
indiscernible differences. Reprinted with permissibbom [43]. Copyright (2019)

American Chemical Society.

3.3.2 Solvolysis using solvent at ambient pressure

Solvolysis at ambient pressure possesses uaiinsntages in limiting damage to the
RCFs. Liu et al. utilised a mild chemical recyclimgthod with ZnGlethanol catalyst
to recycle CFRP with highly (>200 °C) [45]. The low temperature of treatment
(<200 °C) caused negligible damage to the RCFs,thadeclaimed polymer matrix
was shown to retain high strength and modulus aitieling to other new epoxies in
loadings up to 15 wt%. A catalytic oxidation methods demonstrated to recycle the
most thermally stable benzoxazines under mild damdi. The thermoset matrix was
catalytically depolymerized through hydride absimatwith a ruthenium catalyst [46].

Hou's group has developed an effective chemiealycling method by using
AICI3/CH3;COOH as a catalyst to realise selective cleavagéheftertiary carbon-

14



nitrogen bond [47]. By applying the optimal recpdiconditions (catalyst mass fraction
of 15wt%, 180°C, 6h), up to 97% of the cured epomgtirix was recovered. The
recovered carbon fibres retained 98% of the terstilength of the virgin carbon fibre
reinforcement. Supercritical 1-propanol to recyClERP was also investigated, where 1
wt% of KOH additive in 1-propanol showed enhancedorery efficiency with slight
mechanical property loss [48].

3.3.3 Electrochemical recycling

The high voltage fragmentation method of electradical recycling uses pulsed
electrical discharges to disintegrate solid malenehich was used previously to
fragment rocks to obtain valuable ingredients inimg. Fig. 7 shows the mechanism of
the process, indicating the temperature increasbeofvessel after processing and the
energy consumption at different stages [49]. A highiage electrical pulse is generated
between the electrodes and transports through #terials in the vessel. High energy
consumption has been the biggest limiting factorcesi 75~80% of the energy is
introduced into the processing vessel instead @fwhste materials. Research has been
conducted to compare mechanical recycling with highage fragmentation methods
[50]. This method produces longer and cleaner iHedydibres than mechanical
recycling, however, the energy consumed is 2.6 gimsore than that used for
mechanical processing. Despite claims of a positintuence of high voltage
fragmentation on separating composite constitugrits52], Leibner et al. presented a
comprehensive evaluation of the practicality ofhhigltage fragmentation method as
an alternative to mechanical comminution and fouhdt this method lacks cost
competitiveness compared with mechanical comminutieyond the laboratory scale
[49]. Zhu et al. used electrochemical recycling et on CFRP composites, which
were immersed in a NaCl electrolyte containing K@H catalyst in the presence of
electrical currents [30]. By exerting the electligalriven catalytic reaction, the C—N
bonds of the epoxy resin were cleaved, leading atrimmdecomposition through the
electrochemical promotion of catalysis effect. Gamonal, non-toxic chemicals were
used under ambient temperature and pressure imgtisod, which realised near 100%
resin removal and the retention rate of tensilengfth was 90% for the recovered
carbon fibres.
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Fig. 7. A pictorial collage of high voltage fragntation method showing a) schematic
of the process, b) infrared image post-processamy] c) distribution of energy
consumed by different materials. Reprinted from ][4@opyright (2019), with
permission from Elsevier.

3.3.4 Other ambient-pressure catalytic depolymerisatiethiods

Molten alkali or salt are effective reagentattban process under mild conditions at
atmospheric pressure. CFRP was decomposed in moKE&@H, and the
depolymerisation was carried out at a temperatamge of 285~330°C, under ambient
pressure [53]. The residual tensile strength ofréo@vered carbon fibres was >95% of
the virgin fibres, with the process being particiyl@ffective in removing contaminants
in composite waste including thermoplastic paimig sealants. The use of molten salt
reduced the pyrolysis temperature and the energguroption for epoxy. Wu et al.
studied the catalytic pyrolysis of T700 carbon dilgpoxy composites in molten salt
ZnCl, and concluded that the epoxy composites can beletaly degraded at 360 °C
in 80 min under standard pressure to yield recldicabon fibres with a high strength
retention rate (~95%) of the virgin fibres [54].

4 Commercial CFRP recycling technologies and recovered carbon fibres

A diverse range of CFRP recycling vendors opernatdifferent parts of the world,

and specialize in a variety of aforementioned riogctechnologies, expectedly
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bringing about variability to the recycling markaterall. In this section, the current
state of major vendors, and the properties and et@nomic perspectives of the
recovered carbon fibres from novel circular econamgthodologies are explored in

detail.

4.1 Current market players of CFRP recycling

CFRP recycling companies have been founded indketpenty years from different
countries in Europe, the USA, and Japan [2, B&ble 1 lists the major companies and
their commercial processing and production techyiek Pyrolysis process is currently
predominately used for carbon fibre recovery, as \tell developed and can be applied
at different stages of composite manufacturing @dcommercially viable. The
pyrolysis process for carbon fibre has a technol@gdiness level (TRL) of 8, which
indicates the technology is currently at its “systeubsystem development” stage. By
contrast, solvolysis technologies are commercidlige produce higher quality RCFs,
using lower energy and lower environmental impabtbwever, a profit margin is
difficult to achieve using such a chemical recyglmethod, despite the elimination of
pre-treatment of CFRPs and the application of nbpressure during processing [56].
Solvolysis possesses a TRL 4, which is at its ‘tebdbgy development” stage [57].
Factors that drive the FRP recycling include tlseng cost of landfills, the government
and legislation restrictions and the social awasenef the importance of circular
economy. However, above all, the most critical dags new market penetration that
makes CFRP recycling commercially viable. Exampmlegfforts towards this can be
demonstrated by the formation of the first matesapply chain between ELG and
Boeing in the beginning of 2019, indicating the ldgment of recycled CFRP
composite materials in the aerospace industry. dimeent increasing adoption of
recycled composite materials in automobiles by BMWd Volkswagen promotes the
economic viability of recycled CFRPs in the autowmtindustry. With the pressing
need to create higher-value recycling routes, deveecovered carbon fibre products
(e.g., nonwoven mats, aligned short fibre mats, eamtbon fibre yarns) and recycled
composite products (compounded thermoplastic gellet injection moulding, 3D
printing filaments, discontinuous fibre-reinforcétermoplastic sheet, etc.) are being

developed [58]. For example, Shocker Composites B&M International have
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collaborated to produce densified recovered caftiwas and thermoplastic/recovered
CF pellets. The large-scale 3D printing resultsnfnasing these recycled materials have

shown to be similar to virgin CF products, albahigvable at a lower cost. The new

recycled materials with customized component desigfier new opportunities for

economical recycled products.

Table 1. Current CFRP composite recycling companresproduction and their

technologies

Recycling Company

Recycling Technology

Processing
Capacity (ton/year)

Alpha Recyclage Composites

Steam thermolysis process

300

(France)

Carbon Conversions Pyrolysis 2000
CFK Valley Stade Recycling .

GmbH & Co. KG (Germany) Pyrolysis 1000
Composite Recycling Recycle scrap carbon fibres and Uncured 150
Technology Centre prepregs

ELG Carbon Fibre (UK) Pyrolysis 2000
Hitachi Chemical Solvolysis 12
IACMI Controlled pyrolysis process N/A
KARBOREK RCF (ltaly) ]Ic?grrglsy)/ss (reclaim both carbon and glass 1000
Pilot plant at University of Fluidized bed 100

Nottingham (UK)

SGL Automotive Carbon Fibres Pyrolysis which uses released gas as an energy

US site source for carbon fibre recovering

Sigmatex (UK) Recycle dry carbon fibre production scrap 'ntﬁ{l/A
the non-crimp fabric

Takayasu Pyrolysis 60

Toray Industries Pyrolysis 1000

TRC (Spain) Pyrolysis N/A
University of Manchester (UK) Mechanical ~20 (calculated

from lab capacity)
Low pressure, moderate temperature 17

V-Carbon US site .
Solvolysis

4.2 Property of recovered carbon fibres

Carbon fibres reclaimed by different CFRP recyclingutes exhibit different
retention rates of mechanical properties, with eespo virgin carbon fibresT able 2
displaysthe large variation among RCFs recovered by pyi®lyethods. The chemical
recycling methods, however, produce RCFs with Iigiention rates because of the

cleaner fibre surface after chemical treatment,citvhcontrasts with the pyrolysis
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recyclate, which leaves resin residues on the Boréace. After the fluid-bed pyrolysis,
the carbon fibres show around 20% loss in tensiength due to the high temperature

and attrition by the fluidised sand.

A range of RCFs is now available commercially, vatdivergent range of sizing and
mechanical propertie§ éble 3). Chopped mat, discontinuous short and long filares
nonwovens are the most common fibre architectuvesladle after post-processing.
Often, RCFs are combined with virgin carbon fibtescompensate for the loss in
mechanical and physical properties within the reced fibres. The sizing content also
differs as a function of the recycling method usesl, superheated steam processes aid

in retaining the sizing, whereas thermal procesfies lead to the loss of fibre sizing.

Table 2. The retention rate of tensile propertieszoovered carbon fibres by different
recycling processes

Recycling technology Virgin fibres Retention Rafélensile
Strength of Recycled Carbon

Fibre (%)

Pyrolysis AS4-3K
Steam thermolysis AS4C 195_83 55509]
Solvolysis TohoTenax C124 95-98[6 ]
Supercritical water Hexcel 48192 C 1270 ST 97_98[6;]
Fluid-bed Toray T800 ‘;'2[6[3] ]

Table 3. Commercially available as-received RCHperbes

Property Unit Carbiso Carbiso CT Carbiso CT+ Carbiso Zoltek
Milled Chopped Type 45/65

Carbon Fibre
Bulk density g/l 400 - - - 350
Carbon fibore % >95 100 100 >95
content
Fibre density ~ kg/m3 1800 1800 1800 -
Fibre diameter Avgum 7 7 7 - -
Fibre length Avg.um 80 to 100 6 and 12 6 and 3-10 6

(1) 12 (+1)

10-30

60-90
Other fibre % <5 0 - <5 -
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content

Sizing content % 0 <15 <5 - 2.5
Tensile MPa 4150 5000 4150 3470 150
strength

Tensile GPa 230-255 262-292 230-255 246 15
Modulus

4.3 Financial viability of recycled carbon fibres

In a recent report on cost analysis and market wppides for RCF in the
automotive industry, researchers found that thewery of carbon fibres can be
achieved at $5/kg or less, based on a range ofegsoparameters including plant
capacity of 500 t/yr.- 6000 t/yr., which accounts &pproximately 15% of the cost of
virgin carbon fibre [64]. For smaller productionpeaity of 100 t/yr., RCFs have to
realise a market value of $15/kg to be financialgble. Their study also elucidates that
recycled CFRP can provide significant weight sasingersus steel and possess
comparable mechanical properties at a comparabée ¢o particular, the aligned
recycled CFRP can greatly improve financial contpetiness (>35% cost reduction)
because of the higher mechanical properties, wathtdr structures. Another economic
assessment shows that there is a high potenti&@dts to replace virgin carbon fibres
or virgin glass fibres [65]. From grinding, RCF cachieve 1€/kg at a plant capacity of
1000 t/yr. However, higher recycling production aeipy and higher carbon fibre
recovery rate are required for advanced recyclexhrologies to compete with the

virgin carbon fibres and RCF from more cost-effeetiecycling technologies available.

5 Recovered carbon fibreapplications
5.1 Remanufacturing of recovered carbon fibres for cstmal polymer matrix

composites

Approximately 40% of CFRP waste is generated duttiegmanufacturing stage [66],
out of which, dry carbon fibre wastes were repuegosto stitched non-wovens and
manufactured into car seats and roof structur&MWV i3 and i8. The dry carbon fibres
were also co-mingled with thermoplastic fibres t@pgare either nonwoven or co-
mingled yarns, for weaving into fabrics before po¢ssing into thermoplastic matrix
composites [67]. Chopped dry non-crimp fabrics haeen recently processed into bulk
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moulding compounds with comparable mechanical ptegseas existing SMCs that
utilise virgin carbon fibres [68]. These reusedocar fibre materials will be particularly

suited in automotive, construction, and aircrafeiior applications.

The recovered fibres from CFRP waste are used plicapons that require less
stringent mechanical performance, albeit at a lovest.Fig. 8 shows a representative
flow process of reusing recovered fibres from ahkigst aerospace composite
component to a low-cost, non-structural compon28}. [The closed-loop starts from an
aerospace unidirectional FRP structural compongm. recovered, chopped fibres are
pressed to form an SMC automotive structural péints part can be further recycled
into a non-woven, short fibore SMC with lower fibvelume fraction to form a semi-
structural component suited for automotive and neagpplications. These short fibres
can be further reclaimed and potentially used @g®wader to reinforce thermoplastic
matrices through injection moulding, which are soited for structural applications in
mass transit and automobiles. Today, remanufagiunrethods are still emerging,

which causes a deficiency in a discernible, viand-use for the reclaimed RCFs [69].
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Reprinted from [23], Copyright (2019), with permasfrom Elsevier.
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5.2 Mechanical performance enhancement of remanufattyselymer matrix
composites

The recovered fibres from the CFRP end-of-life comgnts have short lengths and
hence low aspect ratios because of (a) the siaestieth of components before
recycling, (b) the damage to fibres during recygliand (c) the chopping process. The
suitable processing technologies for the shorefieinforcement are hence compression
moulding and injection moulding, which are appraf®ifor the RCF particulate/powder.
The greatest impediment in utilising RCF effectyved the lack of fibre alignment in
the recyclate. Optimization of fibre length, fibogientation/alignment and the layer-
wise relative stacking of discontinuous fibres aleemed as critical for achieving

balanced mechanical performance in the remanufatitomposite [70].

Fibre alignment is hence applied to increase the fvolume fraction and to achieve
improvements in the mechanical properties of thenarmufactured composites.
Explosives Research and Development EstablishnieDRE) in the United Kingdom
devised and developed a patented process basedrasi@n, filtration and centrifugal
processes [71]. This patented process offers a efteetive fibre alignment by using a
centrifugal process that utilises a circular nozziéh improved filtration for quick
removal of viscous liquid and reduced edge effetsed by the oscillation of a
convergent head. Recently, the High-Performancecddisnuous Fibre (HiPerDiF)
method [72, 73] and a patented 12M process [74evaaveloped to achieve alignment
in discontinuous recovered fibres for the remanufaimg of composites with enhanced
tensile properties in unidirectional [73] and qdastropic laminates [75]. The
HiPerDiF process works by subjecting the fibreswater to a sudden momentum
change of the suspension, and therefore, aligmemttransversely to a suspension jet.
High fibre volume fractions of 55%, with 67% of ffés in the range of +3° to the
alignment direction were achieved. An average malof 71.8 GPa with 3 mm RCF
length was realised [72]. The HiPerDiF method a#lows the mixing of different
types of fibres to realise pseudo-ductile behaviowhere fragmentation occurs

progressively, but not catastrophically [75].
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Oliveux et al. used carbon fibre tows recoveredsbiyvolysis to align fibres and
remanufacture composite laminates. The recovereck ftows were aligned by a
patented 12M process, which uses carbon fibre toves U-shape channel to produce a
25 mm wide tapesHg. 9). Their work showed that the RCF tows can compatk
virgin fibres if good fibre surface and alignment aealised [74]. Nekoda et al. used a
centrifugal alignment rig which allows control aflstion temperature, drum rotation
rate and nozzle linear velocity and achieved anesse of 100% and 137% in tensile

strength and modulus over non-aligned composigsperctively [76].

Fig. 9. Realigned recovered carbon fibre tows &dlatained, and (b) fibres detected
via green recolouration and recovered carbon fibat (c) collection cylinder and (d)
aligned carbon fibre mat. Reprinted from [74] aifl][ Copyright (2019 and 2020) with

permission from Elsevier.

Reclamation and remanufacturing of virgin and reced CF with polyamide 6 (PAG)
was achieved by Tapper et al. [77] utilising thé&tDiF alignment, as shown kig.
10. Compression-moulded discontinuous carbon (28%jolin PA6 matrix was
achieved with 39.7% reduction in tensile stiffnessd 40.4% reduction in tensile
strength upon remanufacture. Presence of fibreligisaent and agglomeration led to
stiffness reduction in addition to incomplete fils@paration, and fibre breakage caused
by high compaction pressures. The ultimate terséi@n was near-constant, indicating
the polymer remained unaffected.

23



Fibre analysis

. Loose fibres Fibre bundles
Fibre preforms e
- . . — g _b‘/_‘ " . . »‘
HiPerDiF alignment a:.;?@%ti};/ Carding/Sonication g )
R // m
i Mechanical characterisation T
Composition analysis
Fractography
____! ______ '’ ;. = \: i T!L.
& & or P
o — A —— =
| B ﬁ G ==/ @ =/
Compression Moulding Thermoplastic Size reduction Dissolution Filtration
composite
Size reduction Precipitation ;___;1
A
Fine powder Coarse powder Polymer

. solution
Polymer characterisation

Fig. 10. CFRP recycling methods that utilise th®&tDiF alignment technique, with
green showing reclamation and red showing the refaaturing flow. Reprinted from

[61], Copyright (2019), with permission from Elsei

Fibre length distribution is also critical for remdacturing of RCF based composites.
Novel image processing and visualisation methodshaing applied to the flake layup
that is independent of the offcut geometry and magon of feed into mechanical
shredding equipment, and often is valuable if niorplayup information is available
[78].

The mechanical performance of discontinuous CFRPgsften engineered through
architecture and interlayer inclusions. Brittlenasfs discontinuous remanufactured
CFRPs [70] is challenging because of the stressensiin fibre ends. Strategies to
alleviate this ductility include interlayer hybradition of discontinuous carbon fibres
with self-reinforcing PP fibres, to compensate tioe brittleness. In contrast to brittle
failure, the use of self-reinforcing PP allows geléd tensile failure atr ~ 10%. These
interlayer hybrid CFRPs with self-reinforcing PP tlwia hierarchical, polygonal

structure encompassing ‘cuts’ in the carbon filaget with concomitant, increasing
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hierarchy caused a decelerated failure onset,lilieénereasing the damage resistance in
potential practical applications. Mechanisticatlye fibre bundle fracture was achieved
with spread out delamination along with well-sprddmie-bundle pull-out within the
polygonal patterns. High stiffness and ductilityrev@chieved through tailoring the pull-
out behaviour of the fibre bundles and biomimetasign. Aligned, remanufactured
CFRPs in the quasi-isotropic layup [75] revealezlithprovements in tensile properties
including the strain-to-failure, which were progedtto bring about a higher level of
improvements upon increasing the volume fractionth® RCFs to 55 vol. %. The
HiPerDiF and other alignment procedures are cetaréhese developments, and more
novel alignment techniques are anticipated in titeré adding to this critical, emerging
field.

5.3 RCFs as reinforcement in cementitious mortars

RCFs reclaimed through mechanical recycling oftfteet CFRP can be reused in
cementitious mortars, however, they often stillggss residual thermoset polymer on
the fibre surface, which decreases the interfaadflesion to the matrix. Acid or alkali
treatments are often more suitable for preparingarafibres for cementitious mortar
reinforcement [79]. A chemical treatment especialyleemed to bring value addition
to RCF composites through performance enhancenretite base cementitious matrix.
Wang et al. [80] investigated the effect of a satiesl simulated concrete pore epoxy
RCF composites before use in cementitious mortéh wariable saturated simulated
concrete pore solution, triisopropanolamine (1{fisydroxypropyl)amino]propan-2-
ol), and montmorillonite nanoclay, retaining theterato-binder (w/b) ratio of all mortar
mixtures at 0.50. The chemical treatment of RCksveld enhancements in mechanical
and chemical adhesion with the cementitious mokéang et al. [79] produced RCF
composites using wind turbine blade waste treate®l®@OH into cement mortar. The
inclusion of RCFs in mortars afforded higher stténgnd volume stability of the
cementitious mortars. Mild NaOH (1 mol/L) providedbetter adhesion effect over
stronger concentrations, and untreated RCF mortaegjdition to reducing free drying
shrinkage. Hence, RCFs can bring about necessayitst to the cementitious mortars,

without affecting workability.
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Conductive cementitious materials using RCFs weneelbped using four different
types of PAN-based RCFs varying the aspect ratioown concrete dosages of
conventional and ultra-high-performance concretgesii[81]. The use of RCFs was
specifically promising for the ultra-high perfornt@nconcrete mixes because the cost of
the RCFs is significantly lower than comparableboaaceous additives. Wet-mix
method led to better workability and more unifoiibré dispersion. Electrical resistivity
values in the range of 3—(bm were obtained for 0.2 vol. % to 0.8 vol. % RCF
inclusion, potentially positioning RCF as a cantkdéor multifunctional cementitious

materials for industrial applications.

Carbon fibre/epoxy composites recycled without prertreatment can often result in
increases in flexural strength to Portland cemegdppolymerized fly ash and
metakaolin. Flexural strength increased without grmising compressive strength or
additional porosity in a work by Saccani et al.][82dicating the recycling being not
critical for reuse or remanufacturing avenues. Rrggcrap was used along with fly ash,
metakaolin, and Portland cements up to 5 vol. %. [8&rkability of these composite
admixtures decreased with increasing RCF fractibeiawith no compromise in the
porosity. The moisture absorption decreased withinenease in the RCF fraction.
Flexural strength and impact toughness increased,tlae compressive strength was
unaffected. The addition of RCF was deemed pasrbulcritical for geopolymer

matrices investigated.

Electrical conductivity and piezoresistivity wereh&eved through the addition of
combined 0.2 vol % of graphene nanoplatelets to RGmestone-based mortars upon
drying at the 28-day interval [83]. Optimising theurrent density and NacCl
concentration allowed the mitigation of electroclehcorrosion and enhancement of
RCF tensile strength. The use of nitric acid alswed towards increasing the recycling
efficiency and the interfacial shear strength, whilgher temperatures identified to

further intensify these effects.

Hence, the inclusion of RCFs into cementitious @rsrtcauses increases in the
mechanical stability and physical effects, whilgogbroviding a framework for creating

multifunctionalities for potential industrial apgdtions.
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5.4 Non-structural applications

RCF substrates often provide a mechanically-stéfalsmework for non-structural
applications such as thermoelectric materials #adbile batteries. Jagadish et al. [84-
86] used recovered Toray T600 carbon fibre obtainech fluidised bed process with
multi-wall carbon nanotube (MWCNT) doping levels®iL0 wt% and 0.15 wt% RCF-
Bi,Te; and RCF-BiS; respectively [85] for a thermoelectric applicatidime MWCNT-
doped RCF-BiTe; and RCF-BiS; exhibited power factors of 1.044 and
0.849uW Km™, respectively. The addition of MWCNTSs enhanced fihever factors
of RCF-BipTes and RCF-BiS; composites over 400% and 800%, respectively.
Inclusion of MWCNTSs allowed further improvementsthe power factorKig. 11) of
Bi,»S; thermoelectric composites comparable g3 &} with additional enhancements in
crystallinity and thermal stability the RCF therrfemdric composites. N-type bismuth
telluride (BipTe;) was electrodeposited as films on RCF, where thetredeposition
parameters of Bie; on RCF including deposition potential, depositione, deposition
temperature and electrolyte composition were detexthas critical for the resultant
Seebeck coefficient [84]. A multi-parameter intéi@c provided effective optimization
in comparison to a univariate experimental desigrcabise of the presence of
simultaneous effects of more than one depositioarpater.
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Fig. 11. A plot of the power factor as a functiohMWCNT doping content in the
RCF-BrTe; and RCF-BiS; composites. Reprinted from [86], Copyright (201@)th

permission from Elsevier.

The widespread application of flexible lithium-idratteries for wearables is still
emerging [87], necessitating effective mechanitatibility in addition to gravimetric
energy density, rate capability, and cyclic lifgugements. To this end, carbon spun-
fabric electrodesHig. 12) were deemed suitable for high active materiatlilog in the
current collector that possessed intimate contaitt the electrode by Cho et al. [88].
The recovered, oxidized PAN fibres were used tatere three-dimensional porous
carbon spun fabric structure, which was scalabieu® in garments. The structural,
electrical, mechanical, and thermal analysis supgothe use of these spun fabrics as
heat insulation or heat sink. Moreover, the higlfazie area of the spun structure was
conducive to LiFeP® loading, exhibiting improved stability and retemti of rate
capability over their aluminium counterparts. HerREFs possess a strong potential to

be used as a stable and flexible infrastructurdléaible lithium batteries.
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Fig. 12. A schematic of the flexible carbon spuori@structures produced using RCFs.
Reprinted from [88], Copyright (2019), with permsfrom Elsevier.

6 Development of recyclable matrix for CFRPs

The significant challenges associated with recgcl@FRPs and the resulting
environmental impact call for the development otymtable materials. Research
investigations on degradable thermosets and limodlding compatible, low viscosity
thermoplastics are gaining much attention, whictiresses the increasing concerns of
sustainability and environmental responsibilityGFRP usage [89]. Natural fibres and
biodegradable resins are also materials choice,ehery they are mainly used for
applications that do not require high mechanicaffgpmance and undergo severe

weathering or harsh working conditions.
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6.1 Degradable thermosets

Conventional thermoset polymers form stable crodsAg structure after the
irreversible curing process and cannot be reshappdycessed by heat, or decomposed
under mild conditions. Removing the resin matrianfrthe carbon fibre or glass fibre
reinforcement at the end-of-life of CFRPs is heacehallenging process. Lately, this
challenge has received an immense response thsyunghesizing thermosets that can
break down to simpler compounds or polymers to vecmriginal materials. These
degradable thermosets represent some innovativieodeeto radically solve composite
recycling problems. In Ma and Webster’s review efjchdable thermosets based on
labile bonds or linkages, the recent research \ssified into polymers with different
weak bonds or linkages: ester bonds, sulphur aantailinkages, nitrogen-containing
structures,  orthoester  structures, carbonate Iekag acetal linkages,
hemiacetal/hemiketal ester linkages, olefinic bonDgels-Alder structures, vicinal
tricarbonyl structures, peroxide bonds, phospheommaining structures, and tertiary
ether bonds [90]. For example, the degradable theembased on tertiary ester bonds
showed a glass transition temperaturg 6f 73~185 °C, a tensile modulus of ~5.5 GPa
and fracture toughness of 1.75 MP&”nj91]. A polymer based on aminal bonds
exhibited Ty of 125~200 °C, a tensile strength of 127 MPa, fiadture toughness of
1.94 MPa nf? [92]. The degradation stimuli for these degradathiermosets are
temperature, UV radiation, and acidolysis. The wstalbility of the bonds leads to the
composites to exhibit inferior mechanical and themmechanical properties than epoxy
and bismaleimide (BMI) resins. Yuan et al. synthedia new poly(hexahydrotriazine)
(PHT) thermosetting resin and used it as a matixcarbon fibre reinforcement [93].
The degradable thermoset showed a stable and stowadent structure, which results
in high mechanical performance and thermal stgbdg well as multiple recovery of
carbon fibres and 88.6% reclamation of polymersugh gentle depolymerization in a

dilute acid solution.

Dynamic reversible bonds have been recently addedrventional thermosets such
as epoxies to combine the high mechanical progertiythe characteristics of being able
to be reshaped and reprocessed. Yu et al. reals@d100% recyclability of CFRP by
synthesizing diglycidyl ether of bisphenol A (DGEB#ith fatty acids in the presence

30



of metal catalyst Zn(Ag) forming the epoxy covalent adaptive networks (GARhat
can undergo transesterification-cation-type boncharge reactions (BERS) [94]. The
epoxy CANs were shown to completely dissolve irylethie glycol at a low temperature
of 160~180°C. Further heating resulted in evaponatif solvents and repolymerization
of the epoxy. The recovered carbon fibres mainthaéigh fraction of the mechanical
properties, i.e., 97% of modulus and 95% of thesiterstrength of the virgin fibres.
Therefore, the reclaimed carbon fibres and recythemoset could be reused for
preparing CFRPsFig. 13 presents the schematic graph of the dissolutiod an

repolymerization process.
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Fig. 13. Dissolution and repolymerization of the EA epoxy with CANs in the
ethylene glycol solvent, representing a) formatminfatty acid linkers within the
thermosetting network, and b) dissolution and repelrization of the epoxy CAN via
transesterification. Reprinted from [94], CopyrigR019), with permission from Wiley.

Zhao and Abu-Omar reported recyclable and malleajplexy thermoset bearing
aromatic imine bonds without the need for metahlyat or heating [95]. They attached

imine bonds to the epoxy network to prepare therntbeet that has high
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thermomechanical properties as well as being ntd#ealhrough the breakage and
reconnection of imine bonds, the epoxy was ablelissolve in organic solvents or
slightly acidified water at 25°C and be reclaimedni solvents with comparable
thermal and mechanical properties. At 80~120°Cefhmxy can be welded and repaired

utilising the imine exchange reaction.

The availability of degradable thermoset matriedsng with RCFs are anticipated to
bring about the essential sustainability charasties for future CFRPs, which is an area

of research that will gain prominence in the nedure.
6.2 Thermoplastic matrix composites

The challenges of recycling thermoset matrix conipssenable the high-volume
usage of thermoplastics as the preferable optionlightweight components and
structures. Although thermoplastic matrix compasitere easy to be reshaped,
reprocessed, and usually produced in short manufagt cycles, they possess lower
mechanical properties at the maximum operating &atpre of most engineered
structures, and with exceptions, are not compatvald low-cost liquid moulding
technologies for generating complex component gédese Low-viscosity
thermoplastics with high mechanical performanceattractive for replacing thermosets
to fabricate FRPs that are easily recyclable anar laelow environmental impact.
Solvay company developed a novel polyamide 6,6 @ Adth a viscosity of 15 Pa-s at
melted state, suitable for resin transfer mould{RJM) [96]. This PA66 exhibits
improved mechanical propertie§y, and lower water absorption due to modification
with phenol-formaldehyde. Rottger et al. used aathetsis of dioxaborolanes to prepare
crosslinked vitrimers from different thermoplastggh as polystyrene and high-density
polyethylene, which are processable via extrusimh iajection moulding for multiple
times [97]. These resins show superior chemicabtasxe and dimensional stability
and possess the potential to attain high mechaarm@lthermal performances. A rapid
and thermally robust synthesis strategy is suittd@olymers with backbones made of
carbon-carbon single bonds. The potential avaitgtof the chemically- and thermally-
resistant thermoplastics will bring about a transfation in the design methodology of

applications that utilise thermoset matrices traddlly.
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In thermoplastic composites, a divergent rangazongs is utilised to prepare virgin
CFs or RCFs for use with thermoplastic matricepeesslly for carbon fibres with poor
wettability and adhesion to thermoplastic matricAs.review of different surface
treatment methods of carbon fibres is presente®8h for reinforcing thermoplastic
matrices including polyethylene (PE), polypropyldi), and acrylonitrile butadiene
styrene (ABS) resins, polyamide (PA), polycarbon@®C), polyetheretherketone
(PEEK), and polyetherimide (PEI).

Often, RCF use in thermoplastic FRPs is offsetdedby the use of other functional
phases, for example, biobased pyrolysed carbon insd- 20 wt. % to enhance the
mechanical properties of PC resin [99]. An RCF/arbon ratio of 1:1 led to increases
in mechanical properties including impact strendriCFs were also applied to wear-
resistant poly(ether ketone) composites processsithguco-rotating twin-screw
extrusion [100]. While the RCF composite showed gimaly lower mechanical
properties, RCFs were particularly effectual refoémnents that cause enhanced friction
and wear properties under moderate and severeupeemsd surface velocity conditions.
The authors indicated that the RCFs can replaces\WiEhout a major loss in wear
performance, hence creating opportunities for Ri@Rabological applications. Hence,
the rationale of RCF use in thermoplastic FRPsall supported in static, impact, and

tribological performances.

7 Conclusion

Composite recycling is a critical issue for the taimable use of lightweight
composite materials in the fields of transportgticonstruction, and sports equipment.
Current recycling methods include mechanical rangclhigh voltage fragmentation,
pyrolysis, fluidised bed, chemical/thermochemicacycling by solvolysis. The
alignment of reclaimed long fibres is shown to erdeathe mechanical performance of
the remanufactured CFRP significantly. New and eounal recycling technologies are
urgently needed to effectively reclaim valuablebear fibres and glass fibres. In this
regard, several promising techniques have been niEnated as better and more
economical recycling solutions, which utilise tidaérent energy within composites to

decompose thermoset matrices, use mild treatmemditcans involving less
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environmental damage, and retain reinforcement gtigs of fibre, maximise the
performance of remanufactured composites from ireeld fibres with/without recycled
polymer matrices. Materials research in developnegv degradable thermosets and
liquid moulding compatible, low viscosity thermogles also hold tremendous
promises for a future circular economy. More rad@pproaches such as replacing
thermoset matrix with new thermoplastics are fdasibr composites in the wind

turbine and other relevant sectors.
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