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HIGHLIGHTS

e Local heating enabled easy demanu-
facturing of UD thermoplastic tape plies.

e Peeling UD thermoplastic tapes can be
achieved with low forces and high rates.

e Recovery at elevated temperatures af-
fects surface quality and fibre
alignment.

e Recovered tape plies were successfully
remanufactured into composites.

o Remanufacturing achieves close to vir-
gin mechanical properties.

ARTICLE INFO

Keywords:
Thermoplastic resin (A)
Mechanical testing (D)
Tape (A)
Demanufacturing

GRAPHICAL ABSTRACT

Demanufacturing and remanufacturing of thermoplastic composites:
a hot and cold-peel feasibility study for circularity
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ABSTRACT

Composite materials are increasingly used in structural applications where lightweighting can reduce energy
requirements, particularly in the transport and the aerospace sectors. However, there is a pressing need to
improve the circularity of composite materials, to reduce waste and production energy. Thermoplastic com-
posites offer a low-energy route to recovery by ply separation and reconstitution, rather than by pyrolysis or
other destructive downcycling processes.

This study investigates the potential for recovery and re-use of continuous fibre reinforced thermoplastic tapes.
Two-ply tapes are compression moulded and then separated using either a room temperature or hot-peel
approach, analogous to the reversal of a typical tape laying process. The surface quality and fibre distribution
of the recovered tapes is recorded, with the tapes subsequently reprocessed into composite panels. A comparison
of mechanical properties of the reprocessed panels is carried out relative to panels manufactured from as-
received tape equivalents.

Peel of the thermoplastic tapes was achieved with ease and low forces. However, recovery deteriorated surface
quality and fibre alignment. Recovery of the tapes led to comparable composite properties, although a small
reduction in flexural strength was observed. This was likely as a result of changes in ply distribution, an increase
in voids and loss of fibre alignment.
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1. Introduction

Fibre reinforced thermoplastic (FRTP) composites are becoming
increasingly attractive structural materials due in part to their potential
for a sustainable use cycle [1,2]. While thermoset composites (TSC) rely
on an irreversible cross-linking reaction during manufacturing, FRTP
composites do not and so re-use of the constituent polymer matrix and
reinforcement materials at end of product life is, at least in principle,
achievable. However, an approach for complete recovery and re-use is
not yet realised. Typically, the means of recovery for all fibre reinforced
composites is to undertake an energy-intensive process of fibre/matrix
separation such as by thermal or chemical means (pyrolysis or solvoly-
sis, respectively). This process results in some reduction in fibre length
and constituent properties, as well as destruction of the matrix [3-10].

Such an approach is normally necessary for TSC, where the matrix
ordinarily cannot be reprocessed. Whilst some less aggressive processes
for separation are in development, such as through the use of tailored
matrix materials that can be irreversibly de-cross linked to recover resin
components [11,12], the core of the process for thermosets remains to
separate fibre and matrix for individual recovery.

The opportunity for FRTP composites is recovery through simple
heating and re-moulding. In this case, the separation of the thermo-
plastic matrix from the long fibre reinforcement is not necessary, since
the matrix is not chemically cross-linked and can be remelted. This re-
sults in fewer recycling steps as there is no need to reprocess and
recombine the fibres with a fresh matrix. Hence the matrix is retained
and the fibre surfaces are not exposed to the air or to excessive tem-
peratures that can cause damage, particularly a problem with glass fi-
bres[13]. While this could be achieved by simple shredding and bulk
moulding[14], there is also the opportunity to preserve fibre lengths by
using more sophisticated processes.

While simple in concept, the realisation of heating and re-moulding
continuous fibre TP composites is a complex process. In fabric reinforced
composites for example, the fabric may have experienced shear during
forming. This means that pressing the part back into a flat sheet or
directly into another component is not trivial, since the tow movement is
difficult to invert. Explorations of reverse-forming, where the FRTP
component is heated then flattened to sheet form, noted that wrinkling
occurred in components that had undergone yarn slippage during initial
manufacture [15,16].

In the context of the automated tape placement (ATP) process,
reclaiming the fibre reinforced thermoplastic matrix tape by layer-wise
separation is more accessible. In this process the reinforcement is utilised
such that the fibres remain as straight as possible, in order to carry load
more effectively. In principle, a component produced by ATP will be sup-
ported through-life by a digital twin containing information on the tape
geometry, orientation and end position [17]. With this knowledge it is easy
to envisage the application of a peeling force to the tape, reversing the
deposition path, in order to recover the tape. This may require the ther-
moplastic matrix to either fail along the interface, or perhaps to melt so as to
enable the peeling ply to separate from the substrate, permitting subsequent
rewinding onto a spool. This is in essence a reversal of the original tape
laying process, as suggested in Janssen’s patent [18].

Practical application of this approach requires an understanding of
the loads, temperatures and rates required or achievable for separation
of layers, as well as the impact of recovery on the quality of the tape
material. Process-induced degradation of polymers is a complex phe-
nomenon which is highly dependent on temperature, on shear and shear
rate, on polymer species and on some additives[19,20]. Typically
recycling processes can see a ~ 5-20 % reduction in properties, though
this would include any in-life degradation[21]. To preserve matrix
properties, a balance must be struck in the demanufacturing process
between temperatures high enough to minimise shear and low enough
to minimise thermal degradation.

A number of studies have considered the recovery of polypropylene
(PP), polyamide (PA) and Polyphenylene sulphide (PPS) tapes using
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ambient or low temperature wedge driven separation [22] and peel
processes [23,24]. Ultrasonic separation has also been considered [25].
These studies suggest that fibre orientation is better conserved when
peeling at low temperatures while elevated temperature improves
conformation with a roller during the peeling process, giving improved
process control and avoiding fibre kinking (fibre breakage in ply
bending). Drum roller guides are sometimes used to support peeling and
prevent failure during testing of thin composites, even in thermoset
systems [26].

Previous work by the authors on iso-thermal, small-scale peeling
demonstrated that separation could be achieved with relative ease at
elevated temperatures, with the surface character of the recovered
material being dependent on the temperature [27]. Peeling at temper-
atures above the matrix melting point resulted in a relatively smooth
surface through cohesive failure of the matrix. Peeling was also shown to
be achievable below the melting point. This resulted in a rougher surface
finish through increasingly adhesive failure of the fibre-matrix
interface.

In this follow-up study, the focus is now on demonstrating the
viability of a continuous, non-isothermal demanufacturing process with
localised heating, as would have to be the case in a dedicated industrial
facility. The quality of recovered plies and the subsequent performance
of composites remanufactured using these recovered plies was investi-
gated. Consolidated two-ply laminates were peeled using a line heat
source and fixed load. Room temperature (RT) peeing was also
attempted for comparison. The morphology of the recovered plies was
studied before they were then reconsolidated, without further re-
processing, into six-ply laminates. The mechanical performance of
composites manufactured entirely from peeled plies was measured and
compared to identical composites manufactured from virgin material.
Thermoplastic tapes composed of two different fibres and three different
polymer matrices were investigated and their behaviours compared.

2. Materials and methods
2.1. Materials

Three distinct, unidirectionally reinforced (UD) thermoplastic tapes
were utilised in this study: polyamide 6 (PA6)/carbon fibre (SGL Group,
45 % Vg carbon, ~250 gsm), polypropylene (PP)/Glass (Comfil, 75 wt%
glass, ~900 gsm) and Polybutylene terephthalate (PBT)/Glass (Comfil,
67 wt% glass, ~900 gsm). All three polymer matrices are semi-
crystalline. These three different fibre-matrix combinations were
selected to identify potential behavioural differences due to the poly-
mer, reinforcing fibre or volume fraction.

PTFE coated glass fabric (Cytec, FF03) was used as a release film in
moulding. Self-adhesive polyimide (PI) tape (ULT013, Vital-Parts) was
used to secure thermocouple cables and other components during high
temperature operations. Aluminium foil (Multifoil, 0.15 mm thick) was
used as a shim material in moulding.

2.2. Composite manufacture

The UD tapes were dried overnight in a vacuum oven (Medline sci-
entific OV-11) at 50 °C before moulding. The press that was used in 2.2.1
and 2.2.2 was a 4" diameter cylinder upstroke press driven by an
Enerpac P802 manual hydraulic pump. The platens were 250 mm x 250
mm in size, electrically heated using cartridge heating elements
controlled by Eurotherm controllers and cooled using water flow
through channels in the tool.

2.2.1. Two-ply peel specimens

Two-ply UD laminates were produced by compression moulding
dried, as-received tapes between flat steel plates lined with PTFE-coated
fabric release film. Pieces of the PTFE film were used between plies to
create separated ends for demanufacturing through peeling. Five fine-
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tipped 0.3 mm K-type thermocouples (RS PRO) were placed between the
layers of a PA6 specimen and affixed to the flat plate with PI tape to
avoid movement during moulding, in order to record the temperature
during subsequent peeling.

The assembled stacks were introduced to the manually activated
hydraulic press at temperature (PP — 190 °C, PA6 — 225 °C, PBT - 230 °C)
and the platens were closed to firm contact (resistance felt on the hy-
draulic lever) for 10 mins to allow time to melt. An initial pressure of 20
bar (corresponding to ~ 1.65 tonnes) was applied for a few seconds, and
then removed and re-applied quickly three times as breathe cycles,
before finally holding at 20 bar for a further 10 min. Platens were water-
cooled at a rate of ~ 7 °C/min and the stacks were removed from the
press once the temperature was below 50 °C. Thicknesses of the 2-ply
composites were consistent across the moulding. Positions were
measured across examples of each of the material types, with results as
follows (n = 15): PP — 0.50 £ 0.01 mm; PBT — 0.48 & 0.01 mm; PA6 —
0.39 £ 0.01 mm; where the + value is 1 standard deviation.

2.2.2. Composite panels

Six-ply composites were produced from both as-received tapes and
tapes that were recovered after demanufacturing through peeling. The
tapes were cut into 80 mm x 80 mm squares and compression moulded
in a three-part (base, fixed picture frame and top with matched male
punch) 80 mm x 80 mm cavity tool lined with PTFE-coated fabric release
film. The initial intent was to produce UD panels, however the PP and
PBT UD panels had very poor transverse strength. As a result, some
transverse stability was incorporated by using a [0,90,0]s layup. The
PA6 was pressed both into UD and the transverse stabilised configura-
tions [0]¢ and [0,90,0]s. PA6 panels were nominally 1 mm thick, while
the PP and PBT panels were nominally 1.5 mm thick. The moulding
process (the temperature and pressure cycle) was the same as described
for the peel specimens in 2.2.1.

2.3. Demanufacturing of 2-ply specimens

2.3.1. Room temperature peel

To produce demanufactured plies for re-consolidation into test
composite panels (as described in section 2.2.2), 80 mm wide two-ply
specimens (produced as described in section 2.2.1) were peeled apart.
This was performed for the PP and PBT specimens by a simple manual
method. The unbonded edges of the two-ply specimens were attached to
clamps, with a mass attached to the lower one for a total of approxi-
mately 1 kg. This mass was then placed on a bench to provide a stable
base for the mass to rest on. The upper clamp was then manually raised
to cause the specimen to peel, with the lower mass providing up to 1 kg
of peeling force (after which it would lift off from the bench). This
process is illustrated in Fig. 1. It was not possible to perform peeling at
room temperature with the PA6 specimens as the specimens kinked and
broke before peeling could occur.

Upper
clamp

raised
Peeled

region

1kg
mass

Fig. 1. Photograph showing the manual, room temperature peeling process
applied to a PBT tape.

Composites Part A 210 (2026) 110072

To quantify the load required to peel the PP and PBT tapes at room
temperature, controlled tests were performed using an Instron 5581
testing frame. To avoid edge effects, the two-ply specimens were cut to
25 mm wide to fit the wedge grips and had ~ 160 mm of bonded length.
Tests were performed using a 1 kN load cell and a cross-head speed of
100 mm/min.

2.3.2. High temperature peel

Demanufacturing was also carried out on the two-ply specimens by
peeling using high temperature (HT) at the bond line to enable separa-
tion. This application of localised heating was selected for two reasons.
First, it represents a similar heating approach to that used in an auto-
mated fibre placement manufacturing process. It can be considered that
demanufacturing could be achieved by reversal of this process, and so it
would be appropriate to approximate this method. Secondly, previous
studies that considered heated peeling in a temperature-controlled
chamber (i.e. global heating) caused problems in maintaining the
integrity of the specimens [27].

A similar clamping setup was used to the RT setup, but the additional
weight at the bottom was removed and instead just the lower clamp
(weighing ~ 450 g) was left hanging free. Localised heating was applied
to the bond line at the end of the bonded region using a heat gun with a
wide nozzle (Bosch GHG 660 LCD Professional), held approximately 1
cm from the specimen. It was determined that heat needed to be applied
to the back of the peel point rather than the front, since the application
of heat directly into the joint caused it to collapse and peeling did not
occur. The applied heat and the ~ 450 g clamp weight were sufficient to
cause peeling in all of the 80 mm wide tape types; PP, PBT and PA6. A
thermal camera (FLIR C5) was used to record the approximate tem-
perature during the test.

The thermal camera only provided information on the surface tem-
perature of the specimens and not the true temperature at the bond line.
To obtain additional information on the temperature in the bond line,
one specimen was equipped with a line of five thermocouples embedded
between the plies. Data was collected by a multi-channel logger (Pico-
log) at a 10 Hz sampling rate.

2.3.3. Surface assessment

Surface assessment was made of the tape specimens: the surface in
contact with the tooling after initial two-ply moulding; the separated
cold peeled surface; and the separated hot peeled surfaces. An Alicona
G5 focus variation metrology system using a 20x lens was used to
generate a point cloud data set. The two-ply moulded specimens were
measured over an area of (10 x 10) mm?. The more undulating peeled
specimens were measured over a (5 x 5) mm? area. This data was then
processed by using Mountains software (Digital Surf) [28], applying ISO
25178 settings with cross sectional height graphs generated to show the
height change in several positions along the specimens and to generate
surface roughness (S, and Sg) values.

2.3.4. Thermal analysis — Differential scanning calorimetry

Thermal analysis was performed on a TA Instruments DSC2500 dif-
ferential scanning calorimeter (DSC) operating under nitrogen. Speci-
mens were heated at 10 °C/min up to 260 °C (PA6 and PBT) or to 220 °C
(PP). They were then cooled at 50 °C/min back to room temperature and
allowed to equilibrate. Subsequently they were subjected to a second
heating cycle at 10 °C/min up to 260 °C (PA6 and PBT) or to 220 °C (PP).
Melting point(s) were determined from the second run using TRIOS
software (TA Instruments Trios v5.1.1.46572). Three repeats were per-
formed for each specimen type.

2.3.5. Scanning electron microscopy (SEM)

SEM images were obtained using a Hitachi TM4000Plus II Tabletop
SEM. Specimens were assessed without coatings using the low vacuum,
charge-up reduction setting. Images were taken using a mixed detector
setting combining secondary electron (SE) and backscattering (BSE)
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detectors to provide topographic images enhanced by density contrast.
Accelerating voltage was 10 kV, with a working distance of approxi-
mately 6 mm.

2.4. Characterisation of 6-ply composites

Specimens were cut to 34 mm long x 5 mm wide for torsion and to 70
mm x 15 mm for bending and burn off tests. Flexural tests have been
previously employed for the observation of matrix degradation[29], and
burn off tests are commonly used to determine fibre volume fractions.
Specimens were cut to size from the six-ply composite panels using
waterjet, following the pattern shown in Fig. 2, keeping away from the
edges of the panel to avoid unwanted effects due to small amounts of
flow (flash) near the edges of the mould. The test specimens were vac-
uum dried at 50 °C prior to testing.

2.4.1Volume. fraction

Fibre volume fraction measurements were undertaken on the six-ply
composites (section 2.2.2) using a burn off method. After vacuum drying
at 50 °C, the dimensions of the centre specimen from each composite
panel were taken (values of thickness and width were determined using
a micrometer and callipers, respectively) and their weight measured on
a five-point balance, in order to determine the composite density (pc).
Since specimens included carbon fibre, the thermal cycle was selected to
minimise fibre loss. Autoignition and peak mass-loss temperatures for
PP, PBT and PA6 were obtained from an Office of Aviation Research
report [30] and are provided in Table 1. This indicated a suitable burn
off cycle loading at 350 °C and raising to 450 °C, with minimal char
expected. Literature data suggested that mass loss rates for T300 carbon
fibre should be relatively low at these temperatures [31]. Based on the
literature data, an estimated loss value of 0.0016 % /s at 450 °C was
determined for the carbon fibres during the burn off test and accounted
for in the volume fraction calculations. Mass measurements were taken
after holding for an hour at 450 °C and again after a further 30 min to
ensure complete combustion of the matrix. Fibre volume fraction (Vy),
matrix volume fraction (V,,) and void volume fraction (V,) were deter-
mined as:

-0
- (550

V,=1-V;—Vy

0° i  Jle— oo l
A
o
S
=
o
Cz '
gg 9030 €
~
! L JL ]
-

Fig. 2. Waterjet cutting layout used to section six-ply composite panels into
specimens for torsion, bending and burn off tests. Fibre direction of 0° indicated
with an arrow.
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Table 1

Ignition data for polymer matrix materials.
Polymer Autoignition ~ Peak mass-loss Char (g/

[§9) [§9) 8)
Polypropylene (PP) 367 424 0
Polybutylene terephthalate 382 407 0.07
(PBT)

Polyamide 6 (PA6) 432 454 0.02

following the guidance in ASTM D3171-15. Here M, is the composite
mass before burning, My is the fibre mass after burning, p. is the com-
posite density (determined by geometry and mass), pyis the fibre density
and pp, is the matrix density. Average density values used for the volume
fraction calculations were taken from literature and are listed in Table 2.
Cooling rates for the PBT composites were around 0.14 Ks~!. According
to the degree of crystallinity data provided in [32], this indicated that
the PBT matrix would exhibit a density of 1.33 gem™°.

2.4.2. Torsion testing

Dynamic mechanical analysis (DMA) is a technique that has been
successfully used for the characterisation of matrix degradation[35].
Specimens 34 mm long x 5 mm wide were placed into the rectangular
bar fixture of a rheometer (Anton Paar MCR302) with a free length of 22
mm. Firstly, suitable conditions for torsion were determined by using a
frequency sweep. Subsequently, the specimens were subjected to an
oscillating shear strain amplitude of 0.01 % in torsion at a frequency of
1 Hz while heating up to melt temperature following the schedule in
Table 3, slowing the temperature ramp to 5 °C/min for greater resolu-
tion in the main region of interest. Values of storage modulus (G’), loss
modulus (G”’) and tan § were calculated by the RheoCompass software.
Three specimens were tested for each sample type.

2.4.3. Flexural testing

Flexural testing was performed using an Instron 5581 testing frame
with a three-point bend fixture and a 1 kN load cell. Span and test rates
were selected in accordance with BS EN ISO 14125, with the glass fibre
composites taken to be Class III with a nominal 1.5 mm thickness and the
carbon fibre composites taken to be Class IV with a nominal 1 mm
thickness. Values of thickness and width were determined using a
micrometer and callipers, respectively. Values of elastic modulus, E, and
ultimate strength, oyrs, were determined as the gradient of the stress/
strain graph between the limits of 0.05 % and 0.25 % strain, and as the
maximum flexural stress, respectively. The sample size for each test was
3 specimens.

3. Results

Data from this study is hosted on Mendeley and can be found at:
https://doi.org/10.17632/v9jbs6d757.1. Statistical analysis of the data
was performed using Minitab version 21.1 (64-bit).
3.1. Demanufacturing assessment of 2-ply specimens
3.1.1. Room temperature peel

RT peel forces measured using the Instron (section 2.3.1) are re-
ported as a function of grip displacement in Fig. 3, for the two-ply PP and

Table 2
Density values used for volume fraction calculations.

Material Density value (gem3)
Glass fibre 2.545 [33]

Carbon fibre 1.76 [31]
Polypropylene (PP) 0.905 [34]
Polybutylene terephthalate (PBT) 1.33 [32]

Polyamide 6 (PA6) 1.13 [34]
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Table 3 PBT tapes. Forces start negative as a result of the clamping procedure,
Heating rates used for torsion in rheometer. which led to the bending of the peel specimens pushing away the grips at
Polymer Ramp 10 °C/min Ramp 5 °C/min the start of the test as the spring load tries to straighten the fibres.
Although RT peel of the PA6 was attempted, it was not possible as tape

PP 25-120°C 120-190 °C . . i . .
PBT 95 _ 140 °C 140 — 230 °C failure occurred before peeling due to kinking and fibre failure at the
PA6 25140 °C 140 - 230 °C joint. Example peel curves for these attempts are provided in the

PP1 PP 2 PP 3 PP4 —PPS5S PP6 —PP7 —PP8

©
F

o
w
T

o
N
T

o

Region used for
average value

Force per width (N/mm)
o

_0'2 1 L L
0 50 100 150 200 250 300

Displacement (mm)

PBT 1 PBT 2 PBT 3 PBT4 —PBTS PBT 6

o
w
T

o
N
T

I

o

Region used for
average value

Force per width (N/mm)

" (b)

0 50 100 150 200 250 300
Displacement (mm)

Fig. 3. Force vs displacement room temperature peel data for 25 mm wide PP (a) and PBT (b) two-ply specimens, with the range indicated over which an average
force measurement was taken. Curves PP1-PP8 and PBT1-PBT6 represent repeat tests.
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supplementary data (Fig. S1). In terms of both the shape of the force-
—displacement curves and the magnitudes, the behaviours observed for
the PP and PBT specimens were similar to that observed for wedge peel
testing by Zhang and co-workers [36]. The load values averaged across a
displacement range of 100 mm to 200 mm, as indicated in Fig. 3, were
(0.09 + 0.02) N/mm for the PP specimens, and (0.06 + 0.01) N/mm for
the PBT specimens, where + refers to the standard deviation. Around
half of the PP specimens exhibited a load peak just prior to the start of
peeling, suggesting a potential difference in peel initiation behaviour
between the PP and PBT specimens. Peaks in the later region of the data,
at 150 mm and beyond, are a geometric effect associated with uneven
peeling, visible as the peel line transitioned away from perpendicular to
the fibre axis.

3.1.2. High temperature peel

Preliminary attempts at hot peeling helped to determined that, for all
specimens, the ~ 450 g mass of the lower clamp was sufficient to induce
peeling of the two-ply specimens with the application of hot air to the
peel line. Since the specimens were 80 mm wide, this corresponds to a
required peel force of < 0.055 N/mm. As soon as the point of peel
reached a sufficient temperature the peel progressed continuously,
moving peeled tape away from the heated zone and exposing new ma-
terial to the heated peel front.

The positions of the embedded thermocouples for the instrumented
peel are shown in Fig. 4a. The data recorded for the embedded ther-
mocouples during the course of peeling is provided in Fig. 4b, alongside
the thermal camera data. An example of the thermal camera data is
provided in Fig. 4c. The thermal camera data was taken as the highest
value for the image; for example in Fig. 4c it was 252 °C. There was no
common trigger for the camera and thermocouples, so image time
stamps were used to correlate the time axis approximately. The lowest
peak temperatures within the bond line were recorded by thermocou-
ples TC2 and TC3 as 161-163 °C, while at a similar time the thermal
imaging camera indicated an external surface temperature behind the
bond region of 214-223 °C. The true bond line temperature is assumed
to lie between these values.

The same heat gun arrangement was used in all the HT peel tests
carried out in this study; thermocouples were not embedded in other
trials in order to preserve the tape interface for subsequent

TC1 TC2 TG TCca TCS Thermal camera
250 (b)
O
° 200 f
g
3
=1
©150
[
£
100
@
50
0 n n n
125 145 165 185
Time (s)
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remanufacturing. Images from the thermal imaging camera suggest that
similar temperatures were achieved, albeit with some variability due to
the set-up and the limitations of using IR cameras on high emissivity
materials. Although it is experimentally challenging to obtain precise
measurements of temperature at the peel point heated with a hot air
gun, the steady state nature of the obtained peel, as well as the successful
outcome of the trials, suggest that the process is likely to self-regulate to
reach a sufficient peel temperature in all cases. It is assumed that, as the
two layers peel apart, new material is exposed to the heat; the system
peels more quickly if there is excess heat, and more slowly if there is
insufficient heat, quickly returning to a steady state. The typical peel
rates observed in these trials were in the region of 5 mm s L.

3.1.3. Surface assessment

The surfaces of the peeled tapes were characterised using the Alicona
G5, and topographical information was obtained as height maps for each
specimen. The overall S, (arithmetical mean height) and Sy (standard
deviation of heights) values for the set of specimens are provided in
Table 4.

The as-moulded tape specimen shows relatively little variation in
surface height. Both RT and HT peeled specimens show greater variation
in surface height, with fibre bundles as well as loose fibres disrupted by
the peeling being visible in the scan. Much larger Sy values were
observed for the hot-peeled specimens. Qualitatively, the hot peeled

Table 4
Surface roughness values S, and S, for the different single ply specimens as-

received, and after peeling at room temperature (RT) and high temperature
(HD).

Sa (mm) PP PBT PA6
As received 8.23 9.72 2.67
After RT peel 45.60 26.50 -
After HT peel 92.67 57.67 45.13
Sq (mm) PP PBT PA6
As received 10.50 13.20 3.60
After RT peel 61.30 37.20 -
After HT peel 126.09 135.52 54.38

Fixed clamp

< 140°C
252

Bonded plies

Free clamp = 4.5 Nl

Fig. 4. (a) position of the thermocouples embedded between the tape layers prior to moulding; (b) temperature profile during hot PA6/carbon peeling as recorded by
the thermal camera and the embedded thermocouples along the length of the specimen (thermal camera values taken as the highest value for the image); (c) thermal

image of the peel process.
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Fig. 5. Backlit image of a HT peeled PA6 tape qualitatively showing splitting
and fibre waviness caused by the peeling process.

specimens also showed more splitting and waviness than the cold-peeled
specimens (see Fig. 5). The observed surface roughness values for the HT
PAG6 peel are substantially higher than were observed in the small-scale
isothermal testing in previous work (S, ~ 10, Sq ~ 15). This suggests
that cooling rate after peel may be important to achieving a good surface
finish.

3.1.4. Differential scanning calorimetry

Melting point temperatures for the polymer matrix materials were
determined by DSC. They were measured on specimens taken from tapes
after 2-ply moulding, and on the tapes recovered after heated peeling of
the 2-ply specimens. In this way the properties of the matrix are inves-
tigated before and after short-term exposure to high temperature
peeling. The results are provided in Table 5. The values obtained are
consistent with literature expectation[34], with no statistically signifi-
cant difference in the values (P < 0.05) as a result of the high-
temperature peeling.

3.1.5. SEM

SEM was performed on the peeled surfaces of the different 2-ply
composites after cold-peeling and hot-peeling. These are provided for
PP (Fig. 6) and PBT (Fig. 7). It was not possible to cold-peel the PA6 and
so only hot-peel results are shown (Fig. 8).

It is readily apparent that the PP and PBT materials have poor
interfacial adhesion, with the cold peel and hot peel showing almost
clean fibre surfaces in both cases. Conversely the interfacial adhesion for
the PA6 appears to be much better, with good fibre coverage. Cold
peeling results in fracturing and spalling of polymer for both the PP and
PBT, while hot peeling results in splitting and potentially surface tension
or crystallisation driven pin-holing. Conversely, the PA6 shows a smooth
matrix covering after hot peeling.

3.2. Mechanical performance of manufactured and remanufactured
composites

All six-ply panels were well consolidated, although some flashing at
the edges was apparent. Longitudinal cross-sectional images are pro-
vided in the supplementary data (Figs. S2 and S3).

Composites Part A 210 (2026) 110072

Table 5

Melting point onset and peak temperatures obtained from differential scanning
calorimetry on moulded and on peeled specimens, demonstrating no statistically
significant (P < 0.05) difference in the melting behaviour as a result of high-
temperature peeling.

Specimen (n = 3) Onset (°C) Peak (°C)
Average Average

PP 2-ply moulded 151.7 + 3.4 158.7 + 1.6
PP hot peeled 149.9 + 3.0 1579+ 1.2
PBT 2-ply moulded n/a 220.3 £ 0.5
PBT hot peeled n/a 220.7 £ 0.1
PA6 2-ply moulded 210.6 £ 0.5 219.0 £ 0.4
PAG6 hot peeled 210.8 £ 0.3 218.5+ 0.2

3.2.1 vol. fraction

The results of the assessment of fibre volume fraction of the six-ply
composites, determined by burn off, are provided in Table 6. Where
more than one composite panel of the same type has been tested, the n
value, average and standard error have been included in the table.

The measured fibre volume fractions of the PA6/carbon are slightly
higher than the nominal tape volume fraction, with low void content.
The exception is the UD PA6 HT peel specimen, which reported a
notably higher fibre volume fraction. The PP and PBT specimens all
showed considerably higher volume fraction than the original tape
(~50 %), although the specimens that were reconsolidated after peeling
appeared to have slightly lower fibre volume fractions in comparison to
the as-received versions.

There appeared to be a greater degree of fibre packing in the PP
specimens, when compared to the PBT. The PP and PBT specimens also
had higher voids than the PA6 specimens. The PBT specimens recon-
solidated after peeling appeared to have more voids than those made
using the as-received tape.

3.2.2. Torsional stiffness

The real and imaginary parts of the shear modulus of the six-ply
composites, measured at 1 Hz as a function of temperature, are repro-
duced in Fig. 9 (a — d). Measurements are provided for specimens that
are manufactured from as-received tape, and for specimens remanu-
factured from both room temperature peeled (where available) and hot-
peeled tapes. In the unidirectional specimens the axis of torsion corre-
sponds with the longitudinal fibre axis. In the biaxial specimens the axis
of torsion corresponds with the dominant fibre direction (0°), and the
other fibre direction is perpendicular.

All three systems show the same general trend: the storage moduli
fall with increasing temperature, at first relatively slowly, and then more
dramatically as the melting temperature is approached and the spec-
imen delaminates. The loss moduli exhibit a small rise with increasing
temperature before a more substantial fall at the melt temperatures. In
the PBT and PAG6 systems there is a minor peak in the loss factor tangent,
tan d, in the region of ~ 50 to 75 °C, corresponding approximately with
the glass transition temperatures[32,37]. Tan d peaks become dominant
at ~ 170 °C for the PP system, and above 230 °C for the PBT and PA6
systems, associated with the melting of the crystal structures and
breakdown of the specimen. In all cases these peaks are ~ 10 °C above
the melting points identified by DSC (Table 5).

The introduction of a demanufacturing stage may introduce damage
to the fibres in the form of fractures or misalignment, and to the matrix
and fibre-matrix interface in the form of polymer degradation. Whereas
fibre damage is likely to manifest as a decrease in the elastic properties,
matrix and interface degradation may be more easily visible in the loss
factor tangent.

In the PP/glass system, the hot demanufacturing stage appears to
produce a reduction in G’ across the temperature range, as well as a
broadening of the tan d peak associated with the melt relative to the as-
received manufactured specimen. The response of the RT peeled rema-
nufactured specimen is instead very similar to that of the as-received
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Fig. 7. SEM images of the surfaces of the 2-ply PBT composites after being subjected to cold and hot-peeling.

manufactured specimen. This suggests that the high temperature peel
may have had a detrimental effect on the PP matrix, or caused a
disruption or damage to the fibres, something that did not occur with the
room temperature peel.

The PBT/glass system exhibits a response that appears to show little
effect due to the demanufacturing step, whether at high temperature or
room temperature.

The PA6/carbon system could only be demanufactured hot. The UD
system shows a result that is at first slightly surprising: the elastic G’ is
higher in the remanufactured specimen than in the as-received

manufactured, however it has been shown to have a slightly higher
volume fraction (Table 6). The biaxial PA6/carbon did not show a dif-
ference between the shear properties of the remanufactured and the as-
received manufactured specimens.

The room temperature (25 °C) measurements of the real, elastic part
of the shear modulus are shown in Fig. 10, to enable a more detailed
comparison of the effect of the demanufacturing steps on the standard
stiffness performance in each of the specimens.

In general, the differences in modulus as a result of the demanu-
facturing step are relatively minor, with remanufactured specimens
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Fig. 8. SEM images of the surface of the 2-ply PA6 composites after being subjected to hot-peeling.

Table 6

Volume fraction assessment measurements on moulded six-ply laminates, either
manufactured from as-received materials or remanufactured from peeled plies.
Where multiple measurements are made, n is the number of repeats and the
standard error is given as (4).

Void volume
fraction, V,

Matrix volume
fraction, Vy,

Fibre volume
fraction, V¢

Specimen type

PP as-received (n = 3) 67.1 (+ 0.9) 29.2 (£ 0.7) 3.6 (£ 0.2)
manuf.

PP RT peel 64.7 32.4 2.8
remanufactured

PP HT peel 64.0 32.9 3.2
remanufactured

PBT as-received (n = 59.1 (+ 0.4) 39.7 (£ 0.4) 1.2 (£0.1)
2) manuf.

PBT RT peel 57.1 40.1 2.8
remanufactured

PBT HT peel 56.0 41.3 2.6
remanufactured

PA6 UD as-received 48.8 49.9 1.2
manuf.

PA6 UD HT peel 53.1 45.2 1.7
remanuf.

PAG6 biaxial as- 48.0 50.3 1.8
received manuf.

PAG6 biaxial HT peel 48.4 50.9 0.7
remanuf.

exhibiting a similar or slightly reduced modulus compared to the as-
received manufactured specimens, as expected from thermo-oxidative
mechanisms of degradation inducing primarily chain scission in the
matrices[38-40]. In addition, PA6 is also susceptible to hydrolysis; pre-
drying may help to reduce this, but was not employed here. The
exception is the remanufactured PA6 UD system. Here the specimens
remanufactured from HT peel tape are uncharacteristically stiffer than
those manufactured from as-received tape. When measured at room
temperature, the stiffness of HT tapes is 5.29 GPa, and of AR tapes 4.64
GPa, suggesting that the demanufacturing and remanufacturing leads to
an increase in stiffness of 14 % + 7 %. The V;increased from 48.8 % to
53.1 %; using either an inverse rule of mixtures approach [41] or a
composite cylinder model [42] to estimate the shear modulus produces a
relative increase in shear modulus of between 7 % and 9 % when using
an indicative shear moduli of 1 GPa and 10 GPa for the PA6 and carbon
fibres, respectively. Allowing for errors, the increased V; as a result of
matrix squeeze-out during the remanufacturing step accounts for a
substantial part of the increase in shear modulus.

3.2.3. Three-point bend

In order to examine the effect of demanufacturing on the strength of
composites, measurements of flexural strength and strain evaluated
from the 3-point bend tests of the six-ply composites are shown in

Fig. 11. The flexural strength of the PP system indicates a loss in strength
after peeling and remanufacturing, though it is not a statistically sig-
nificant difference (P < 0.05). The PBT system shows a statistically
significant drop in strength as a result of hot-peel (26 % + 8 %), but no
significant change as a result of the RT peel. The reduced strength may
be as a result of slightly lower volume fractions and of the greater degree
of disruption of fibre orientation that occurs during hot peel. This is
consistent with the observed changes in surface roughness (S,) (Table 4)
and the apparent fibre orientation disruption (Fig. 5).

The PA6 remanufactured specimens instead show an apparent in-
crease in flexural strength relative to the as-received manufactured,
more so for the case of the UD (15 % + 7 %) than for the biaxial spec-
imens (not statistically different). This is consistent with the observed
increase in shear modulus for the UD (14 % + 7 %), and most likely
predominantly due to the 4.3 % increase in fibre volume fraction
(Table 6). The biaxial panels had only a very small difference in shear
modulus and an almost identical fibre volume fraction, whether rema-
nufactured or not. However, the level of voids was reduced in the
remanufactured specimens.

Measurements of the flexural modulus were obtained from the same
flexural experiments, and are shown in Fig. 12. In these flexural tests the
direction of the fibres in the UD specimens corresponds with the beam
axis, and the biaxial specimens have additionally fibres running along
the width of the specimens.

The flexural moduli of the PP specimens are reduced by the dema-
nufacturing stage, whether HT or RT; the loss is around 10 % in both
cases. The reduction of modulus is also observable for the PBT speci-
mens, but is only statistically significant for the HT peel (15 % + 5 %
drop). The PA6 biaxial specimens experienced no significant change,
however the PA6/carbon UD specimens exhibited a remanufactured
modulus that is 11 % =+ 4 % higher than that of the as-received manu-
factured specimens. This increase is similar to what could be observed in
torsion in Fig. 10, where the PA6/carbon UD specimen showed a 14 % +
7 % Increase, and hence is attributed primarily to the increase in fibre
volume fraction (Table 6).

The mode of failure in the tests was different depending on the
material, but was similar for the virgin and recovered tapes. Examples of
the failure modes for the different materials are provided in Fig. 13. The
PP specimens failed primarily through delamination and buckling, the
PBT failed through extensive delamination and the PA6 failed locally
through thickness. These modes of failure are in keeping with the poor
interfacial strength for the PP and PBT and the good interfacial strength
for the PA6 observed in Figs. 6-8.

4. Discussion
4.1. The demanufacturing process

Section 3.1.1 Room temperature peel has shown that both PP and
PBT prepregs that have been moulded together can be peeled at room
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Fig. 9. Storage and loss shear moduli (left abscissa), and loss factor tangent (right abscissa) as a function of temperature, measured in torsion at 1 Hz for the six-ply
composites. Specimens were produced from as-received tapes or from plies demanufactured at either room temperature (RT) or high temperature (HT) peel: (a) PP/

glass; (b) PBT/glass; (c) UD PA6/carbon; (d) Biaxial PA6/carbon.

temperature, repeatably and with low forces. The peel forces of 0.09 N/
mm for the PP/glass and of 0.06 N/mm for the PBT/glass are very low,
being of a similar magnitude to those observed for typical adhesive tapes
[43]. SEM imaging of the peeled surfaces (Figs. 6 and 7) indicates that
there is very little adhesion between the fibres and the matrix. This poor
interface is commensurate with the very low peel forces that were
observed. Other studies have measured higher peel forces, on the order
of 0.3 N/mm for a self-reinforced UD PP tape [44] and 3 N/mm for a
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woven glass/PP composite [45]. The woven glass/PP study reports that
the glass uses an acryl-silane coupling agent to improve fibre/matrix
adhesion.

The inability to peel the PA6 specimens at room temperature in this
study may be as a result of the improved fibre/matrix bonding observed
in the SEM in Fig. 8, requiring greater peeling forces. In the setup that
was used, at room temperature the fibres kinked and broke before
peeling could occur. A drum-supported peeling, as might be used
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bending. Specimens manufactured from as-received tapes (AR) and remanu-
factured from both room temperature peeled (RT) and hot-peeled (HT) tapes.

industrially when demanufacturing a component, should reduce the
likelihood of fibre kinking and may facilitate room temperature peeling.
This will be considered in future testing.

In section 3.1.2 High temperature peeling has been explored in all
three systems. Although a relatively simple hot-peel set-up was used, the
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Fig. 12. Flexural modulus for each of the specimen types subjected to 3-point
bending. Specimens manufactured from as-received tapes (AR) and remanu-
factured from both room temperature peeled (RT) and hot-peeled (HT) tapes.

application of heat proved to be a facile means of separating the ply
layers. The use of a line heat source, applied to the back face of the two-
ply specimen bond region under modest load (4.5 N), resulted in rela-
tively rapid and controlled debonding. The rate of debonding at this load
level appeared limited only by the rate at which heat could be applied to
the zone, but this is only a qualitative observation. This suggests that this
recovery process could be implemented at high speed in an automated
process. This method would fit a force-controlled system, as opposed to
displacement-controlled. The force control would help to prevent or
limit fibre damage, and the peel rate would be indirectly controlled by
the application of heat and help to prevent overheating and matrix
damage — as more heat is applied to the peel zone, the peel rate accel-
erates and moves material away from this heat zone. Looped control
would need to be established between the heating and rewinding speed,
and an acceptable temperature window of operation determined.
Specific measurement of the temperature at the peel zone is difficult
to achieve, as highlighted by the differences in temperature readings
seen between IR camera and thermocouple techniques in Fig. 4. In a
previous study of the behaviour of the same PA6 tape, DSC was used to
determine that the earliest onset of melting is around 180 °C, with two
melting peaks at 217 °C and 225 °C[27]. In that same study, miniature
peel tests also suggested that significant peel forces, equivalent to > 1.6
N/mm, would be required for peeling to occur below around 192 °C
[27]. Given that the current test has a peel force of < 0.055 N/mm, this
would suggest that the thermocouple readings of 161-163 °C are much
below the true temperature at the peel line. Despite the small size of the
thermocouples and the 10 Hz sample rate, it is likely that the residence
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Fig. 13. Example failure modes for the 3-point bend specimens. PP (top) demonstrated delamination and buckling, PBT (middle) experienced extensive delamination

and PA6 (bottom) failed through thickness locally. Scale bars are approximate.

time in the peel zone is too short for the true peel temperature to be
recorded. Conversely, prior miniature peel tests also showed peel
occurring freely with very low forces of 0.02 N/mm above about 212 °C.
This suggests that the back side temperature recorded by the thermal
imaging camera is likely to be higher than the temperature at the peel
point.

The transverse thermal conductivity of carbon fibre is ~ 2 Wm’
1k~1[46], and the thermal conductivity of the PA6 matrix is ~ 0.27 Wm~
1k1[47]. Individual plies are ~ 0.2 mm in thickness, and the heat
transfer coefficient for a heat gun at 600 K[48] is 200-300 W m 2 K’l,
depending on the geometry of the surface. The Biot number should
therefore lie between 0.02 and 0.2, which would suggest that the tem-
perature field through the thickness of the ply can be considered as
nearly uniform. This suggests that an automated demanufacturing pro-
cess should be able to heat the peel point through the thickness of one
ply without excessive degradation of the layer of polymer between the
surface and the peel point. This is, however, a UD tape material, and the
longitudinal conductivity for carbon is higher, around 7 WmK 1. As a
result, fibres are likely conducting heat away from the site and providing
a degree of thermal shielding to the peel site. This particular anisotropic
thermal behaviour of carbon fibre is exploited in heat shielding mate-
rials[49], and could become a significant factor in considering peeling
process control for thicker composite materials.

The capacity of plies to bend without excessive fibre damage during
peeling is undoubtedly an important aspect of successful demanu-
facturing. Ply bending stiffness and strength are influenced by both
material property effects (properties of the fibres and properties of the
matrix polymer at the temperature of interest) and by geometric effects
(ply thickness and fibre distribution, and importantly, the bending
radius). In this study it was not possible to control each of these variables
individually, but the successful peel of PP/carbon and PBT/carbon, at
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both room temperature and close to the melt temperature, and of PA6/
glass, close to the melt temperature only, suggests that there is a rela-
tively large window of opportunity. The inability to peel PA6/glass at
room temperature is unlikely to be due to one factor alone, since all plies
were of similar thickness, and since both PA6 and PBT are below Ty at
room temperature but PP is not. Failure strains are generally larger for
glass fibres than for carbon fibres at comparable dimensions[50], so this
is also not likely to be the cause. Differences in the matrix behaviour, in
terms of the room temperature crystallinity and resulting properties, and
in the fibre-matrix interface might contribute to explain this
observation.

As well as consideration of the actual peeling process, successful
implementation of a demanufacturing process also requires a means of
creating the initial delamination crack. Several studies have considered
methods of doing so, from simple impact to shearing, ultrasonic cutting
and the use of a pre-installed delamination initiator, such as an
embedded expanding material[24,25,51]. Further, it is necessary to
consider the potential for peel deviation between plies, that might result
in a thickening or thinning of the recovered material. This is unlikely to
occur in woven or UD structures, since there are continuous fibres in the
sub-ply along the axis of the peel. However, most components produced
with UD tape will have different orientations between plies. Mitigating
this issue may require enhanced temperature control[27] and/or me-
chanical restriction of sub-plies such as a wedge[18,22].

4.2. Quality of demanufactured tapes

As shown in Table 4, surface assessment of the demanufactured tapes
demonstrated that the process of peeling causes a disruption to the
initially relatively smooth surface of the material. The HT peel caused a
greater increase in the average surface roughness than the RT peel,



A.J. Parsons et al.

though the variability was high in both cases. The SEM images in Figs. 6-
8 indicate that roughness increases for the RT peeled tapes is at least
partially as a result of adhesive failure and spalling of polymer, creating
a stepped surface with areas of glass and areas of polymer. The HT
surfaces show undulation and splitting microscopically, which is also
readily apparent macroscopically along with splitting and waviness
(Fig. 5).

This change in surface character means that direct re-use of the tape
in an automated process, reliant on tension control and good quality
polymer contact surfaces, might not be possible without some degree of
post-processing, or without further improvement to the demanufactur-
ing process. Typical surface roughness values for as-received tapes fall in
the region between 5 ym and 35 pm [52,53], somewhat lower than the
25 um to 95 pm mean range measured for demanufactured tapes in this
study. A lower surface roughness is important in achieving rapid and
complete bonding, by minimising time to achieve intimate contact [54].
Excessive surface roughness may also contribute to trapping air between
plies, leading to potential manufacturing defects. If surface roughness
cannot be reduced during demanufacturing, an additional processing
step might be necessary, such as the re-pass approach [55]. Alterna-
tively, offline secondary re-processing of the tape may be necessary to
improve alignment and to redistribute matrix polymer, for example, by
die pultrusion or double belt pressing.

In considering re-use of the tapes, when unwinding larger structures
such as pipes and cylinders with ‘endless’ tapes the resulting tape spool
would be of good length for re-use and these would be ideal initial
targets for this technology. However, in considering smaller parts, with
discrete lengths of tape as long as the part is wide, the resulting recov-
ered material would be short lengths of tape. Effective use of this re-
covery technology would be dependent on finding suitable and
economically viable uses for short tape lengths. This is already an area of
research as automated tape processes create waste through leftover tape
on reels, with research ongoing in patch placement[56-58], patch repair
[59,60] and the effects of discontinuities in composite components
[61-63].

4.3. Performance of remanufactured composites

While the quality of the recovered tapes does not match those of their
as-received equivalents, their use in a manually loaded press moulding
demonstrated final composite properties that were generally on a par
with those of composites produced from as-received tape.

Torsional testing (Fig. 9 and Fig. 10) was employed as it can help
highlight changes to the polymer matrix behaviour. The similarities in
behaviour between as-received and peeled specimens, after re-pressing
into six-ply composite panels, indicate that in most systems the effect
of peeling on the matrix is fairly limited. An apparent reduction in room
temperature shear modulus was observed in the hot-peeled PP/glass
relative to the as-received, as well as a broadening of the loss factor
tangent peak close to melt. This would suggest that a small degree of
matrix degradation or fibre-matrix interface degradation, as well as
some fibre disruption or damage, is likely to have occurred. SEM in-
dicates that there is already very little matrix-interface strength (Fig. 6).
DSC assessment (Table 5) does not indicate a change in melting point
(Tm) as a result of the heated peel, but a significant reduction in mo-
lecular weight would be needed to impact Tp,[64]. This would point to
fibre alignment as a primary variable affecting the torsion results.

The PA6/carbon UD remanufactured composite reported a 14 % + 7
% larger shear modulus than the as-received manufactured, a factor
mostly attributed to an increase in the fibre volume fraction. This is
associated with matrix squeeze-out during moulding, something that
only occurred noticeably with this particular combination of matrix and
compression-moulding lay-up where there are no transverse fibres.

The results observed for flexural testing (Fig. 11 and Fig. 12) pro-
vided more insight into the fibre effects. Overall, with the exception of
the PA6 UD, there was a trend of slightly lower flexural properties for
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the panels that were produced with peeled tapes; up to a 26 % + 8 %
reduction was observed in the remanufactured HT peel average flexural
strength, in comparison to as-received properties. The reasons for this
may be in part due to small differences in fibre volume fraction, as well
as off-axis fibres observed in the peel surfaces (Figs. 6-8) and macro-
scopic transverse waviness in the peeled tapes (Fig. 5) creating a degree
of off-axis reinforcement. In studies on reforming woven materials,
Joustra et al. observed some waviness in their specimens, but found that
the effects on resulting flexural properties were relatively small [15].
However, in the present study, there was no woven structure to help
mitigate the potential fibre shifting, and higher compaction pressures
were applied.

The burn-off measurements showed that there was a small increase
in the presence of voids for the re-consolidated PBT specimens, but this
was the case both for the RT and HT specimens. The exception to the
drop in properties was the UD HT peel for the PA6, which showed an
increase in flexural strength consistent with the increase in fibre volume
fraction.

5. Conclusions

This study has begun to explore the viability of peeling fibre-
reinforced thermoplastic tapes with matrices of PP, PBT and PA6 and
fibres of either glass or carbon, in order to facilitate the demanufacture
of composite components and produce tapes suitable for remanu-
facturing. This initial, limited study has demonstrated that peel recovery
of UD thermoplastic tapes from 2-ply specimens can be achieved with
low forces and potentially high rates, in some cases at room tempera-
ture, and in all cases when using a local heating approach. Recovery of
the tapes incurs a penalty in tape surface quality and in fibre alignment.

Six-ply composite panels were compression-moulded both from as-
received tapes and from demanufactured tapes, for the purpose of
evaluating and comparing the mechanical properties. While the study
was limited to the assessment of a small number of composite panels,
measurements of torsional stiffness suggested that recovery and re-
processing of the tapes does not appear to cause major changes in the
matrix behaviour of the panels. There was an indication of a small
amount of degradation of the PP during the high temperature peel, but
the reasons could not be established conclusively. A small knockdown in
flexural strength was observed in the re-processed panels relative to
panels manufactured from as-received tapes, which was attributed to
variations an increase in voids and to the loss of fibre alignment.

Improved fibre orientation and mitigation of potential matrix dam-
age could be addressed in the design of a more controlled demanu-
facturing set-up, which will be established in our future works.
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