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Abstract

The increasing use of high-valcarbon fibre in composites lisked with increasing waste
generation: from dry fibre angrepreg offcuts during manufactag to end-of-life parts. In
this work, a novel thermoplastic tape waduced from 60 wt.% manufacturing waste
carbon fibres (60 mm long) and 4@.% polyester (PET) fibregsing a thermal consolidation
technique. The thin (0.2 mm) and narrow {20 wide) tapes were then used to fabricate
laminated composite panels in two 0/90 tapehitectures: cross-pgnd woven ply. Various
mechanical properties, including tensile, tlead, compression, and impact, were evaluated.
It was found that cross-ply performed bettearthwoven ply laminates, with failure in the

latter materials typically initiatingt the tape interlacement points.
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1. Introduction

The recycled carbon fibres used in this studyengenerated as manufaghg waste, as off-
cuts of virgin carbon fibre tows from vatis textile manufacturing processes such as
weaving and multi-axial fabric production. Curtlgnthese dry offcuts are treated as landfill
waste. As the global production volume of carlfine reinforced plastics is growing at a
substantial rate — from 46,000 tonnes in 2011 to 140,000 tonnes in 2020 [1-3] — a significant
level (around 15%) of off-cut tows (30-60 mmlangth) will be generated in various carbon
fibre reinforcement products manufacturing msses. However, as these are discontinuous
lengths of the virgin material, they may stilhdi applications in high-value composite parts.
Doing so will not only reduce landfill waste, it Walso eliminate the associated cost of
disposal through landfilling andtreer generate revenue by igilhg the matedl. Therefore,
new technology is desirable to re-uses waste off-cuts in composites.

Existing work [4, 5] has shown that waste off-ccés be converted into yarns. The blends of
chopped carbon fibre (50mm) andygropylene staple fibore€§0mm) were produced using a
modified carding process to @it a continuous sliver (continuotem of bundle of fibres),
which was then subsequenttirafted to converinto a spun yarn. The composites were
fabricated from the recycledarbon fibre and polypropylenblended yarns. Although, the
studies show that the final compositesyide lower mechanical properties.

In general, carbon fibre reinforced thermopisoffer substantial advantages over thermoset
ones, such as higher toughnesshaf matrix and higher impacg¢sistance ofhe composite
[6]. Although, the manufacturing cycle of thesplastic composite consists of melting the
matrix for good fibre impregnatn, and subsequent shaping aodsolidation by cooling of
the composite part, the overall cycle timequired are significantly shorter than for
thermoset composites. In addition, unlike thesetoprepregs, thermoplastic ‘prepreg’ tapes

can be stored at ambient temperature indefinitalys being cost effective [7]. Consequently,



thermoplastic tapes are becoming of increasing interest for advanced composites manufacture
[6-8]. Moreover, with increasing concern for worker health and safety, and environmental
issues, thermoplastics offer some respfta; example, unlike tBrmoset processing, in
thermoplastic processing there are no solvéms would be off-gassed upon heating of the
polymer, and there are no cure mechanismas tdélease volatile organic compounds as by-
products.

Many techniques have been vdoped to use carbon fds of various lengths in
thermoplastic resin systems. Milled fibres (1-100 um in length) and short fibres (3-6mm in
length) can be compounded with theptastic matrices like polyamide and
polyetheretherketone, and then injection cmmpression moulded into small-to-medium
sized, complex-shaped parts [9-10]. At thdeotend of the spectmy continuous fibre
thermoplastics are made from endless carbbres, which may be extruded with the
thermoplastic matrix or blended using a camgling technique. These are then cut to as-
required lengths, yielding better mechanicalpgarties than would bachieved by the use of
shorter fibres [11].

Matrix impregnated, pre-consolidated compogitepregs are also used as they can be re-
consolidated or stamped within minutes. Theref pre-consolidatetthermoplastic composite
prepregs have become more popular recent years for high volume composite
manufacturing. Hot-melt resin impregnation ggeses have been developed to obtain such
pre-consolidated coposite prepregs [12].

Currently, all thermoplastic composite prepejsarbon fibres available in the market are
produced from continuous, virgin carbon fibr&ke virgin carbon fibre tows are expensive
(20-60 £/kg) and the production pess also adds further costpoe-consolidated prepregs
[11]. The high cost of the preggs has limited their application in many sectors such as

automotive and sports, where price of thad-products is a critical issue [6-8] for



manufacturers. The composite industry demands low-cost pre-consolidated composite
prepregs that can be used in stamp-fornang equivalent rapid pduction processes [13].
To keep the materials cost dowusing waste, recycled orctaimed, rather than virgin,
carbon fibres is attractive. Fhdarmore, the re-use of wastarbon fibres in high-value
materials facilitates currenffferts to solve end-of-life andlisposal issues of carbon fibre
composites, and thermoset composites in general [14].

In this paper, a novel thermoplastic pre-consolidated, unidirectigmalftam long (60 mm)
waste carbon fibre and polyest{golyethylene terephthalateET) fibre is described, which
can used in rapid production processes. This ia processed to form woven architectures,
and the dry prepreg is then moulded to fahmrmoplastic composites with good mechanical
properties, higher than that glass fibre composites.

2. Materials

In this proof-of-concept work, carbon fibré§700) were sourced from Sigmatex UK in a
staple form of 60 mm mean lehgtThe polyester (polyethylerterephthalate, PET) fibres
used were of 60 mm mean length, 6.7 dieeness (mass in grams of 10,000 meters of
filaments) (ca. 28 um diameter) and 10-12 erfinch. The PET fibres were sourced from

James Robinson Fibres Ltd. (UK). Alaterials were used as-obtained.

3. Experimental work

3.1. Characterisation of waste carbon fibresand PET fibres

Single fibre tensile tests onehcarbon fibres were carrieaut in accordance with ISO
11566:1996. The load-extension curves obtainedshown in Figure l1a. Figure 1b displays
load-extension curves of PET fibres. UnGlI®ET plaques (200mm x 200mm x 2mm) were

made from 100% PET fibres by hot-pressutdong at 280 °C for 15 min and 3 MPa



pressure. The tensile and flexural properties of the unfilled PET plaques were measured in

accordance with 1ISO 527-1:2012dal$0 178:2003, respectively.
3.2. Intermingling of fibres and tape production

The staple carbon fibres were mixed with s&aPET fibres in 60:40 weight ratios and
continuous slivers were produceg using a modified cardingrocess (see Figure 2a-c).
Wide tapes (180mm width, 150 ¢fnwere produced by a thermal consolidation technique,
as shown in Figure 2d-f, where the slivers @kwers) were assembled in parrallel and passed
through a heating unit at 240 °C. The PET fibnese (partially) melted and pressed during
the process to make a thin (0.5mm thickhessbon fibre/PET tape (Figure 1d). For this
work, the wider tape was then slit into a narnewith (20mm) (Fig. 1ejo be used in fabric

structures.
3.3. Composite fabrication

Two types of composite samples were fabricdiggblacing the tapestm two different tape
architectures in 0/90 layup. The first samplesviagbricated from the pe cross plies and the
second sample was fabricated from the tapeewqlies (Figure 1f)respectively. The tape
woven plies (1x1 plain weave) were made bychdn both cases, five layers of plies were

hot-pressed at 285 °C for 20 minutes under 3(pbessure to make 2.0 mm thick panels.

3.4. Physical and mechanical testing of composite panels

The fibre volume fraction was determined blgemical digestion method, as per ASTM
D3171. The tensile properti@gere tested in the’@irection according to ASTM D3039M-14

and flexural tests were carried out accogdio ASTM D7264M—07. Compressive strength of

the laminates was measured according to ASTM D695-89. For impact tests, a drop weight

impact test (Instron east 9350 model) onghmples (90mm x 55 mm x 2 mm) was carried



out following a previously developed methatb] at three energy levels (5, 10 and 15 J),
using a modified clamping rig for thin (@m thickness) composites. The test coupon was
clamped between plates with 40 mm diameter hotbe middle of thelate and the rig was
equipped with a device to ensure that multi-acs were eliminated. The head diameter of

the impactor was 20 mm and speed was 5 m/s. An ultrasonic inspection machine (C-Scan
Midas-NDT) was used for the scanning the dgeaharea. Carbon fibre distribution in the
matrix and fracture parts of the tested specsneere examined using an optical microscope
(Olympus BX41) and the cross-sectionstloé specimens were viewed under a scanning

electron microscope (SEM).

4. Reaults and discussions

The measured physical and mechanical progeaig¢he waste carbon fibres, PET fibres and
neat PET plaque are presented in Table & d&rbon fibres used in this experiment had
tensile strength of 3190 MPa and modulus of 242 GPa. The PET fibres had a melting point of
248 °C, crystallinity of 38.5%, brdang load of 0.23N (357 MPa) and extension to break of

10 mm. The tensile strength amsbdulus of unfilled PET matriplaque were found to be 47

MPa and 3.5 GPa, and the flexural streragtid modulus were fourtd be 118 MPa and 4.0

GPa, respectively.

Semi-consolidated tape was produced fromsthweers of carbon fibre/PET fibre because the
slivers were weak (breaking stigth of ca. 1 N; see Figure 3a)itandle in further processes.
During the tape making proceshe PET fibres were partiyelted by heating and pressing
the slivers at near the melting temperaturd®&fT. The breaking strength of the tape was
increased to 370N (see Figusb), which was sufficient fohandling in the tape slitting

process to produce narrow tapes angroducing the fabric architectures.



During composite fabrication, the tape pliesrevdeated at a high temperature (280 °C),
which was higher than the melting temperatofd®ET, and under high pressure (30 bar).
PET fibres were fully melted and consolidaiadthe moulded composites. SEM images of
panel cross-sections (Figure dgarly show that while mansegions of the composite are
well-consolidated, there arerse dry regions where the tan fibres werenot properly
bonded with the matrix. The presence of vaiils-17%) was also indicated by the large
range in density (1.45g/crand 1.52g/cr}) between samples. Acid digestion tests revealed
that overall the carbon fibre was fairly evemigtributed in the panel, with fibre volume
fraction ranging between 50 to 56% (TableH9wever, Figure 5 shows that the carbon fibre
and PET blend ratios in differembnes of a SEM micrograph afsliver varies from 40% to
60%, suggesting that while overall variability fibre distribution is not substantial, local
variability is. This volumetric variation ithe composite samples was likely due to uneven
blending of carbon fibres withBT fibres in the tape, perfora# the uneven blending of the
two fibres at sliver productionage. It is conceivable that locadgions of tape at the lower
range of fibre volume fraction wetted obgetter during hot-compaction, whereas poor

consolidation and voids appeared igioms with higher fibre volume fraction.

Two types of composite panels were fabricdtedn the tapes. The mechanical tests on the
composites were conducted ihdirection of 0/90 layup. A summary of results obtained from
both tensile and flexural tesg is presented in Table 2. Theean maximum tensile stress
values for the cross-ply and woven ply lan@sawere very comparable at 295 MPa and 300
MPa, respectively. The tensile moduli wexlso found to be similar at 26.5 GPa and 25.5
GPa, respectively. Observations of tensilecfured specimens revealed that delamination
occurred at mid-thickness of all cross-ply s#ésp On the other hand, all woven ply test
specimens failed at the interlacement pointthefweave structure. W tensile properties

of the woven and cross-ply composites wergilar, flexural properties were significantly



different. The flexural strerigs were found to be 172 MPa and 83 MPa for cross-ply and
woven ply composites, respectively. The bagdmodulus was also higher for cross-ply
composites compared to woven ply composites. No delamination was found in cross-ply
laminates, but for woven ply composites, cléallure cracks were visible in the tape
interlacement areas of bend-tested specgnepossibly explaining the lower bending

properties.

Under compressive loading, all cross-ply samfaded near the top loaug plate and visual
inspection showed that ply-cracking and deladmaoccurred in the failure area. The mean
compressive strength was found to be 77 MPa (Table 2). On the other hand, for woven ply
composites the mean stress was found to berlaivé4 MPa (Table 2). Stress-strain profiles

for woven ply composites showed distinctadisdrops, indicating multiple ply-cracking.
Inspection of failed specimens revealed thatvalave structures failed at the warp and weft
interlacement in the composite. The mean compressive strain at maximum stress was higher

for woven ply composites (at 0.43%, compared to 0.3% for cross-ply composites).

The behaviour of the materials under impacidiavas also investigated. Figures 6a-c and
Figure 6d-f show the different damage bebaviof cross-ply and woven ply laminates,
respectively under 5 J, 10 J and 15 J work qdaant forces, respectively. The damage areas

of the specimens were scanned and calculatedlf@amples and presented in Figure 7. It

was seen that the average damage force26@8 N under the 5 J impact energy level. But

this value reached to 3230 N under 10 J impact energy level. No penetration was observed for
the samples tested under 5 J and 10 J, except delamination. At 15 J, the damage force
increased further to 3900 N, yet no penetraseen in this case either. Only one of the
samples was penetrated by the impactor, wihiée others exhibited teemination of layers

and visibly higher plastic deformation on the supface. No penetration of ply layers was

occurred. On the other hand, the average denfarces for woven ply composites under the



same impact energy levels were found tdiggner (2670 N, 3500 N,4300 N, respectively)
compared to cross-ply laminates. No penairawas observed at 5 J impact energy but at 10

J energy impactor penetration and delamoraf the layers was observed for woven ply
samples. In comparison to woven ply composites, cross ply composites showed lower
damaged area under 15 J (average value:130mrhich was nearly same damaged area for

5 J (135 mr), but slightly larger damagedesr was seen under 10 J force (150){ffigure

7). It was also seen that the damage was mawnigtrained at the area of impactor and some

of the specimens show delamination of thekbface, where the fibre spalling occurred and
the samples could withstand higher energy forces than 15 J till complete penetration. No
inter-ply delamination was seen in this casbjch was due to non-woven ply architecture

that allows better fibre dlws between 0/90 directions.

For the woven ply structure, therdage under 15J was much higher (23Gnaithough
lower damage areas were seen for 5 J andl ibpact energy levels but higher penetration
and permanent indentation wagaly visible in both cases. It was seen that the laminates
broke in the weak area at the interlacementstlaeict appeared to be some intra-ply damage
along warp and weft directions in additiontte large area of inter-ply delamination (see

Figure 8).

The results can also lm®mpared with virgin carbonlfie/LPET (LPET-modified amorphous
PET matrix) commingled yarn tigic (0/90) composites (comfilthermoplastic composites:

http://www.comfil.biz) as noother carbon fibre/PET therm@gsitic prepreg materials are

commercially available. It is reported thaetkensile strength and modulus of virgin and
continuous carbon fibre/PEBE/50 wt.%) were 445.0 MPad 38.0 GPa, respectively. The
tensile properties (strengtmé stiffness) for recycled cash fibre/PET tape composites are
30% lower than continuous carbon fibre/LPET posites. Both the properties can be further

enhanced for recycled carbon fibre/PET tape composites by incréfasiREgET resin content



in the tape, as it is evidethat insufficient matrix led to substantial voidage in the tape

laminate composites.

5. Conclusion

A novel thermoplastic tape from 60 wt.% st@ carbon fibres and 40 wt.% PET fibres has
been developed as a dry prepreg semi-prodiiciss-ply and woven ply composites were
thereafter fabricated by hot-pressing the tape&ernas. Mechanical tests revealed that while
the cross-ply and woven ply composites perfamoemparably in tensile mode, the flexural,
compressive, and impact behaviour of crogsqumposites was superior to the woven ply
material. Particularly, the warand weft tape interlacemenits the woven tape composite
structure played an important role in the fraetaf the material, itiating delamination (e.g.
ply cracking under both tensile afldxural loading) and therefe leading to comparatively
lower mechanical properties. Microscopic @nde revealed that local variation in fibre
distribution may have inducedty spots and voidage; optirmg the manufacturing process
needs further study. This initial work has skmothat short, waste daon fibres may find
high-value uses in thermoplastiape composite materials, offering the ability for rapid

production and useful echanical properties.
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Tablesand Figures:

Table 1. Measured physical and mechanicabpmrties of carbon fibre, PET fibre

unfilled PET plaque. Values indicateean + one standard deviation

Properties Carbofibre | PETfibres PET resin plaque
Fibre length (mm) 60.8 3.0 60.0+ 0.5 -

Fibre diameter (um) 7.60+0.01 28.0+0.02 -
Linear density (dtex) 0.75 = 0.07 7.6+0.3 -
Tensile strength (MPa) 3190 + 56 - 47 £ 2
Tensile modulus (GPa) 242.0 £5. - 3.5+05
Flexural strength, MPa - - 118+ 2
Flexural modulus, GPa - - 4.0+05
Strain to failure (%) 1.10+£0.22 - 1.5+ 0.5
Crystallinity (%) - 38.5 -
Melting point {C) - 248 -
Extension at break (mm - 10.0 -

and

Table 2. Summary of tensile, flexural and compressiest results of faicated composites.

Values indicate mean *+ one standard deviation

Fibre Compressive
volume stress at
Specimen | fraction | Tensile Tensile Flexural | Flexural maximum
type (%) modulus | strength modulus | strength load
(GPa) (MPa) (GPa) | (MPa) (MPa)
Cross-ply 53.0 26.5+2.2 295+25 254 +PR.2 172 £ 20 77 + 1
Woven ply | 53.0 25.5+3.3] 30020 21.3+5.0 83 4 22 43 + 1

|_\
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Figure 1. Load-elongation curves of (a) wastelmam fibres and (b) polyester (PET) matrix
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Figure 2. (a-d) Tape production process from slivaswaste carbon and PET fibres, (e)

narrow tape and (f) composite pan&de from tape woven fabric
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Figure 3. Load-extension curves of (a) carbon fillveT sliver (pictured on Figure 2c), and

(b) semi-consolidated carbon fibre/PEape (pictured in Figure 2e).
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Figure 4. SEM images showing dry carbon fibres i tomposites due to insufficient matrix



Figure 5. (a) SEM images of carbon fibre/PET blemaghe sliver, (b) optical cross section
of the sliver. Image analysis of the four quads revealed the vatian in carbon fibre to
PET volumetric percentage ratio: A 55.7%lxar fibre : 44.3% PET fibres, B 47.3:52.7, C
41.8:58.2, and D 59.0:41.0.
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Figure 6. Temporal evolution of damage forcescafor cross-ply and (d-f) for woven ply

laminates under 5, 10 ai®J energy levels.
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Figure 8. Inter ply delamination of woven tape composites under impact test (10J impact energy)



