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ABSTRACT

Thermal reshaping has been employed to simulate the end-of-life reuse of liquid-resin-infused
thermoplastic acrylic composite laminates, and the associated effects on matrix-dominated mechanical
performance and microstructure have been studied. L-shaped laminates were infused at room temperature
and subjected to 1 or 4 hot-press flattening cycles (25 min at 120°C; 11 bar). Compared to the original
references, up to 13% higher transverse flexural strengths were measured for the reprocessed laminates.
Such a scheme may be readily implemented for high-value reuse without sacrificing fibre length scales
with 10-cycle and 15-cycle mass losses of only 2% and 2.6%, respectively. This study provides important
insights to foster a greater understanding of the performance limits of hot-press reprocessing to inform the

practical reuse and re-application of sustainable composites in a circular economy.

1. Introduction

Fibre-reinforced polymer (FRP) composites continue to be attractive subjects for research, production and
use across many sectors, owing to their exceptional specific strength and stiffness properties, and excellent
application-specific tailorability for diverse environments and loading conditions (e.g.: corrosion and
fatigue). From a reprocessibility point of view, thermoplastic (TP) matrices are superior to their
thermosetting (TS) counterparts, as their long polymer chains are not cross-linked, allowing for repeated
melting and re-processing. High melt viscosities, however, were historically a major limiting factor to the

widespread use of thermoplastic fibre-reinforced polymers (TP-FRPs). More recently, advanced innovative
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reactive TP resin formulations have facilitated the fabrication of TP-FRPs using technologies that were
once solely applicable to low-viscosity TS resins. In light of growing environmental concerns surrounding
the depletion of fossil fuel resources, and the waste-related end-of-life legacy issues affecting several
sectors, the timeliness of these advancements cannot be understated in enabling a shift from TS-FRPs,
which are more challenging to reprocess [1]. Notwithstanding, sustainably meeting the demands posed by
continued composites market growth will require rigorous counterbalancing measures such as minimising
the dependence on finite resources while improving resource efficiency [2,3]. As it stands, a projected 25
billion metric tonnes of plastic waste will be generated by 2050 if such measures are not effectively

established and developed [4].

Various recycling technologies have been demonstrated and the most applied methods broadly fall under
three categories. (i) Mechanical recycling involves the grinding or shredding of fibre-reinforced polymer
composites into smaller fragments or pieces to be reused by moulding. (ii) Pyrolysis involves the conversion
of waste composite materials into gaseous volatiles, char, and recovered fibres by heating under inert
atmospheres between 350°C and 800°C. (iii) Finally, solvolysis employs solvents (e.g.: supercritical fluids
and catalytic solutions) as depolymerisation or bond-breaking media for fibre and matrix recovery [4-11].
Although mechanical recycling is widely applied due to the requirement for relatively low energy and the
absence of harsh solvents, the reduction in fibre length scales can result in considerable losses of
performance. Moreover, compared to pyrolysis, solvolysis can offer the advantage of requiring lower
temperatures and producing clean, char-free fibre surfaces; however, the negative environmental and health

impacts of solvents and catalysts may often outweigh the benefits [12].

As thermoplastic monomeric and oligomeric resins such as the Elium® family of acrylic resins by Arkema
continue to grow in popularity, more and more research efforts have been invested in establishing a
comprehensive database of performance and applicability [13—20]. While some recent works have been
published addressing the gaps in end-of-life recycling and reuse [21-24], the effects of thermal reshaping
on performance remain substantially unexplored except for previous research by Cousins et al. [24] where
the reuse potential of large-scale acrylic-matrix composites was demonstrated by thermoforming among
other techniques. Current waste management strategies are insufficiently developed, placing undue
emphasis on the lower tiers of the waste hierarchy instead of prioritising value maximization. This will

undoubtedly need to be addressed to offset current and future landfilling rates.
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Reusing and repurposing end-of-life materials, e.g.: from decommissioned large-scale wind turbine blades
provide attractive pathways for energy and resource recovery in line with the waste management hierarchy.
Moreover, reuse via thermal reshaping bypasses the challenges associated with traditional fibre and matrix
separation processes, as well as those emanating from the collection, sorting and realignment of reclaimed
fibres [25]. Nonetheless, there is a considerable lack of published literature exploring the effects of thermal
reshaping on residual performance. Such studies are essential in building a comprehensive performance
database for improved reliability and confidence as drivers for the rapid adoption of high-value reused

composites into the future.

Thus, this study aims to simulate and evaluate an end-of-life, hot-press-based reshaping and reprocessing
scheme for applicability to glass fibre-reinforced acrylic composites to maximise the benefit of fibre length
scales and enhance performance. To offer additional insights, dynamic thermogravimetric analysis (TGA),
dynamic mechanical analysis, and solution-state nuclear magnetic resonance and size exclusion
chromatography using gel permeation chromatography have been employed. Static and cyclic isothermal

TGA has also been used to simulate prolonged and repeated thermal cycling.

2. Materials and methods

2.1. Materials

This work employed a liquid thermoplastic acrylic resin (Elium® 180 — Arkema GRL, France), in situ
polymerised with a dibenzoyl peroxide initiator (BP-50-FT) supplied by United Initiators GmbH, Germany.
Laminates comprised 4 plies [90]4 of a glass fibre non-crimp fabric (TEST2594) supplied by Ahlstrom-
Munksjo Glassfibre OY, Finland. The quasi-unidirectional fabric construction included glass fibres in the

0°- (600 g/m?) and 90°- (36 g/m?) directions, as well as PES stitching (10 g/m?).

2.2. Laminate fabrication and thermal reshaping

2.2.1. Liquid resin infusion

L-shaped laminates were produced by liquid resin infusion at room temperature using a custom steel mould.
4 plies of glass NCF were used for a target thickness of 2 mm, with the 0° fibre axes coinciding with the
seam line as indicated by the arrows in Figure 1 (Steps 2 — 6). Following resin infusion, the laminate was

left to polymerise at room temperature for 24 h before demoulding.
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2.2.2. Platen press reprocessing and reshaping

Once demoulded, the L-shaped laminate was trimmed as illustrated in Figure 1 (Step 2) to obtain a vertical
height of 134 mm and target flattened dimensions of 380 mm [90°] x 280 mm [0°] as shown in Figure 1 —
Step 3. Original reference samples were extracted from the offcuts of the as-infused laminate (Figure 1 —
Step 2). These samples will hereafter be referred to as Rx0 samples. Similarly, samples extracted after

reprocessing once and four times are denoted Rx1 and Rx4, respectively.

Flattening was carried out by subjecting the laminates to a thermal cycle on a Pinette Emidecau Industries
Heated Platen Press (Model: Lab 450 P), where the platens have been heated to 120°C. For Step 3 (Figure
1), a stepwise platen closure approach was adopted to produce the flattened components, with incremental
closure every 5 minutes until the laminate had been flattened, as depicted in Figure 2. This was done to
facilitate progressive chain relaxation within the thermoplastic polymer matrix and to prevent damaging
the component under rapid loading. Finally, at full platen closure, the components were held at 120°C for
a further 5 minutes at 11 bar consolidation pressure. The components were actively cooled (10°C/min) to
40°C while maintaining pressure and removed thereafter. Graphical overviews of the processing cycles are

shown in Figure 2.

; The ends of the ST
—_— laminate were g
P LS N trimmed and =

A 2-mm-thick glass- Rx0 (virgin

reinforced L-shaped K} = (_/ reference) o7
laminate was resin-infused | : material. / 4 ; A::{c
w._ atroom temperature. ¢ | =5 _-’ £ 7 S

designated the (

@ -------- ) 380 mm Vv
: The ﬂatteneq laminate was cut into two The L-shaped portion of
) pieces. One piece was designated the Rx1 the laminate was
- material and the other was subjected to

7= 7 i | flattened by subjecting it
i 74 further reprocessing as detailed in Step 5. 4in ¢5 1 thermyal cyzle Onga
l :

- S— S T ke
@ 3 more reprocessing cycles S material designations
/ /?9571{:/&»(:' 7/ The portion of the laminate

reserved from Step 4 was subjected / /:;0 b ,: /‘7
- to 3 additional thermal cyclesto | i
/ = / 7/ simulate repeated reprocessing. | |

Figure 1. Graphical representation of the L-shaped laminate production and reprocessing sequence. The
overlayed arrows on each laminate indicate the corresponding fibre directions.
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Figure 2. A graphical representation of the reprocessing cycle parameters employed for (a) Rx1 and (b)
Rx4 laminates. Details of platen positions, temperatures and applied pressures are provided where
applicable.

The fibre and void volume fractions for the Rx0, Rx1 and Rx4 laminates were determined by the burn-off
technique (ASTM D3171) and are summarised in Table 1 with corresponding thicknesses. Samples were
extracted using a water-lubricated, diamond-coated saw blade and dried in a convection oven at 50°C

overnight to remove residual moisture from the cutting process. Further details of test specimen preparation

and characterisation techniques are provided in the corresponding sections.
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Table 1. Summary of fibre and void volume fractions for virgin (Rx0), and reprocessed (Rx1 and Rx4)
glass fibre-reinforced acrylic (GF/A) samples determined using the resin burn-off method. Results were
averaged from triplicates.

GF/A (Rx0) GF/A (Rx1) GF/A (Rx4)
Fibre volume fraction (%) 47.4+0.7 479+0.8 486+0.4
Void volume fraction (%) 2.0+0.3 2.0+1.0 2.0+0.3
Laminate thickness (mm) 2.15+0.04 2.10+£0.04 2.10 +0.06

2.3. Transverse flexural testing

Samples measuring 154 mm x 13 mm were extracted for the determination of transverse flexural properties
(strengths and moduli) by three-point bending in accordance with ASTM D7264. A span-to-thickness ratio
of 32:1, corresponding to sample lengths of 154 mm and a crosshead speed of 1 mm/min were employed.
Loading nose and supports were hardened steel pins of 6 mm diameter. Testing was performed on an Instron
(3369) test frame fitted with a 10 kN load cell (Instron 2530-10 kN) while mid-span deflections were
tracked and recorded via non-contact video extensometery. An illustration of the extraction scheme for

flexural test specimens is presented in Figure 3.
IR~7 /" =z ,fA
é’ f 7~ /‘

| —
Rx0 Rx1 Rx4
fﬂ 7 Samples 5 Samples 5 Samples

Z
| No Seam [NS]

I/Seam 5 fﬂ N/A 3 Samples 3 Samples
/ o BOTTOAT [y
[ Seam (flipped): [S (flipped] N/A 3 Samples 3 Samples

*1 indicates fibre direction. Rx# denotes a material subjected to # number of reprocessing cycles
(i.e., 0,1 and 4). Red dashed lines running parallel to the fibre direction indicate the seam in the
L-shaped laminate before subjecting it to the flattening process.

Figure 3. A graphical representation of the transverse flexural test sample extraction scheme for all
conditions [Rx0, Rx1 and Rx4] and all configurations [no seam and seam (flipped and unflipped)]. Test
samples measured 154 mm % 13 mm x 2 mm.

2.4. Dynamic mechanical analysis (DMA)

Longitudinal test samples with nominal measurements, 60 mm X 10 mm were extracted from seam-free
regions and subjected to DMA testing in accordance with BS ISO 6721-11 for the determination of

thermomechanical properties. Note that samples were extracted from the seam-free regions of each
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laminate, with the longitudinal axes coinciding with the fibre direction indicated by the arrow in Figure 3.
A TA Instruments Discovery DMA 850 was used in three-point bending mode. Samples were heated from
ambient temperature to 180°C at 3°C/min and dynamically loaded at a frequency of 1 Hz and an amplitude
of 10 pm. Storage and loss moduli and tan delta were recorded as functions of temperature throughout

testing. Three samples were tested for each condition (Rx0, Rx1 and Rx4).

2.5. Thermogravimetric analysis

A Mettler Toledo TGA/DSC 1 analyser was used in this work in three ways. Firstly, dynamic
thermogravimetric analysis (TGA) was used to assess the thermal stability and decomposition behaviour
of the Rx0, Rx1, and Rx4 materials in air by heating from ambient temperature to 800°C at a rate of
10°C/min. Secondly, the TGA instrument was used to simulate 15 successive reprocessing cycles with
isothermal holds at 120°C for 60 min to determine the cumulative mass loss at Cycle 15; the total duration
at 120°C is 900 min. Thirdly, the effect of prolonged heating (900 min) at 120°C on the evolution of mass
loss was studied. For each TGA study type, samples weighing approximately 15 mg were analysed in
duplicates.

2.6. Solution-state nuclear magnetic resonance (NMR) spectroscopy and size exclusion
chromatography (SEC)

The polymer matrices from virgin (Rx0) and reprocessed (Rx1 and Rx4) materials were analysed by NMR
spectroscopy to investigate any change in the chemical structure due to degradation. Fibre-reinforced
samples were immersed in chloroform to dissolve the matrix phase, and the glass fibres were removed by
filtration. The solvent was subsequently evaporated to produce a transparent film of acrylic matrices. All
samples were soluble in other common solvents, specifically acetone and tetrahydrofuran (THF). The
chemical structures of the recovered matrix films for all conditions (Rx0, Rx1 and Rx4) were compared
using 'H and 2D NMR experiments (Diffusion-Ordered SpectroscopY (DOSY)). NMR spectra were
recorded on a Bruker AVAS500 (USA) spectrometer (500 MHz) at 298 K in CDClI; and referenced to the

residual CDCl; peak ('H: & 7.26 ppm).

For SEC analysis, the recovered polymer matrix was dissolved in Gel permeation chromatography (GPC)
grade THF and filtered using a 0.2 um PTFE syringe filter. Each sample was run at a flow rate of 1 mL

min! at 35°C on a 1260 Infinity Il GPC/SEC single detection system with two mixed bed C PLgel columns
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(300 mm x 7.5 mm). Molecular weights were obtained based on a calibration curve of narrow molecular

weight distribution polystyrene.

To provide insights for interpreting the results of mechanical testing, microscopic inspections were
conducted on the cross-section of seam-containing Rx1 and Rx4 samples alongside an Rx0 sample.
Samples were cut in the direction transverse to the 0° fibres, with the cross-sectional region of interest along
the cut plane as shown in Figure 4a. The micrographs revealed distinct characteristics in the reprocessed

materials Rx1 (Figure 4c) and Rx4 (Figure 4d) from those in the virgin reference Rx0 (Figure 4b).

(a) *ROI: Region of interest

7

[1] Uniform tows; [2] & [3] Severe tow nesting and distortion. The Red
dashed line indicates the seam line along the untested samples.

Figure 4. (a) A graphical representation of the region of interest (ROI) designated for cross-sectional
microscopic inspections on glass fibre-reinforced acrylic samples after (b) 0, (c) 1, and (d) 4 reprocessing
cycles. Note: samples were cut in the direction transverse to the 0° fibres. Fibre volume fractions for these
materials in order of increasing reprocessing cycles are 47.4%, 47.9% and 48.6%.
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Given that these micrographs were obtained from untested samples from each material, the observed
surface undulations, tow nesting and distortions in Rx1 (Figure 4c) and Rx4 (Figure 4d) are associated with
the thermal reshaping process. While the Rx0 material appears to have similar sizes of ellipsoidal tows
stacked uniformly with minor resin-rich gaps, the irregularities produced by tow form distortion and nesting

result in the formation of some highly packed fibre zones interspersed with resin-rich zones.

3.1. Transverse flexural test results

Results obtained from no seam samples from Rx1 and Rx4 conditions (Figure 5) will be directly compared
to the virgin/as infused, Rx0 samples to quantify the residual performance after thermal processing and the
effects of successive reprocessing operations. Unflipped seam samples (as defined in Figure 3) will be
directly compared with no seam samples within the same condition (Rx1 or Rx4) to gain insights into the
effects of seam inclusion during thermal reshaping for the reuse of curved structures. Similarly, the
comparisons between unflipped and flipped seam samples are intended to inform on the effects of primary
form/shape and hot-press reprocessing on structural integrity and function during the secondary (Rx1) and

quinary (Rx4) re-application of these materials.

3.1.1. The effects of the number of processing cycles on flexural properties

Figure 5 shows the transverse flexural stress-strain curves for the virgin Rx0 samples (Figure 5a), the
reprocessed Rx1 (Figure 5b) and Rx4 (Figure 5c) samples. All samples exhibit similar linear elastic regions
in terms of the evolution of stress with strain, with varying extents of minor load drops (from damage
development) leading up to failure. Rx1 NS-2, -4, and -5, however (Figure 5b), had slightly higher
strengths and failure strains (~3%). This may be due to more 0° tows remaining intact within these samples
during damage evolution, resulting in the retention of load-bearing capacity between 1% and 3% strain. In
addition, Rx1 samples, particularly Rx1 NS-1 (Figure 5b) exhibited a more distinct damage initiation point
before the damage evolution region. The damage evolution behaviour of all samples suggests the
occurrence and development of fragmentation and delamination processes, with more extensive damage

occurring in Rx1_ NS samples.

It can also be observed that hot-press reprocessing results in an increase in both flexural strength and
modulus as shown in Figure 5d, where the Rx1 material exhibited 13% and 9% higher mean strength and

modulus than those measured for its Rx0 counterpart (77.1 MPa and 7.2 GPa), respectively. However,



201 when compared using an unpaired, one-tailed, two-sample Welch t-test with a significance level of 0.05
202 (refer to S1.3), it was found that only the strength value was statistically significant at p < 0.05.
203 Interestingly, a similar increase in flexural performance was reported for thermally aged (annealed) carbon
204 fibre-reinforced acrylic composites by Bhudolia et al. [13], who ascribed this improvement to the positive
205 effects of thermally-induced polymerisation of trapped monomeric residues within the composite
206  laminates. However, the absence of discernible changes in matrix chemistry between Rx0, Rx1 and Rx4
207 as discussed in Section 3.4 suggests the influence of other factors. In general, transverse direction
208 performance is dominated by matrix and fibre-matrix interfacial properties [26,27]; thus, taken together
209 with the NMR and SEC results in Section 3.4, the changes in laminate thickness between Rx0 (2.15 + 0.04
210 mm), Rx1 (2.1 £ 0.4 mm) and Rx4 (2.1 +£ 0.6 mm) suggest that the reprocessing route employed herein
211 may enhance fibre/matrix adhesion and enables more effective load transfer [28].
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215 (b) Rx1, and (c) Rx4; and (d) average transverse flexural strengths and moduli for these materials. Fibre
216 volume fractions for these materials in order of increasing reprocessing cycles are 47.4%, 47.9% and 48.6%.
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3.1.2. The effects of seam inclusion and orientation on flexural properties

Figure 6 presents direct comparisons of the flexural properties of seam-containing samples with their seam-

free counterparts. Depending on the presence and orientation of seams with respect to applied loads,

reprocessed components can exhibit considerable reductions in strengths and moduli.
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Figure 6. Stress-strain curves showing the effects of thermal reshaping on (a), (c) seam-free and seam-
containing (b), (d) glass fibre-reinforced composite materials. Bar charts showing the average transverse
flexural strengths and moduli for (e) Rx1 and (f) Rx4 samples where x1 and x4 indicate the number of
reprocessing cycles. NS and S indicate the absence and presence of seams in the samples, respectively.
Fibre volume fractions for Rx1 and Rx4 are 47.9% and 48.6%, respectively.

While all samples appear to exhibit the same linear stress-strain evolution Figure 6 (a)-(c), unflipped seam

samples (Rx1 S-1, Rx1 S-2, and Rx1_S-3) and (Rx4 S-1,Rx4 S-2, and Rx4_ S-3): Figure 6b and Figure

6d) appear to fail at lower stresses and strains than their seam-free counterparts (Rx1 NS samples).
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The presence of a seam in Rx1_S results in 5% reductions in both strength and modulus compared to its
seam-free counterpart Rx1 NS. Similarly, Rx4 S samples exhibit 14% lower strength values compared to
Rx4 NS samples. These differences are statistically significant at p <0.05 as shown in S1.3. The reductions
in strength are plausibly due to the pronounced structural non-uniformities, and tow distortions within the
seam-containing samples as previously shown in Figure 4. All average strengths and moduli are presented

in Figure 6Ge.

The most considerable losses in strength resulted from flipping the samples for testing as illustrated in
Figure 3. The Rx1 S (flipped) and Rx4 S (flipped) samples exhibited 32% and 56% lower transverse
flexural strengths than the Rx1 NS and Rx4 NS, respectively. While these differences were statistically
significant, only negligible losses (6% and 8%) were observed for corresponding modulus values. Overall,
Rx1_S (flipped) and Rx4_S (flipped) samples (Figure 6b, Figure 6d and Figure 6¢) had shorter linear stress-
strain evolutions, with earlier onset of failure than all other samples, characterised by massive load drops
followed by high-strain material failure events. The load drop event suggests the occurrence of 0° tow
rupture and/or delamination propagation within these samples. These findings suggest that strategic
redesign for reuse must not only account for the presence of seams resulting from complex geometries but
must factor in the orientations employed during reforming operations and subsequent re-application. Such
considerations will even be more crucial for constructions using longitudinal reinforcements, where kinking

and geometrical distortions can have catastrophic effects.

3.2. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) has been used to assess any microstructural changes within the
polymer matrix to complement the investigations discussed in Section 3.4. For instance, any increase in
crosslink density within crosslinked polymers can be revealed by an increase in the glass transition
temperature (7,) and a decrease in the loss factor (tan delta) [29,30]. The DMA thermograms obtained for

this work are presented in Figure 7a-Figure 7c.
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Figure 7. Dynamic mechanical analysis thermograms showing the evolution of storage moduli (E') and loss
factor (tan delta) with temperature for (a) virgin Rx0, and the hot-press reprocessed (b) Rx1 and (c) Rx4
glass fibre-reinforced acrylic materials; and (d) a bar chart showing the average glass transition
temperatures and loss factor/tan delta as functions of the number of reprocessing cycles (0, 1 and 4). Fibre
volume fractions for these materials in order of increasing reprocessing cycles are 47.4%, 47.9% and 48.6%.

Apart from slight changes to the apparent repeatability across the triplicates within the three sets of
materials, no significant changes in 7, were observed as a result of reprocessing, with values of 124°C-
125°C measured for all materials. As shown in Figure 7d, only marginal increases of 0.8% and 0.7% were
measured in 7 for the Rx1 and Rx4 materials relative to the virgin reference (Rx0), respectively. The
corresponding increases in the tan delta peak of 1.8% and 12.5% suggest the unlikeliness of cross-link

formation as a result of thermo-oxidative degradation of the matrix during the hot-press reprocessing steps.

3.3. Thermogravimetric analysis

3.3.1. Dynamic thermogravimetric analysis to evaluate stability

Taken together with the graphical legend in Figure 8, Table 2 presents an overview of the results shown in
Figure S1 from thermogravimetric analysis of glass fibre-reinforced acrylic materials. Although the
samples differ by the number of reprocessing cycles (0, 1, and 4), all samples underwent a similar

degradation process to that of the unreinforced acrylic matrix of identical composition (under a nitrogen
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272 atmosphere) as reported in the authors’ previous work [17]. The interested reader may refer to the TGA

273 results for “A100/P0” in the cited study.

274 From the results presented in Table 2, it can be seen that while no discernible trends were observed for the
275 temperatures corresponding to mass losses of 5% and 10% for all sets, clear trends can be seen in the onset

276 and endset temperatures, and residual masses.

Tonset,TGA
100 .
95 .
X 90 1
w
w
©
=
o
3
£
b
3
('t
Mg
Tend,TGA,1
77 Temperature, °C

278 Figure 8. Idealised scheme of a TGA thermogram, showing the parameters of interest reported within this
279 work as presented in Table 2.

280 Where trends exist, only marginal changes occur for all parameters. Increasing the number of reprocessing
281 cycles appears to decrease the onset temperature by 5% from 285°C (Rx0) to 270°C (Rx4). Conversely,

282 the endset temperature increases by up to 4% and the residual mass increases from 56% to 65%.

283 Table 2. Thermogravimetric analysis results for glass fibre-reinforced acrylic composites subjected to 0, 1
284 and 4 hot-press reprocessing cycles. Refer to Figure 8 for a graphical legend of the presented data.

Tonset, 7G4 T104% Tena,164,1 Mr(%)
Rx%0 285+0 279+0.5 301+1.2 376+0 56+0.1

Rx1 280+0.1 276+1.4 297£1.3 381+0.9 56+0.4
Rx4 27043 27845 301+3.8 392+4.7 65+1.5
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Note, that the fibre mass fractions (determined using the burn-off method) for the Rx0, Rx1, and Rx4
laminates were 67+0.6%, 67.4+0.4, and 68.1+0.3, respectively. Any deviation from these values may be
attributed to minor differences in the samples owing to the small sample quantities (approx. 15 mg) required
for TGA investigations. Thus, these results suggest that all three materials are virtually identical from a
thermal stability point of view and that reprocessing does not appear to have any deleterious effects in this

regard.

3.3.2. Isothermal thermogravimetric simulations of extended reprocessing

TGA-based simulations of extended thermal reprocessing were performed to explore the limits of
reprocessing with glass fibre-reinforced acrylic composites. The results of cyclic and prolonged isothermal

experiments are presented in Figure 9.
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Figure 9. Results of isothermal thermogravimetry simulations of (a) successive cycles and (b) a single
prolonged thermal reprocessing.

Beginning with the cyclic simulation, the corresponding mass losses for processing these materials in air
can be predicted. After 1 processing cycle at 120°C for 1 hour, a mass loss of 1.5% can be expected;
similarly, the 4-cycle and 15-cycle losses are predicted to be 2% and 2.6%, respectively. There appears to
be a distinct transition stage of mass loss associated with the cyclic processing scheme (Figure 9a),
characterised by a plateau at about 2% mass loss between Cycles 4 and 10. This stage precedes the final
stage for this duration, where a further 0.6% of mass loss occurred. Interestingly, the cumulative mass loss
predicted is slightly higher than that resulting from prolonged isothermal heating at 120°C for the same

duration as the isothermal phases of the cyclic experiment (Figure 9a); only 2.05% is predicted to occur.

It is likely that beyond 10 cycles, some microstructural changes begin to occur due to thermal degradation.

It is worth mentioning, however, that the magnitudes of mass loss reported here are still relatively low.
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3.4. Solution-state nuclear magnetic resonance (NMR) spectroscopy and size exclusion
chromatography (SEC)

To evaluate if the thermal reshaping affected the chemical structure of the acrylic matrix of the samples,
they were analysed by solution-state NMR spectroscopy in CDCI3 and SEC in THF. The acrylic matrix was
removed from the glass fibres by dissolution in chloroform. . The solvent was subsequently evaporated and
the recovered polymer was dissolved in CDCl; (NMR) and THF (SEC) respectively, prior to analysis. No
significant solubility differences were observed between the samples when dissolving the polymer from the
fibres, and all were soluble in chloroform, acetone and THF at room temperature. Cross-linked polymers
typically demonstrate lower solubility than their non-cross-linked counterparts, and thus the comparable
solubilities suggest that no cross-linking occurred under the thermal reshaping conditions. It is important
to note that here, both SEC and NMR are used as solution-state analyses, thus only investigate the soluble
components of the samples. However, visual examination showed freely floating glass fibres, indicating
that no major polymeric fractions remained undissolved. Overall, these analyses provide complementary
solution-state analysis of the matrix, the results of which align with the thermal and thermomechanical

characterisation of the solid samples.

NMR spectroscopy is a technique that gives information on the different chemical functional groups present
within the polymer structure. The solution-state 'H NMR spectra of the virgin and reprocessed samples
were consistent with those observed for the acrylic matrix in previous work by the authors [17], there was
evidence of the BPO initiator (Figure 10). No significant differences were observed between the 'H NMR
spectra of the processed and unprocessed samples, which suggests that no significant structural changes
have occurred. Traces of unknown species were also present, which may originate from impurities in
starting materials and sample preparation, as well as small traces of the acrylic monomer (Figure S2),

potentially due to the polymerisation becoming diffusion limited at high conversions.
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Figure 10. Overlaid '"H NMR spectra of polyacrylic samples that were virgin (Rx0),or reprocessed once
(Rx1) or four times (Rx4) in CDCls.

To further confirm the absence of structural change, the samples were also analysed by 2D DOSY NMR
spectroscopy. DOSY NMR is a spectroscopic technique that separates components in a mixture according
to their diffusion coefficient, D. The rate at which molecules diffuse through a solution is linked to their
hydrodynamic radius, and thus enables insight into the relative molecular weights of polymers [31] due to
the linear relationship between the logarithm of the diffusion coefficient (logD) and the molecular weight
(logMy,). Introducing an average of even just one cross-link per polymer would double the molecular
weight; this would lead to significant differences in diffusion times, which can be seen in DOSY NMR
analysis. The spectra demonstrated that all three samples had comparable diffusion coefficients (Figures
S3 — S5), supporting the conclusion that the acrylic matrix was not significantly affected by thermal
reshaping. This was further probed by SEC analysis, as any potential cross-linking or degradation would
impact molecular weights (increased or decreased respectively). The normalised SEC traces of all samples
show a bimodal distribution (Figure S6), common for radical polymerisations of acrylic monomers[32—

34].

No significant differences were observed in the molecular weights upon thermal reshaping (Table 3).

Detailed analysis revealed greater variation within the same sample than was observed between the virgin
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and reprocessed samples (Figure S3 and Tables S2 — S4). It should be noted that SEC separates polymers
based on their hydrodynamic volume rather than absolute molecular weight. It could therefore be
conceivable that a cross-linked polymer could appear at comparable molecular weights to a non-cross-
linked polymer due to the cross-links decreasing the hydrodynamic volume and therefore appearing smaller.
The lack of differences in solubility, however, would support no cross-linking occurring. Taken together,
the similar solubilities of the non-processed (Rx0) and thermally reprocessed (Rx1 and Rx4) samples,
combined with the lack of significant differences observed in the solution-state 'H NMR spectroscopy,
DOSY and SEC analysis suggests that no significant chemical changes have occurred in the acrylic matrix.

Table 3. SEC results for virgin acrylic matrix sample Rx0 compared against thermally reprocessed samples
Rx1 (reprocessed once) and Rx4 (reprocessed four times).

Sample? M x 103 (g mol™) M, x 10° (g mol™) 1))
Rx(QP 93.0 397.4 4.3
Rx1° 87.5 413.6 4.7
Rx4° 88.6 427.0 4.8

@ Acrylic matrices isolated from fibres by dissolving in chloroform, filtering and drying. Samples were run
in THF at 35 °C at 1 mL min™' and calibrated against polystyrene standards.

® These results are all within experimental error of each other. See the Supplementary material, Figure S6
and Tables S2 — S4 for more detail.

3. Conclusions

In this study, the effects of hot-press reprocessing as a means of reusing end-of-life glass fibre-acrylic
composites were examined using an L-shaped laminate (90° bend) The laminate was flattened
incrementally between platens heated at 120°C and re-processed thermally up to 4 times. Specimens were
extracted from flat regions of the original and flattened/re-processed laminates. Additionally, the effects
of including a seam from the flattened components with complex geometries were comprehensively
assessed. To investigate the effects of the successive reprocessing cycles on the reclaimed material’s
properties, three conditions of reuse were studied: a virgin reference (Rx0), and two laminates subjected to
1 (Rx1) and 4 (Rx4) reprocessing cycles at 120°C under pressure (11 bar). Transverse flexural testing was
performed along with TGA, and DMA. It was found that increasing the number of cycles results in higher
transverse flexural strengths and moduli of up to 13% and 9% relative to the reference. No significant
changes (<5%) were observed in the thermal stability of the reprocessed materials in the air. The glass

transition temperature was maintained across the set at 125°C, whereas tan delta increased by up to 12.5%.
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The possible changes in the chemical structure of the re-processed acrylic matrix were investigated with
solution-state NMR and SEC. 'H and DOSY NMR spectroscopy, and SEC analysis confirmed that no
significant chemical change occurred under the three conditions employed in this work. Further insights
were garnered from the results of simulated extended reuse studies via TGA. Cycling the glass fibre-
reinforced acrylic material at 120°C for 60 minutes over 15 cycles revealed that 1-cycle and 4-cycle
reprocessing can be expected to cause 1.5% and 2% mass losses, respectively. It was predicted that up to
10 cycles can be performed with negligible change in mass loss. From Cycles 10 to 15, however, a further
0.6% loss may be observed. These findings highlight unique opportunities for low-temperature, high-value
reuse by thermally reshaping end-of-life continuous fibre-reinforced acrylic composites, providing insights
into the associated effects on performance and limits of applicability — vital elements for realising

environmental and economic benefits in the composites value chain.
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