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• 12 mm wide PA6, PP and PBT tape plies
were peeled apart under controlled
conditions.

• The PP and PBT tapes peeled readily at
room temperature, PA6 did not.

• The required peel force for PA6 tape
ranged from 20 N at 192 ◦C to 0.26 N at
212 ◦C.

• Failure mode and resulting surface
character was dependent on peel
temperature.

• A potential window for PA6 peel
without transverse failure is from 200 ◦C
to 215 ◦C.
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A B S T R A C T

Thermoplastic composites are intrinsically suited to recycling, but processes are poorly realised. Methods applied
to thermosets are energy intensive, resulting in fibre downgrading and matrix loss. With digital manufacturing
and data intertwining, the exact construction of a component can now be known. As such, instead of destructive
recycling, a thermoplastic component might instead be demanufactured by peeling layers apart.

In this study, the potential for recovering thermoplastic tapes by controlled peel was explored through novel
small-scale tests. Unidirectional composites of three different tapes (PP/glass, PBT/glass and PA6/carbon) were
compression moulded and subjected to transverse, lap shear and peel testing.

Representative load and temperature conditions were established and their effects on the morphology of the
recovered tape were considered. It was determined that peeling could be achieved well below the matrix melt
temperature with only modest loading, and that contact failure changed from adhesive to cohesive at higher
temperatures.

1. Introduction

Thermoplastic composites are experiencing a growth in use in a

range of sectors, most notably aerospace and increasingly in the wind
industry [1]. As well as offering the same lightweighting potential of
thermoset composites, they provide additional benefits such as: higher
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operating temperatures; chemical resistance; improved toughness;
reduced VOC emissions; precursor storage stability; rapid processing;
the ability to be welded [2] and post-forming ability. The development
of thermoplastic tapes in particular has enabled very high rate, auto-
mated manufacturing [3,4].

With the expected expansion in the use of thermoplastic tapes, there
is a pressing need to provide a sustainable lifecycle, especially since the
majority of composite precursor materials are still currently oil derived.
While there are more sustainable raw materials in development [5,6],
the energy costs of producing materials for composites [7,8], in partic-
ular carbon fibre, mean that recycling and re-use is essential. There is
also socio-political pressure to recycle, with a number of countries
already banning landfill or incineration of composites waste [9] and
introducing mandates on recycling [10].

However, despite thermoplastic composites being touted as recy-
clable materials, the actual means of doing so remains relatively poorly
realised. The most recent comprehensive reviews on composites recy-
cling [11–18] identified three main existing approaches: shredding,
pyrolysis and solvolysis (solvent-based removal). With high value
continuous fibre thermoplastics all these methods result in either a
downgrading of fibres, a loss of matrix material, or environmental issues
and limitations with solvent solubility. The processes are also multi-
stage and energy intensive, with a need for downstream processing in
order to produce something re-useable from the recovered material
[19–21].

A better approach might be to make use of the thermoplastic nature of
such materials in recycling as is already exploited in manufacturing; the
ability to use heat to melt and re-solidify offers the same unique op-
portunities for debonding and direct recovery. With appropriate control
and conditions, composite components could be deconstructed. This
would preserve the fibre lengths and maintain intimate contact between
fibres and matrix, with minimal matrix degradation and avoiding fibre
surface exposure. There are some emerging techniques specific to ther-
moplastics, such as the bulk moulding compound (BMC)-style moulding
of composite chips developed at the ThermoPlastic composites Research
Center (TPRC) [22] and the flattening of end-of-life parts to form sheets
for subsequent reuse as shown by Kiss et al. [23]. However, challenges
remain: in the former, fibre lengths are generally reduced, and in the
latter, care must be taken to ensure that fibre directions are preserved
and that tow slip and buckling are avoided.

With the advent of manufacturing 4.0, digital ply design and the new
paradigm of digital intertwining for manufactured components [8], it is
now possible to know the exact construction of a composite component.
With this information, the disassembly of the component at end of life
ought to be possible [24], avoiding the need to shred it for more energy-
intensive and less valuable recycling. For a component produced from
thermoplastic composite tapes, the location of each of the tapes is known
precisely, making it possible, with suitable confirming metrology sys-
tems, to locate the ends of a particular tape. By freeing the end of a tape
using a suitable tool and gripping it with the appropriate application of
local heat and load, the tape laying process could be reversed – removing
the tape and re-spooling it. In such a way the material could be recov-
ered without reducing the fibre length. In order to realise this process, it
is necessary to understand the operating window for successful decon-
solidation and to begin to explore whether the recovered material is
suitable for re-use.

This approach is still quite new, with one of the earliest explorations
of this method being used in additive manufacturing to deconsolidate
and recover thin tows of poly lactic acid (PLA) impregnated carbon fibre
[25]. In that study, by running the molten material through a consoli-
dation die, it was observed that the recovery process actually enhanced
the level of tow impregnation. However, some matrix was lost through
squeeze out, and the relatively high temperature above the melt caused
some molecular weight degradation in the PLA. Several studies have
been published by the Fraunhofer institutes on ply-level materials,
exploring the recovery of polypropylene (PP), polyamide (PA) and

Polyphenylene sulphide (PPS) tapes using ambient or low temperature
wedge driven separation [26,27] and peel processes [28,29].
Ultrasonics-assisted peel has also been considered [30], as well as the
modelling of the peel process using an analytical method [31].

It is apparent that there is potential in the peel recovery process,
though there is a need to better understand the relationship between
temperature and required forces, as well as the effects peel recovery has
on the resulting recovered material. The previous studies suggest that a
low temperature better conserves fibre orientation, whereas a higher
temperature potentially provides a better conformation with the peeling
process, to provide easier process control and avoid kinking of fibres.
Ultimately this information could be applied to an existing tape laying
head system with roller and heat source, using the same system to both
apply and remove tape–making the peel process perhaps more directly
applicable than the wedge method. With a clearer enough understand-
ing, not only is recovery and re-use possible, but on-the-fly corrections
could be undertaken during the original part layup with minimum
disruption to the fibre architecture.

In this study, the potential for recovery of unidirectionally reinforced
(UD) thermoplastic tapes by controlled peel was explored through novel
small-scale tests, exploiting the small, heated chamber and axial motion
of a rheometer to provide precise control of the process conditions. By
undertaking transverse, lap shear and miniature peel tests it was
possible to clarify the separate behaviours of the matrix and of combined
fibre/matrix interactions. Since the fibre strength and modulus values
are significantly higher than those of the polymer, the transverse and lap
shear tests provide matrix dominated behaviour. The transverse test
affords essentially a 1D contact line failure, while the lap shear provides
a 2D areal failure condition. The peel test is representative of the re-
covery process and includes the effects of fibres loaded in bending.
Representative conditions of load and temperature to achieve peeling
were established and the effect of these conditions on the morphology of
the recovered tape was investigated. Thermoplastic tapes composed of
three different polymers were investigated, to compare their behaviour
and whether the peel can be used as a general, materials agnostic,
method. This work, together with forthcoming studies on larger scale
peeling and re-consolidation assessment, forms part of a wider effort
towards achieving complete circularity in the manufacturing and
demanufacturing of thermoplastic composites.

2. Materials and methods

2.1. Materials

Three distinct unidirectionally reinforced thermoplastic tapes were
utilised in this study: polyamide 6 (PA6)/carbon fibre (SGL Group, 45 %
Vf carbon, supplied as 400 mm wide tape and cut to 170 mm wide for
moulding), polypropylene (PP)/Glass (Comfil, 75 wt% glass, supplied as
50 mm wide tape and used as received) and Polybutylene terephthalate
(PBT)/Glass (Comfil, 67 wt% glass, supplied as 50 mm wide tape and
used as received). All three polymer matrices are semi-crystalline. These
specific materials were selected in order to identify possible differences
in behaviour arising from the polymer matrix, the fibres and the volume
fraction. PTFE coated glass fabric (Cytec, FF03) was used as a release
film in moulding, while aluminium foil (Multifoil, 0.15 mm thick) was
used as a shim material.

2.2. Sample moulding

Two-ply UD laminates were produced by compression moulding
approximately 220 mm long pieces of tape between rigid flat steel
plates. The reinforced tapes were dried overnight in a vacuum oven
(Medline scientific OV-11) at 50 ◦C before moulding and subsequently
test samples were similarly dried before testing, to standardise the effect
of humidity. Large pieces of tape were used to help balance pressure
across the press platen during moulding and to minimise edge effects.
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Pieces of PTFE coated fabric were used between plies to create pre-
separated ends for peel specimens and as spacers to produce lap shear
specimens. Stacks of aluminium foil were used to maintain a minimum
separation between the steel plates during pressing.

Assembled stacks of material and plates were introduced to the press
at specific temperatures; PP–190 ◦C, PA6–225 ◦C, PBT–230 ◦C, and the
platens were closed to firm contact for 10 mins to allow time to melt. An
initial pressure of 20 bar was applied, which was then removed and re-
applied three times as breathe cycles, before finally holding at 20 bar for
a further 10 min. Cooling (on the order of 7 ◦C/min) was then applied
and the samples were demoulded once the temperature was below
50 ◦C. Nominal thickness of the 2-ply specimens was ~0.4 mm for the
PA6/carbon and ~0.5 mm for the PP/glass and PBT/glass.

Test specimens (12 mmwide) were cut from close to the centre of the
panels, to ensure the most well aligned fibres. Transverse samples were
cut from the separated section of the peel specimens. Schematics of the
press stack order arrangements for the Peel and lap shear specimens are
provided in Fig. 1, along with an indication of the positions from which
samples were cut from the larger sheets.

2.3. Thermal analysis

Materials were characterised using a TA Instruments DSC2500 dif-
ferential scanning calorimeter (DSC) operating under nitrogen. The DSC
was utilised to obtain crystallisation and melting temperature informa-
tion for the matrix polymers. Heating rates for the DSC are provided in
Table 1.

2.4. Mechanical testing

A series of different mechanical tests were performed on the speci-
mens, and these tests are described in this section. A summary of me-
chanical tests that were performed on each material is provided in
Table 2. Photographs and schematics of the test configurations used for
these tests are provided in Fig. 2.

2.4.1. Ambient transverse testing
The purpose of the transverse test is to obtain a quantitative measure

of the strength of the thermoplastic itself. This is carried out first at
ambient conditions in 2.4.1 at fixed rate for comparison, and in 2.4.2 at
constant force during a temperature ramp to explore its temperature
dependence. Ambient temperature transverse strength tests were carried
out for specimens after moulding using a controlled displacement rate at
a temperature of 25 ± 1 ◦C. In each test, a 12 mm wide piece of tape cut
in the transverse direction was loaded into the solid rectangular fixture
of a rheometer (Anton Paar MCR302) with a grip separation of 20 mm
(see Fig. 2(a)). A displacement rate of 25mm/min was then applied until
failure. Multiple (7+) samples were tested for each polymer type. The
rheometer allowed for a highly resolved dynamic control of normal
force. Failure stress was calculated by dividing the maximum measured
force by the product of the width and thickness of the specimen, as
determined using a micrometer.

2.4.2. Heated transverse testing
A transverse softening point for each of the as-received tapes was

also determined, by using a transverse test temperature sweep under a
fixed load, as follows. A 12 mm wide piece of tape cut in the transverse
direction was loaded into the grips with a grip separation of 20 mm (see
Fig. 2(a)). Temperature ramps were used as listed in Table 1, with an
initial rate of 10 ◦C/min before slowing to 5 ◦C to match the DSC. The
applied load was varied from 0.1 N to 10 N for PA6 and maintained at
0.1 N for the PP and PBT samples. Three different specimens were tested
for each type of tape at 0.1 N to determine repeatability. As the results
were highly repeatable for the PA6 (difference in onset point between
specimens <2 ◦C), only single specimens were tested at each of the
higher loads, in order to obtain more load data. Testing was stopped
after a significant increase in sample length was detected, indicating
transverse failure.

Fig. 1. Schematics showing the stack order when pressing peel and lap shear
specimens, along with an indication of the positions from which samples were
cut from the larger sheets.

Table 1
Heating rates used for reinforced tapes in DSC and mechanical tests.

Polymer Ramp 10 ◦C/min Ramp 5 ◦C/min

PP 25–120 ◦C 120–190 ◦C
PBT 25–140 ◦C 140–230 ◦C
PA6 25–140 ◦C 140–230 ◦C

Table 2
Summary of mechanical tests.

Test performed PP tape PBT tape PA6 tape

2.4.1 Ambient transverse
failure

Constant displacement rate 25
mm/min

Constant displacement rate 25
mm/min

Constant displacement rate 25 mm/min

2.4.2 Heated transverse
failure

Temperature sweep at fixed
0.1 N load

Temperature sweep at fixed
0.1 N load

Temperature sweeps at fixed 0.1–10 N load

2.4.3 Heated lap shear Temperature sweep at fixed 1
N load

Temperature sweep at fixed 1
N load

Temperature sweeps at fixed 0.1–10 N load

2.4.4 Ambient peel Constant displacement rate 25
mm/min

Constant displacement rate 25
mm/min

n/a

2.4.5 Heated peel (fixed
load)

Temperature sweep at fixed
0.1 N load

Temperature sweep at fixed
0.1 N load

Temperature sweep at fixed 0.1 N load

2.4.5 Heated peel
(set temperature)

n/a n/a 25 mm/min displacement applied at set temperatures of heating ramp (192 ◦C,
197 ◦C, 202 ◦C, 207 ◦C and 212 ◦C
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2.4.3. Heated lap shear testing
Small lap shear tests were carried out in order to obtain indicative

softening points in shear as a comparison to those obtained in transverse
extension. The advantage of the shear tests relative to the transverse
extension tests is the better defined area across which the shear force is
applied, although it is acknowledged that from the point of view of the
relevance of the mode of deformation they may be less applicable to a
peel scenario. A shear softening point for each of the moulded tapes was
determined by using a lap shear-type specimen subjected to a temper-
ature sweep under a fixed load. A 12 mmwide lap shear specimen with a
20 mm overlap was loaded into the solid rectangular fixture of a
rheometer with a grip separation of 30 mm (see Fig. 2(b)). Temperature
ramps were used as listed in Table 1, with an initial rate of 10 ◦C/min
before slowing to 5 ◦C to match the DSC. The applied load was varied
from 0.1 N to 10 N (in separate tests) for PA6 and maintained at 1 N for
the PP and PBT samples. Only two specimens were tested each for PP
and PBT at 1 N as they demonstrated nearly identical results. Four
samples were tested for PA6 at 1 N, showing good repeatability (<2 ◦C
differences in onset), with single samples tested at other temperatures.
Testing was stopped after a significant increase in sample length was
detected, indicating shear failure had occurred.

2.4.4. Ambient peel testing
The peel characteristics of PP and PBT tape were considered through

a miniature peel test at an ambient temperature of 23 ± 2 ◦C. A 12 mm
wide specimen with 15 mm bonded length and a total length of>40 mm
was loaded into the grips with a 20 mm grip separation in a T-peel
configuration (see Fig. 2(c)). The grips were displaced at 25 mm/min

and the peeling (normal tensile) load recorded. Due to the geometric
constraints, the force recorded during this initial displacement included
a component that was due to the curvature of the fibres. Since the cur-
vature of the fibres changes with displacement, so does this force. In
order to isolate the peel force from this bending force, a further exper-
imental step was necessary. After the initial peel, the grips were returned
to their initial displacement without removing the sample. This returned

Fig. 2. Photographs and schematics of the test configurations used in the rheometer: (a) Transverse; (b) Lap shear; (c) Peel. In the schematics, the fibre directions are
denoted by red lines.

Fig. 3. Example of the baseline correction used for peel. During the first
displacement, the sample is peeled. In the repeated displacement the forces
incurred by the sample shape remain, but the bond is no longer present. The
peel force is determined as the difference between the two load curves.
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the fibres to the same curvature as at the start of the test, but without any
bond between the plies. By then repeating the displacement without the
bond, only the force due to fibre curvature as a function of displacement
was measured. This value was then subtracted from the initial force
displacement data in order to provide a measurement of the peel force
(see Fig. 3). Due to the confined space, it was extremely difficult to load
the specimens without damage, more so with the PP than the PBT. As a
result, only 4 satisfactory tests could be performed with PP and 6 with
PBT.

Ambient peeling was not possible with the PA6 specimens as the
required load exceeded the load cell capability of the rheometer (40 N).

2.4.5. Heated peel testing
The peel characteristics of the PA6 tape were considered through a

heated miniature peel test. A 12 mmwide specimen with 15 mm bonded
length and a total length of 40 mm was loaded into the grips with a 20
mm grip separation in a T-peel configuration. Initially, a temperature
ramp was applied as listed in Table 1 with a fixed tensile load of 0.1 N.
This resulted in an inconsistent behaviour, likely due to relaxation of the
peel sample on heating. Instead, a heat-cool-heat cycle was applied. In
the initial heat and cool process, the sample was held at a fixed position
to allow relaxation to occur. In the second heating cycle the fixed tensile
load of 0.1 N was then applied and the consistency of the result was
satisfactory (<2 ◦C difference in onset) across triplicate samples.

Subsequently, to investigate the effect of peeling load, the samples
were again heated at a fixed position before being subjected to a rapid
peeling displacement (25 mm/min) at five different temperatures near
the melting point: 192 ◦C, 197 ◦C, 202 ◦C, 207 ◦C and 212 ◦C. Load
values were recorded for each temperature as a function of
displacement.

Similar testing was not applied to the PP and PBT tapes as they were
observed to begin peeling at ambient temperature when applying the
0.1 N fixed load.

2.5. Optical characterisation

2.5.1. Crack tip
Post manufacturing, representative specimens of the bonded section

were excised for each polymer type and potted in clear epoxy resin
(PC15 Water Clear Polyurethane 2-part casting resin, Easy Composites).
These were then polished sequentially under flowing water with wet-
and-dry abrasive paper in a Struers LaboPol-30 with LaboForce-50,
followed by finishing with 1 µm diamond paste. The bonded region
and crack tip were then imaged on an Olympus BX51 microscope
equipped with an Infinity 2 digital camera using dark field reflected light
illumination and lenses. The images were focus-stacked using the Fiji
extended depth of field plugin.

2.5.2. Peeled surface
Surface assessment was undertaken for the PA6 peel test specimens

that were subjected to a delayed peeling load at five different temper-
atures as described in section 2.6.2. The surfaces of ~10 mm × 1.5 mm
regions of the samples were measured using an Alicona G5 focus vari-
ation metrology system using a 20x lens to generate a point cloud data
set. This data was then processed by using Mountains software, applying
ISO 25178 to generate cross sectional height graphs to show the height
change in several positions along the samples. Surface roughness (Sa)
and related root mean square (Sq) values were also determined.

3. Results

3.1. Mechanical test results

3.1.1. Ambient transverse tests
The ambient temperature transverse failure stresses are presented in

Table 3 for the three tapes. Stresses at failure in transverse testing at
room temperature were small and PP and PBT specimens were notably
fragile during loading. Although there is variability, it is apparent that
the PA6 tape has a substantially higher ambient transverse strength than
the PP and PBT tapes.

3.1.2. Heated transverse tests
The displacement vs temperature results at fixed load for the heated

transverse tests are provided in Figs. 4–6. DSC information is super-
imposed on the results. For PBT and PA6, loaded by 0.1 N, the apparent
softening point correlated well with the peak of the initial melting
endotherm. For PP, the softening point appeared to occur as much as
30 ◦C lower than the endotherm peak. For the PA6, increasing the load
reduced the failure temperature significantly, from approximately
218 ◦C at 0.1 N to 175 ◦C at 10 N. Additional loads were not applied to
the PP and PBT tape due to their low failure loads at ambient conditions.

3.1.3. Lap shear test results
The lap shear displacement vs temperature measurements at con-

stant load are provided in Figs. 7–9. When tested at 1 N, the shear
softening point correlated well with the dominant endotherm of the PA6
and PBT samples, and with the single endotherm for PP. A load of 0.1 N
was insufficient to cause shearing, but the replicates at 1 N indicated
good consistency. Increasing the load for the PA6 up to 20 N resulted in a
shear failure at reduced temperature, by as much as 7 ◦C (from ~223 ◦C
at 1 N to 216 ◦C at 20 N). This is still within the melting region identified
by DSC and is a much smaller effect of load than was observed for
transverse loading. The lower load specimens experienced good axial
displacement, with the long overlap providing resistance to the bending
moment than can be observed in standard lap shear testing [32].
However, there was a small amount of necking through out of plane
wrinkling, see Fig. 10. This necking and deformation increased at higher
displacements due to the force-controlled nature of the test.

3.1.4. Ambient peel tests – PP and PBT
Ambient temperature miniature peel test measurements of load and

displacement are provided in Figs. 11 and 12 for PP and PBT tape,
respectively. As noted in 2.6.1, it was not possible to perform an ambient
peel test with the PA6 due to the load limit of the test system. It is

Table 3
Ambient transverse stress at failure (MPa).

Polymer Failure stress (MPa) n

PP 0.2 ± 0.1 7
PBT 0.3 ± 0.1 7
PA6 9.0 ± 3.0 8

Fig. 4. Displacement measured for replicates A-C during a temperature ramp at
constant 0.1 N load on 12 mm wide transverse specimens of thermoplastic PP
tape (left ordinate axis); DSC melting endotherm (right ordinate axis).
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probable that either the level of crystallinity in the PA6 specimens led to
a tougher matrix in the PA6 compared to the PP and PBT, or perhaps that
the crack tip at the point of peel may be sharper in the PP and PBT

specimens. The force data has been computed by subtracting the force
measured in the reload cycle at the same displacement from the force
measured during the first (peel) cycle, in order to remove the elastic

Fig. 5. Displacement measured for replicates A-C during a temperature ramp at
constant 0.1 N load on 12 mm wide transverse specimens of thermoplastic PBT
tape (left ordinate axis); DSC melting endotherm (right ordinate axis).

Fig. 6. Displacement measured during a temperature ramp at constant loads
(three replicates (A-C) at 0.1 N and one specimen each for 1, 3, 5 and 10 N) on
12 mm wide transverse specimens of thermoplastic PA6 tape (left ordinate
axis); DSC melting endotherm (right ordinate axis).

Fig. 7. Displacement measured for replicates A-B during a temperature ramp at
constant 1 N load on 12 mm wide lap shear specimens of thermoplastic PP tape
(left ordinate axis); DSC melting endotherm (right ordinate axis).

Fig. 8. Displacement measured for replicates A-B during a temperature ramp at
constant 1 N load on 12 mm wide lap shear specimens of thermoplastic PBT
tape (left ordinate axis); DSC melting endotherm (right ordinate axis).

Fig. 9. Displacement measured during a temperature ramp at constant loads
(Four replicates (A-D) at 1 N and one specimen each for 0.1, 5, 10 and 20 N) on
12 mm wide lap shear specimens of thermoplastic PA6 tape (left ordinate axis);
DSC melting endotherm (right ordinate axis). Inset shows a close up of the
displacements in the region of peel onset.

Fig. 10. Photograph of a PA6 lap shear specimen after testing with a temper-
ature ramp at 1 N load, showing deformation.
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bending effects. The peel load increases with displacement through to a
brief plateau in the PBT, and to a less well-defined plateau in the PP, in
some cases reaching amaximum and falling quickly afterwards. The PBT
provides a more reproducible peel curve than the PP, but both were
difficult to load without damage to the fibres due to the tight radius of
curvature required for loading.

3.1.5. Heated peel tests – PA6

3.1.5.1. Heat-cool-heat tests. Specimens of PA6 were loaded in a peel
configuration with a fixed tensile load of 0.1 N, and the temperature was
ramped up according to Table 1. Changes in the material upon heating
resulted in rapid but not always reproducible relaxation of stresses, and
the feedback loop on the rheometer was unable to act quickly enough to
maintain the constant load. This occurred in the region of 150 ◦C, well
below the melt temperature. Examples of this effect are shown in Fig. 13.

An alternative methodology was devised to reduce the effect of the
residual stresses that are induced by loading the peel specimens in the
grips. Peel samples were loaded, and first heated and cooled at a fixed
grip displacement. This results in a residual tensile load on the speci-
mens. The system is switched from displacement control to load control,

and the load is reduced to 0.1 N. This causes the grips to come together
to reduce the tensile load. The specimen is then re-heated under a
constant 0.1 N tensile load, and the displacement monitored. The first

Fig. 11. Replicates A-D of peel force as a function of displacement for 12 mm
wide reinforced PP tape specimens peeled at 25 mm/min. The peel force is
computed by subtracting the force recorded on a second displacement (after
returning to zero displacement) from the force recorded on the first displace-
ment (see section 2.4.4).

Fig. 12. Replicates A-F of peel force as a function of displacement for 12 mm
wide reinforced PBT tape specimens peeled at 25 mm/min. The peel force is
computed by subtracting the force recorded on a second displacement (after
returning to zero displacement) from the force recorded on the first displace-
ment (see section 2.4.4).

Fig. 13. Replicates of displacement measured during a heating temperature
ramp at 0.1 N constant load on 12 mm wide peel specimens of thermoplastic
PA6 tape.

Fig. 14. (a) Replicates A-C of tensile force measured during a heating and
cooling temperature ramp at fixed displacement on 12 mm wide peel specimens
of thermoplastic PA6 tape. The force starts out as compressive, reaches zero at
the highest temperature, then becomes tensile during cooling. (b) Replicates A-
C of displacement measured during a temperature ramp at constant 0.1 N force
on 12 mm wide peel specimens of thermoplastic PA6 tape following an initial
heating and cooling cycle at fixed displacement (left ordinate axis); DSC
melting endotherm (right ordinate axis).
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displacement-controlled heat-cool stage is shown in Fig. 14(a) and the
second load-controlled heating in Fig. 14(b).

It can be seen in the first heating process that the load tends to zero as
the sample is heated, relaxing the bending stresses. On cooling a
contraction force is incurred through shrinkage, since the displacement
is fixed, indicating that the sample maintains integrity. On second
heating with a fixed load (Fig. 14b) the peel behaviour is well defined,
with a similar profile in relation to the DSC that was seen for the
transverse tests (Fig. 6).

3.1.5.2. Displacement controlled tests. A different experiment was per-
formed in which the temperature was ramped at a fixed displacement.
When temperatures of 192 ◦C, 197 ◦C, 202 ◦C, 207 ◦C, 212 ◦C were
reached, close to but straddling the melting endotherms, the sample was
peeled at a constant rate of 25 mm/min. The raw peel force and
displacement are shown in Fig. 15. Relaxation of the initial compressive
force is observed as before during the heating, with a distinct tensile
force peak when rapid peel is applied. The magnitude of the peak peel
force is reduced at higher temperatures.

3.2. Optical characterisation

3.2.1. Crack tip
Cross sections of the crack tip for each of the polymers are provided

as microscopy images in Fig. 16. The positioning of the PTFE sheets used
to create the non-bonded section are readily apparent in the images. A
matrix-rich region can be observed where the fibres have not fully
conformed around the PTFE sheets.

3.2.2. Peeled surface
The surface assessments of the PA6 specimens peeled at specific

temperatures (as shown in Fig. 15) are provided in Fig. 17. Optical
images show qualitative differences, while high-resolution microscope
images are provided for each, alongside their waviness contour. Their Sa
and Sp values are provided in Table 4, measured across an area of
approximately 10 mm × 1.5 mm. The lowest temperature peel (192 ◦C)
appeared to suffer a sub-melt cohesive failure, requiring the highest
force to peel but resulting in a relatively smooth peeled surface with no
visible surface fibres. The samples at 197 ◦C and 202 ◦C, which required
less force to peel, exhibited adhesive failure at the fibre surfaces and a
relatively rough peeled surface. The highest temperate samples (207 ◦C
and 212 ◦C) required very little force to peel and appeared to suffer
cohesive matrix failure, showing a shiny, melted surface.

4. Discussion

4.1. Mechanical tests

The use of a rheometer to study unidirectionally reinforced ther-
moplastic tapes enabled very good control of both tensile load and
temperature to provide consistent data in the majority of tests. Both the
lap shear data and the transverse tests at temperature were very
repeatable and consistent (difference in onset point between specimens
<2 ◦C). The force data from the room temperature transverse tests was
less reliable, likely due to the low overall loads and fragility of the
samples resulting in localised but undetected damage during loading or
cutting. Although the peel data was more challenging to obtain, pri-
marily because of the confined space and the small radius of curvature of
the initial peel specimen, it appears to be consistent if appropriate
experimental protocols are employed.

4.1.1. Transverse and lap shear
Of particular note is the difference in failure temperature between

transverse and lap shear specimens. Since the fibre strength and
modulus values are significantly higher than those of the polymer, both
of these tests are primarily matrix dominated. At low loading, both tests
indicated that a degree of crystalline melting is required before failure.
However, the transverse tests failed at a temperature corresponding to
the early onset of melting (Figs. 4–6) while the lap shear tests only failed
once the matrix was almost fully molten (Figs. 7–9). This fits with logical
expectation. Since the transverse test applies load to an essentially 1D
line of polymer, a weakest link failure occurs. With the lap shear test, an
area of polymer is under load and needs to melt across a significant
portion of the area for failure to occur. It was also observed that the load
applied has a significant effect on the transverse failure (Fig. 6), but only
a limited effect on the lap shear failure (Fig. 9). This is again a scaling
effect, since the added load would have a much smaller effect on the
local stresses in the large overlap area, in comparison to the small area of
the transverse test.

In terms of practical application this difference offers potential
benefits to process control. The peeling process is relatively similar to
the transverse mode, in that peeling is in effect a moving, near-1D line.

Fig. 15. Replicates of force measurements during a temperature ramp at fixed
displacement to 192 ◦C, 197 ◦C, 202 ◦C, 207 ◦C, 212 ◦C, followed by peel
displacement at a rate of 25 mm/min, on 12 mm wide peel specimens of
thermoplastic PA6 (left ordinate axis); displacement is shown on the right
ordinate axis.

Fig. 16. Darkfield optical micrographs of the crack tip profiles prior to peel
testing for each of the three types of tape: (a) PP/glass, (b) PBT/glass and (c)
PA6/carbon. The approximate position of the PTFE sheets used to separate one
side of the tapes is indicated in image (a) with dashed lines.
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Fig. 17. Optical images of the peeled surfaces of the reinforced PA6 tape peeled at (a) 192 ◦C; (b) 197 ◦C; (c) 202 ◦C; (d) 207 ◦C and (e) 212 ◦C; Alicona-derived
digital microscope images of a thin section across the width of the tape (approximate location denoted by dashed outline) and contour plots of the surface profile.
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The lap shearing mode of areal shift would instead apply in relation to
the tape moving from side to side, or other gross slip in-plane (for
example, upon reaching the end of a tape). As such, the process window
for stable peeling without slip should lie between early onset of crys-
tallisation and full melt and could be determined via DSC for a given
matrix. Further, tension driven control could be used to smooth the
peeling process in this window without inducing slip.

4.1.2. Peel
A peel test is intended to be the closest representation to a process of

demanufacturing and recovery of thermoplastic tapes. In a peel test a
small thin region of polymer is separating at any given point, and in this
manner it is perhaps closer in nature to the transverse test than to the lap
shear test. This is supported by the PA6 peeling behaviour observed in
Fig. 14(b), with the peel occurring at a temperature similar to that seen
with the transverse test (Fig. 6).

4.1.2.1. Ambient peel (PBT and PP). The successful room temperature
peel tests carried out on PP and PBT indicate that these materials would
be easily recoverable by peel. The forces required for peeling were
surprisingly low (Figs. 11 and 12), even considering that they are
applied to a very small area. Other studies on woven PP material do not
appear to report the actual forces required to peel, though the manual
effort used to peel illustrated in one [28] suggests that they are low.

While both the PBT and PP tapes peeled readily at room temperature
at relatively low loads, it was not possible to peel the PA6 tape at room
temperature. This may be due to two factors: the state of the crack tip,
and the free end of the specimen.

In looking at the crack tip images in Fig. 16, there is a matrix-rich
region at the junction between the 2 plies of material as a result of the
moulding process. With the PBT and to some extent the PP this excess
matrix appears to be cracked, potentially providing a sharp crack tip to
easily propagate peel. With the PA6 this matrix-rich region is more
difficult to identify due to the presence of carbon rather than glass fibres.

In future studies, there is a need to revisit the nature of the start of the

peel process and how the initial delamination is induced to create a
crack tip. Several methods have been considered in other studies,
including short beam shear, impact (end on and lateral) [28] and ultra-
sonic knife [30], as well as a pre-installed crack generator such as an
expanding component [33]. The most practical approach will likely be
both part and cost dependent.

In heated tests the initial state of the crack tip becomes less important
since the matrix is transforming into a molten state such that the sepa-
ration is potentially driven more by viscosity and surface tension.

4.1.2.2. Heat-cool-heat peel (PA6). The unusual behaviour observed in
the initial heated peel testing for PA6 (i.e. significant deformation of the
material far below the crystalline melting point (Fig. 13) can perhaps be
explained through the transverse behaviour. Even with a fixed
displacement or very low externally applied load, there is considerable
spring loading in the peel specimen due to the small bending radius.
While the majority of the load is carried elastically by the fibres, the
relative position of the fibres is dependent on the polymer matrix be-
tween them. Since PA6 is semi-crystalline, there is a degree of mobility
above Tg of the amorphous phase that could enable reconfiguration
under load. The ‘tail’ of the peel specimens was observed to droop
during testing and a degree of curvature could occur in the part of the
peel specimens yet to be peeled. This suggests a limitation of the
rheometer-based approach to investigating peel testing in that it relies
on an isothermal environment; for the purpose of tape separation it
would be preferable only to heat the immediate peeling region.

Nevertheless, by fixing the displacement of the specimen and taking
it to its melt point the spring forces can be relaxed as the specimen ad-
justs shape to a minimum stress state (Fig. 14a). During cooling a small
load is induced, likely due to shrinkage, but this was accounted for by
switching to load-control in the second heating. By introducing this
heat-cool relaxation of the samples at fixed displacement, it was possible
to obtain reproducible peel information (Fig. 14(b)) with the peeling
occurring near the onset of crystalline melting for PA6 under a load of
0.1 N.

4.1.2.3. Displacement controlled peel (PA6). The effect of load on
transverse failure (Fig. 6) suggested that the peel temperature for the
PA6 could be reduced by applying additional load. To investigate this,
rather than utilising a force control approach that required the heat-cool
heat stabilisation, samples were instead tested under displacement
control at a range of temperatures. During heating at constant rate,
when a pre-selected selected target temperature was reached, the sam-
ple was displaced at a fixed rate and the force monitored. The peak peel
load for each of the hot-peeled PA6 specimens from Fig. 15 is approxi-
mately an exponential function of the peel temperature. This suggests
the possibility of recovery well below the peak melt temperature of the
matrix by using modest force. Potentially this might be reduced further

Fig. 17. (continued).

Table 4
Surface profile parameters for PA6 specimens peeled at
different temperatures. Sa is the surface roughness (arithmet-
ical mean height) across an approximately 10 mm × 1.5 mm
area and Sq is the root mean square value.

Peel temperature (◦C) Sa ± Sq (µm)

192 1.63 ± 2.2
197 15.5 ± 25.3
202 8.58 ± 13.2
207 9.46 ± 14.5
212 7.68 ± 11.3
As received surface 2.67 ± 3.6
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by modification of the initial crack tip formation and by introducing a
constraint to prevent curvature and fibre kinking, such as through a peel
roller.

4.2. Characterisation of the peeled surface

The temperature and load experienced by the tape during separation
has a significant effect on the quality of the recovered tape. Low tem-
peratures, and hence high forces, have been previously observed to
result in kinking and fibre tear out [29], whereas high temperatures,
whilst reducing the peel forces, can result in matrix degradation [25] as
well as surface tension-driven molten matrix redistribution.

The surface metrology results shown in Fig. 17 indicate three regions
of separation behaviour for the PA6 tape. There is a region at 207 ◦C and
above (Fig. 17 (d) and (e)) where the matrix is mobile enough to create a
cohesive failure, with a characteristic ‘shiny’ finish. In the 197–202 ◦C
window (Fig. 17 (b) and (c)) there is an apparent fibre adhesive failure,
with a characteristic matt finish and evidence of fibre tear out, which
could give a resin-starved surface potentially requiring re-processing
before re-use. However, at an even lower temperature of 192 ◦C
(Fig. 17 (a)), cohesive failure is observed resulting in a smoother fracture
surface with no evidence of exposed fibres, albeit with a higher required
separation force. It is possible that fibre kinkingmay have occurred here,
but it is obscured by the matrix.

4.3. Consideration of multi-ply peeling

Overall for peeling, it is enticing that it might be possible to recover
tapes at relatively low temperature using modest forces of only a few
newtons, essentially intact ready for re-use. Some level of reprocessing
may be required to redistribute the matrix and smooth the surface prior
to a second manufacturing operation, depending on the particular pro-
cess. It is worth noting, however, that if recovery of tapes is to take place
in a real component at end-of-life, peeling recovery is likely to be from a
cross-ply material, which was not considered in this study. In such a
situation, the fibres in the layer below the tape being peeled may be at
45◦ or even 90◦ to the peeling process. At 90◦ this would place the lower
layer into an essentially transverse failure condition, and mechanical
constraints may be required to prevent damage to the lower layer.

By comparing Table 3 and Figs. 11 and 12 it can be seen that the
transverse failure load appears to be lower than the peel load for the PP
and PBT specimens at ambient conditions (0.7 N vs 2.5–5 N for PP and
1.1 N vs 1.3–2.2 N for PBT). As such, peeling non-woven PP and PBT
materials with 0/90 ply configuration may be very difficult as the sub-
layer could split.

For the PA6, the transverse failure load under ambient conditions
was much greater than for PP or PBT but reduced with temperature. In
Fig. 18, the transverse failure loads obtained for PA6 from Fig. 6 are
plotted alongside the peel loads from Fig. 15.

There is a short window between approximately 200 ◦C and 215 ◦C
in which the peel forces are lower than the forces at which transverse
failure occurs at the same temperature. This offers the potential for
successful peel. It is worth noting that for the widths of tape tested here
the absolute force values are small, and so this may be challenging to
control with narrow tapes.

The situation in a multi-directional lay-up is more complex, however
it is also possible that a carefully controlled non-isothermal peel could
selectively weaken the specific bond area intended to peel. The anisot-
ropy of the thermal conductivity due to the presence of unidirectional
fibres in different orientations could also be exploited for peel process
control. Thermal energy will diffuse more easily along the more ther-
mally conductive fibre directions than the more thermally insulating
layers of polymer [34–36].

5. Conclusions

This study has employed miniature experiments to investigate the
demanufacturing of three types of thermoplastic tapes. A rheometer
with environmental chamber was used effectively in determining
transverse and lap shear properties of thin laminates. It was also used for
a preliminary investigation of peel geometries.

It was observed that, in general and for a similar applied global load
range (0.1–20 N), matrix failure as witnessed by transverse tests occurs
at temperatures at or below the melting endotherm, while lap shear
failure only occurs at higher temperatures. Although it was not possible
to reproduce the same experiments in peel geometries, it was possible to
measure the peak peel force at specific test temperatures across the
melting endotherm.

The results obtained indicate that disassembly of components made
using UD thermoplastic tapes is eminently feasible, can be performed
below peak melting temperatures and requires relatively small peel
forces. The resulting morphology of the fibre surface is dependent on the
temperature used, with different failure modes observed at different
temperatures. The PP and PBT tapes peeled readily at room temperature,
while the PA6 tape required an elevated temperature. The force required
to peel the PA6 tape was reduced with increasing temperature, from 20
N at 192 ◦C to 0.26 N at 212 ◦C.

The high load peel at 192 ◦C appeared to cause a cohesive failure
with a resulting smooth surface. Between 197 ◦C and 202 ◦C the failure
became adhesive with evidence of dry fibres. At 207 ◦C and above the
failure became cohesive again, with evidence of matrix flow resulting in
a rougher surface but without dry fibres.

A simple comparison of transverse and peel forces suggests that cross
ply peeling may be feasible in specific temperature windows where the
peel force is less than the transverse failure load (between 200 ◦C and
215 ◦C for PA6 in this case), but more work is required to consider this
specific aspect. Work is on-going in our laboratory to explore localised
heating at the peel front at a more representative length scale, in order to
investigate a continuous peeling method that would be required for
practical demanufacturing.
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