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Abstract: Recycling of thermoplastic composites has drawn a considerable attention in the recent
years. However, the main issue with recycled composites is their inferior mechanical properties
compared to the virgin ones. In this present study, an alternative route to the traditional mechanical
recycling technique of thermoplastic composites has been investigated with the view to increase
mechanical properties of the recycled parts. In this regard, the glass/polypropylene laminate offcuts
are cut in different grain sizes and processed in bulk form, using compression moulding. Further, the
effect of different grain sizes (i.e., different lengths, widths and thicknesses) and other process-related
parameters (such as mould coverage) on the tensile properties of recycled aggregate-reinforced
composites have been investigated. The tensile properties of all composite samples are tested
according to ISO 527-4 test method and the significance of test results is evaluated according to
Student’s t-test and Fisher’s F-test respectively. It is observed that the tensile moduli of the recycled
panels are close to the equivalent quasi-isotropic continuous fibre-reinforced reference laminate
while there is a noteworthy difference in the strengths of the recycled composites. At this stage, the
manufactured recycled composites show potential for stiffness-driven application.

Keywords: recycling; mechanical properties; aggregate-reinforced composites; compression mould-
ing; thermoplastic composite

1. Introduction

The use of thermoplastic matrices is undergoing a rising trend within the composite
industry. This tendency holds to some intrinsic properties that offer some advantages to
the thermoplastic matrices over the thermoset ones viz.: no transportation restriction, long-
term storage at room temperature, low toxicity during processing, low processing time,
ability to weld and their potential of being reprocessed/recycled owing to their thermal
reversibility [1–5]. Thermoplastic polymers are often reinforced with long, continuous fibre
tapes with fibre volume fraction (Vf) above 40% to enhance their mechanical properties and
productivity. At present, the consumption of fibre-reinforced thermoplastic materials is
increasing in aerospace and other industries and is expected to grow at the same rate in the
coming future [6–8]. The increase in the production of thermoplastic composites implies
more production scrap in the short-term and more end-of-life parts in the long-term to be
dealt with. Alongside, pressures are coming from stringent environmental legislations such
as the European Union Waste Framework Directive imposing effective waste management
and recycling implementation in the industry [9].

Researchers are currently working towards a circular economy, which is an industrial
system aimed at reusing, remanufacturing and recycling of the products at their end-of-life
(EOL) stage. Implementation of circular economy can eliminate the production-scrap and
end-of-life thermoplastic components [10]. In response to this context, various recycling
techniques, namely pyrolysis [11], solvolysis [12] and mechanical processing [13,14], are
examined by the research community and are optimised to increase their economic and
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environmental viability. Some recent studies reported that the mechanical recycling of
thermoplastic composite could be the most economically and environmentally viable
process if the mechanical properties of these recycled materials are improved further [15,16].

The traditional mechanical recycling of composites involves a shredding step, giving
coarse grains followed by a grinding process, giving finer materials which serve afterwards
as reinforcement in thermoplastic injection processes [17–19]. This recycling route offers
the advantage of achieving a high production rate of complex-shaped parts with low
scrap generated on the production line. However, the shredding and grinding reduce the
effective length of the reinforcement, generally less than 3 mm. Furthermore, the injection
process is usually limited to a reinforcement volume fraction lower than 40%, implying
virgin material input to decrease the fibre volume fraction as often the initial material
to be recycled possesses higher fibre volume fractions [20]. Lower fibre length and fibre
volume fraction result in inferior mechanical performances of the recycled composite parts
than the virgin ones and limiting the recycled material to low-end applications [21,22]. To
overcome the above-mentioned problem, Cradle-to-cradle approaches have been proposed
by some authors [23]. De-Bruijn et al. [24] have proposed a solution to retain the maximum
mechanical performances of the long fibre-reinforced thermoplastic production scrap
consisting of shredding scrap and centimetre-long flakes. They have converted those flakes
into a dough by melting and mixing them in a low shear mixer and placed the dough in the
mould of a compression moulding machine for a hot press. The above process can achieve
better mechanical properties of the recycled composite parts than that of injection-moulded
recycled composite parts but are not comparable to its parent composite [24,25].

Over the past few years, extensive research has been conducted on the compression
moulding of chopped pre-impregnated tapes in the bulk form [26–32]. Since the chopped
tapes are pre-impregnated, no additional material input is needed in the production
line. Hence, the mechanical properties of these so-formed materials depend only on the
constitutive parameters and on tape arrangement during manufacturing [30,33]. This
fabrication method of thermoplastic composites is a stand-alone process, but it has the
potential to process composite manufacturing scraps and end-of-life parts chopped in
relatively large grain size to form an aggregate-reinforced composite [29]. The selection of
material and the associate manufacturing method give the possibility to have high volume
fraction of long-length fibres (generally much higher length than the critical length of fibre),
and therefore can overcome the limitations of the traditional mechanical recycling route as
identified above.

The present study investigates the applicability of the bulk forming concept to process
woven fabric-reinforced thermoplastic composite scrap sheets. That means, instead of
having pre-impregnated chopped tapes as input material, the woven fabric-based chopped
laminated sheets called grains will be considered. Rasheed et al. [34] have manufactured
recycled composite panels after compressing the shredded scrap of woven fabric-reinforced
thermoplastic composite sheets in bulk form. It has been observed that the resultant recy-
cled composite retained around 30% tensile modulus and 12% tensile strength to that of
their parent composite. However, the authors believe that a recycled composite with im-
proved mechanical properties can be developed by controlling the geometrical properties of
the grains and by controlling the fibre-resin distribution and the void content of the recycled
composite through optimizing the grain overlap during recycled composite fabrication.

Hence the present work aims to investigate the influence of geometrical parameters
of the input grains and initial mould coverage with grains on tensile properties of the
recycled composite. The grain size of the present study is chosen in such a way that the
grain length should be multiple times longer than the critical fibre length, i.e., 9 mm for
glass/PP composites. The grain widths are kept in the range of 5 mm and 10 mm, and three
different grain thicknesses, i.e., 1 mm, 0.5 mm and 0.25 mm, are considered for the present
study. The initial mould coverage with grains is studied at three levels, i.e., 50%, 75% and
100%, respectively. In addition, this article also highlights some distinctive characteristics
for future developments of the studied recycling route.
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2. Materials and Methods
2.1. Materials

The initial form of the material on the production line is an E-glass/polypropylene
(PP) composite sheet (Figure 1a) with a Vf of 47%, within which the reinforcement is in
the form of a balanced 2 × 2 twill weave fabric. The grade of PP used is a commercial
grade PP (PPC 13442) produced by Total petrochemical. The tensile modulus, strength and
strain of this PP grade are 1.6 GPa, 30 MPa and 5% respectively. The initial composite sheet
can be composed of one or multiple elementary plies having all the same orientation. The
composite sheets are elaborated by the manufacturer by using the film-stacking process.
Two different areal fabric weights, 600 g/m2 and 300 g/m2 are considered, yielding to
an elementary ply thickness of 0.5 mm and 0.25 mm respectively. Offcuts of the initial
laminate are taken as the production scrap (Figure 1b). Then for the purpose of this study,
the grains of different sizes are cut from the production scrap (Figure 1c). The variety
of grain sizes and thickness assessed in this study are summarised in Table 1 while, the
irregular shaped grains which are generated during the cutting process are not considered.
The grains are then used in bulk to fill the mould in a random distribution (Figure 1d) to
manufacture the aggregate-reinforced composite panels (Figure 1e).
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Figure 1. Photographic images of (a) initial pre-consolidated composite sheet, (b) offcuts/production scrap, (c) rectangular
shaped grains, (d) filling of mould (100% mould coverage) and (e) aggregate-reinforced composite panel.

2.2. Panel Manufacturing

A 300 mm by 300 mm shear-edge compression mould was used to manufacture
composite panels of different configurations. The aggregate-reinforced composite panels
are manufactured by filling the mould with grains distributed randomly over the mould
surface either in a 100%, 75% or 50% mould coverage as shown in Figure 2. The location
pattern of the 75% and the 50% mould coverage is centred which signifies that under the
consolidation pressure the material will flow in all directions until the mould boundaries are
reached. Beside the aggregate-reinforced composites, a quasi-isotropic (QI) [0◦/±45◦/90◦]s
continuous fibre-reinforced panel is also manufactured using the composite sheets to serve
as a reference sample.
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Table 1. Configurations of manufactured panel.

Panel Mould Coverage
(%)

Panel Thickness
(mm)

Grain Thickness
(mm)

Elementary Ply
Thickness

(mm)
Grain Size

QI 100 3.98 ± 0.06 - 0.5 -

RA250510001003 100 2.90 ± 0.06 1 0.5
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Once the mould is filled with grains, it is closed carefully and is subjected to a heat
ramp of 5 ◦C/min until a temperature of 200 ◦C is reached. A temperature plateau at
200 ◦C is then maintained for 15 min to have an isothermal condition in the mould cavity.
After 10 min on the temperature plateau, a consolidation pressure (3 bars for QI panels and
50 bars for aggregate-reinforced panels) is applied for the rest of the thermo-compression
process. Then, at the end of the temperature plateau, a cooling ramp of 5 ◦C/min is applied
until the mould temperature comes down to 100 ◦C. After cooling, the panel is unmoulded
and then the vertical flash of PP around the contour of the panel is trimmed off. Table
1 summarises the detail of grain sizes used in this study and also the configurations of
all manufactured panels. The grain sizes for this study are chosen in such a way that the
grain length should be multiple times longer than the critical length (from this length and
above the fibre start contributing to composite’s mechanical properties) for the glass/PP
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composites, viz: ~9 mm [35,36]. Whereas, the choice of grain width is kept in the range of
5 mm and 10 mm just to improve the grain packing in bulk form [37]. Investigating the
influence of the mould coverage was sought as it is a key parameter studied for similar
materials such as bulk moulding compounds in order to allow material flow, escape of air
and filling features like ribs or inserts in engineering applications [38]. The manufactured
panel (listed in Table 1) of this study are named in the following manner. The term RA
suggests it is a recycled aggregate-based composite, where the numbers followed by the RA
term represents the dimensions of the grain used and the mould coverage percentage. For
instance, the panel RA250510001003 is made of recycled aggregate having a grain length of
25 mm (defined by 1st two digit), a width of 05 mm (defined by the 2nd and 3rd digits)
and a thickness of 1000 micron or 1 mm (defined by the 5th to 8th digits) while the mould
cavity is covered 100 percent (defined by the 9th, 10th and 11th digits). The last digit, i.e.,
number 3 defines the manufactured panel thickness (approximate).

2.3. Tensile Testing and Statistical Analysis

The tensile properties of all composite samples are tested according to ISO 527-4 test
method [39]. The test specimens having a dimension of 250 mm (length) by 25 mm (width)
are cut from the composite panels using a diamond saw. Then a speckle pattern is created
on each specimen in order to follow the displacement field while testing via the digital
image correlation (DIC) technique. During testing, the specimens are clamped without
tabs and are tested at a rate of 2 mm/min. The average strain field in the gauge section is
used to plot the stress–strain curves. The test results i.e., the tensile strength and moduli of
all composite samples are analysed using RKWard software Version 0.6.4. While, Fisher’s
F-test, p < 0.05 is used to compare the variances and the Student’s t-test, p < 0.05 is used to
determine whether the average tensile properties of each independent-samples (listed in
Table 1) differ significantly. The statistical analysis is presented in the following format:
For the F-test, F4,5 = 0.18, where 4 is the degree of freedom of the reference data series; 5 is
the degree of freedom of the second data series and 0.18 is the F-statistic value. Similarly,
for t-test the format is t(9) = 0.16; where 9 is the degree of freedom of the combined data
series and 0.16 is the t-statistic value. The error bars in the bar graph represent the standard
deviation for each data series.

3. Results and Discussions
3.1. Tensile Behaviour and Failure Mechanism

A typical stress–strain curve obtained for the aggregate-reinforced composite speci-
mens is shown in Figure 3. Initially, the stress value of this stress–strain curve rises linearly
as a function of strain and then exhibits a non-linear behaviour until the maximum stress
value is reached. Once the stress value reaches to a peak, a drastic failure occurs with a
major drop in the tensile stress. The tensile strength of the composite specimen is calculated
by dividing the peak load with the initial cross-sectional area of the test specimen as shown
by Equation (1).

Tensile Strength (σmax) =
Peak load(Pmax)

Initial sectional area (A0)
(1)

whereas, the tensile modulus is calculated (according to the ISO 527-4 standard test method)
by linearising the stress–strain curve in the 0.05–0.25% strain region (the dotted line as
shown in Figure 3). The strain values used to draw this stress–strain curve are the averaged
axial strain in the strain field measured by DIC. Table 2 summarises the tensile test results
of all composite specimen as specified in Table 1.
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Figure 3. Tensile stress–strain curve of a recycled composite specimen.

Table 2. Tensile properties of the manufactured panels.

Sample Group Name Tensile Strength (MPa) Modulus (GPa)
Average S.D COV (%) Average S.D COV(%)

QI 185.49 11.91 6.42 14.36 0.19 1.36
RA250510001003 26.97 3.19 11.82 10.68 1.10 10.33
RA251010001003 26.53 5.98 22.53 10.09 1.02 10.12
RA501010001003 37.79 12.39 32.79 12.61 0.77 6.09
RA250510000753 35.47 4.74 13.35 12.37 1.44 11.61
RA250510000503 46.13 7.83 16.97 11.95 1.31 10.96
RA250505000753 52.84 8.74 16.53 11.23 1.56 13.87
RA250502500753 60.66 4.78 7.88 11.99 1.52 12.71
RA250510000756 30.83 5.02 16.29 11.21 1.55 13.86

The monitoring of the strain field at different stages of loading reveals many regions
where larger strain values are localised, even at low loads (Figure 4a). These high strain
regions can be associated to resin-rich regions or regions of low reinforcement which are
resulted from the discontinuities of the grains in the specimen. It can also be noted that the
high strain regions arise mainly from the edges of the specimen. Similar result is observed
by Selezneva et al. [31] while studying the tensile behaviour of chopped-tape-reinforced
composites. They have suggested that those weak spots along the specimen edges are due
to the shorter length of the grains along the edges as a result of the cutting of the specimen.
Zolfagharian et al. [40] have observed that notches in 3D-printed thermoplastic components
causes stress concentration which leads to crack initiation and ultimately to the failure of
the component. During testing, the high strain regions continue to increase throughout
the specimen (Figure 4b) as a function of increasing tensile stress and serve as weak spots
until the weakest of them causes the final failure to the specimen. Figure 5 exhibits the
fracture faces of a tensile tested specimen which reveals that the fracture path propagated
throughout the specimen while avoiding the surrounding grains through delamination in
the matrix. This fracture path could be attributed to stress concentrations at the vicinity of
the grains as a result of material heterogeneity. The fracture faces show no fibre breakage
which indicates that the failure is exclusively dominated by the matrix.
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3.2. Assessment of the In-Plane Mechanical Behaviour of the Recycled Panels

Prior to studying the influence of different grain geometries on the aggregate-reinforced
composite properties, an assessment on their quasi-isotropic in-plane behaviour is car-
ried out. In order to achieve a random grain orientation in the composite structure, the
grains are shuffled multiple times by hand prior to the mould filling operation. Further, to
understand the effectiveness of the above-mentioned mixing operation in yielding quasi-
isotropic in-plane behaviour, the tensile tests specimens are cut at 0◦, 90◦ and 45◦ angle
from the composite panel as shown in Figure 6. The tensile tests are performed on the
RA250510001003, RA250510000753 and RA25051000503 panels to consider the different
mould coverage levels. Figure 7 shows the tensile modulus obtained for each orientation
within the respective panels. The standard deviations are lower than 20%. This is relatively
low if one considers the fact that the recycled material was obtain from multiple elementary
grains. In case of RA250510001003 panel, the ratios of the average modulus in the 90◦

orientation over the 0◦ orientation (Mod 90◦/Mod 0◦) and the average modulus in the
45◦ orientation over the 0◦ orientation (Mod 45◦/Mod 0◦) are respectively 1.02 and 0.97.
The associated Student’s t-test comparing the tensile modulus of the specimen cut at 90◦

and 45◦ angle with the specimen cut at 0◦ angle are respectively t(4) = 0.18, p > 0.05 and
t(4) = 0.30, p > 0.05. Which means there are no significant difference in the tensile modulus
of the specimen cut from RA255100 panel at different angles.
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In case of RA250510000753 panel, the 75% mould coverage in a centred pattern
implies an axisymmetric macroscopic flow of the grains during compression until the
mould boundaries are reached. As a result, the grains tend to align themselves with the
mould boundaries as the mould boundaries are approached. For the RA250510000753
panel, the ratios of Mod 90◦/Mod 0◦and Mod 45◦/Mod 0◦ are respectively 1.02 and 0.95.
The associated Student’s t-test comparing the tensile modulus of the specimen cut at 90◦

and 45◦ angle with the specimen cut at 0◦ angle are respectively t(4) = 0.18, p > 0.05 and
t(4) = 0.57, p > 0.05 which signifies there is no significant difference. A similar result
is obtained in case of RA250510000503 panel, 50% mould coverage in a centred pattern.
The ratios of Mod 90◦/Mod 0◦and Mod 45◦/Mod 0◦ in case of RA25051000050 panel are
respectively 1.05 and 0.95. The associated Student’s t-test comparing the tensile modulus of
the specimen cut at 90◦ and 45◦ angle to the 0◦ angle are t(4) = 0.53, p > 0.05 and t(4) = 1.09,
p > 0.05, signifies no significant difference in the sample compared.

With regard to the previous results, it is inferred that the manufactured aggregate-
reinforced composites exhibit quasi-isotropic in-plane material behaviour at the macro-
scopic scale. The grains maintain a random distributed orientation within the panels even
when a charge ratio of 75% or 50% in a centred pattern is considered. This also points out
that the bi-directional reinforcement within the grains tends to minimise the orientation
effect on the in-plane properties when randomly distributed [34].
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3.3. Influence of Grain’s Width and Length

The comparison of RA251010001003 and RA250510001003 panels gives an insight
about the influence of the grain’s width on the tensile properties of aggregate-reinforced
composite. The range of grain’s width are preselected which are 10 mm and 5 mm for
RA251010001003 and RA250510001003 panels respectively. The tensile properties of both
RA251010001003 and RA250510001003 panels are reported in Table 2. The literature sug-
gests that the thinner grains provide better aerial coverage and packing in the mould [41].
However, the influence of grain thickness on the tensile strengths of RA251010001003
and RA250510001003 panels is insignificant which are 27.63 MPa and 26.97 MPa respec-
tively, t(15) = 0.19, p > 0.05. Considering the F-test, F7,8 = 0.28, p > 0.05, no significant
difference is found between the variances, but a tendency can be pointed out as p < 0.1.
This tendency signifies that the variance of the tensile strength decreases as the width
of the rectangular grain reduces from 10 mm to 5 mm. This low variability in tensile
strength of RA250510001003 panel could be a result of a lower proportion of resin-rich
regions as a result of better grain packing. In case of tensile moduli of RA251010001003 and
RA250510001003 panels, no tendency or significant differences are observed, t(16) = 1.19,
p > 0.05 and the associated variance is F8,8 = 1.17, p > 0.05. Hence, it can be concluded that
within the selected range of grain width, this geometrical factor does not have an influence
on the tensile modulus of the aggregate-reinforced composite.

The comparison between RA251010001003 and RA501010001003 panels gives an
insight about the influence of grain’s length on the tensile behaviour of the aggregate-
reinforced composites. A significant increase in the average tensile modulus i.e., from
10.09 GPa to 12.61 GPa; with t-test, t(16) = 5.92, p < 0.05 is observed when the grain length
in the respective composite sample increases from 25 mm (RA251010001003 panel) to
50 mm (RA501010001003 panel). This can be explained by the fact that longer grains are
more likely to have an in-plane orientation in the aggregate-reinforced composite than the
shorter grains and therefore provide a better contribution to the in-plane modulus [31].

Like tensile modulus, an increase in average tensile strength as a function of increasing
grain length is observed with the t-test, t(14) = 2.32, p < 0.05. This increase in average
tensile strength can be related to a higher potential of overlap between the grains at higher
lengths which enhances their ability to withstand crack propagation [31,34]. However,
this increase in strength is also accompanied by an increase in dispersion of the strength
as the grain length is doubled, F7,7 = 0.07, p < 0.1. This tendency can be somehow
linked to an increased heterogeneity in the panel similar to that observed on chopped-tape
composites [31]. After analysing the tensile properties (strength and modulus) and the
degree of scattering in tensile properties of various aggregate-reinforced composite samples,
the size of 25 mm × 5 mm rectangular grain is considered as a standard geometrical size
for the evaluation of the other parameters presented in the following sections.

3.4. Effect of Mould Coverage

The effect of fractional mould coverage (with grain’s) on the tensile properties of
aggregate-reinforced composite is evaluated by analysing the results obtained for
RA250510001003, RA250510000753 and RA250510000503 panels having a mould coverage
of 100%, 75% and 50% respectively. The location pattern of the 75% and the 50% mould
coverage is centred which induces a macroscopic squeeze flow during the consolidation
phase of the process cycle where the molten bulk material flows axisymmetrically until
the mould walls are reached. During this macroscopic flow, the grains slide over one
and another and the material undergoes a mesoscopic flow as well; resulting in the defor-
mation and shear in-between the grains [30]. This mesoscopic flow tends to reduce the
resin-rich regions at the grains’ tips and enhances the in-plane orientation of the grains. As
a consequence, an increase in tensile strength and modulus is expected in this case. The
comparison of the tensile properties between the RA250510001003 and the RA250510000753
panel shows indeed a significant increase both in the tensile strength (t(16) = 4.47, p < 0.05)
from 26.97 MPa to 35.00 MPa respectively and tensile modulus (t(16) = 2.79, p < 0.05) from
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10.68 GPa to 12.37 GPa respectively. A similar trend i.e., an increase in tensile strength from
26,97 MPa to 46.13 MPa and an increase in tensile modulus from 10.68 GPa to 11.95 GPa as
a function of low mould coverage is observed when RA250510001003 and RA250510000503
panels are compared. This confirms the above described effects of the flow mechanism
due to the mould coverage on the tensile properties. As inferred, lowering of mould
coverage is beneficial to the reduction of resin-rich zones correlates with the observation
of the panel cross-sections provided in Figure 8. The specimen from the RA250510001003
panel (Figure 8a) exhibits comparatively more out-of-plane grain orientation and resin-
rich regions than that of RA250510000753 panel (Figure 8b) and RA250510000503 panel
(Figure 8c). The mould coverage level can therefore be used as an adjustable process
parameter to favour in-plane mechanical properties.
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3.5. Effect of Grain and Elementary Ply Thickness

The comparisons between RA250510000753, RA250505000753 and RA250502500753
panels are made to assess the effect of grain’s and ply’s thickness on their tensile properties.
The grain thickness is the thickness of the initial composite sheet scrap and the ply thickness
is the thickness of the elementary ply constituting the initial composite sheet scrap. As
stated in Table 1, the grains in the RA250510000753 panel are 1-mm thick and consist
of two layers of 0.5-mm thick elementary plies. In RA250505000753 panel, the grains
are 0.5-mm thick and consist of 0.5 mm single elementary ply. Whereas, the grains in
the RA250502500753 panel are 0.25-mm thick and consist of 0.25 mm single elementary
ply. Existing studies on chopped-tape and discontinuous staggered inclusions reinforced
composites showed that the strength of these type of composites is toughness-based [42–44].
A simplified expression of the strength, σc, is given by the toughness-based criterion in
(Equation (2)) where Ec is the composite’s modulus, Gc the mode II interlaminar fracture
toughness, H the specimen’s thickness and h an initial damage size [43].

σc =

√
2(H − h)ECGC

Hh
(2)

In this section, Ec, Gc and H are assumed to be of the same order of magnitude for all
three panels. As a consequence, the investigation will point out whether the initial damage
size h is related to the grains’ thickness or the elementary ply’s thickness constituting the
grain. The comparison between the RA250510000753 panel and the RA250505000753 panel
highlights the effect of the grain’s thickness since the elementary ply thickness is identical in
both panels. No difference in the average tensile modulus is observed (t(16) = 1.68, p > 0.05),
when the tensile properties of the above-mentioned panels are compared. However, a
significant difference in their tensile strength (t(18) = 5.18, p < 0.05) i.e., an increment from
35.00 MPa for RA250510000753 panel to 52.84 MPa for RA250505000753 panel has been
observed. The above observation states that the grain’s thickness is a significant parameter
that affects the strength of the aggregate-reinforced composites. It can be inferred that it
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is more the grains’ thickness rather than the constituting elementary ply’s thickness that
influences the initial damage size which in turn influences the composite’s strength.

Nonetheless, since that ultimately the minimum grains’ thickness is that of the elemen-
tary ply thickness, operating with offcuts of lower elementary ply thickness will certainly
lead to higher tensile strength as well. This is confirmed with the results obtained when
comparing the RA250505000753 panel with the RA250502500753 panel. Between these two
panels, the areal weight of the reinforcement is different, which gives an elementary ply
thickness of 0.5 mm and 0.25 mm respectively but the components, i.e., fibre and matrix
and the fibre volume fractions are identical. Indeed, in this case, a significant increase in
the average tensile strength (t(14) = 2.22, p < 0.05) from 52,84 MPa to 60.66 MPa is observed
between the RA250505000753 and the RA250502500753 panel respectively.

This section therefore points out two interesting considerations with regards to
aggregate-reinforced composites. Firstly, the grain’s thickness affects the tensile strength in
such a way that this method of recycling/reprocessing is further appealing if the grains
are cut from single-plies and second that the smaller the elementary ply’s thickness from
which the grains are cut from the more effective in terms of tensile strength the aggregate-
reinforced composite will be. It should be noted that care should be taken to always specify
the grain’s thickness and the elementary ply’s thickness when presenting strengths values
for this type of material.

3.6. Effect of Panel’s Thickness

The influence of panel thickness on the aggregate-reinforced composite properties
is investigated by comparing the tensile behaviour of RA250510000753 panel with the
RA250510000756 panel which has a double panel thickness compared to the previous one.
The equation 2 states that thicker panels will lead to higher strength values. Surprisingly,
the average tensile strength decreased from 35.00 MPa to 30.83 MPa when the panel
thickness is doubled, (t(16) = 2.31, p < 0.05). The fracture faces of RA250510000756 panel is
shown in Figure 9, which state that the increase in panel thickness enhances the rotating
degree of freedom (the rotation of the grains around its own axis) of the grains in the panels.
The out-of-plane orientation of the grains acts as critical flaws in the panel by disrupting
continuity and overlap between the contiguous grains in the panel’s thickness. These flaws
in the panel ultimately reduce its tensile strength. One way to overcome this flaw would
be to increase the width of the grain to a higher value than the ones used in this work.
Doing so will reduce the rotating degree of freedom of the grains and will also reduce the
tendency of such extreme out-of-plane orientation of the gains. However, the observations
in Section 3.3. state that the increase in variability as a function of the increased grain
width. Hence, a compromise is to be found in grain size selection in this regard. Another
suggestion could be to further reduce the initial mould coverage, which will result in higher
flow and probably lead to a better in-plane orientation of the grain as seen in Section 3.4.
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In contrast, comparing the average tensile modulus of the two panels showed no
significant difference (t(16) = 1.65, p > 0.05). Since the tensile modulus is an averaged
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volumic material property, this shows that the extreme out-of-plane grain orientations
identified are not a general state across the panel but are localised phenomena. Since the
strength on the other hand is determined by critical flaws, this can explain the difference
observed in strength and not in modulus.

3.7. Overall Assessment

The average tensile strength and modulus of all composite samples are reported in
Figures 10a,b, respectively. It is observed that the tensile moduli of the aggregate-reinforced
composites are comparable to one of the continuous QI panels with a decrease in the order
of 12%. A good proportion of the tensile modulus can therefore be maintained using this
recycling/reprocessing method. On the other hand, from the tensile strength point of view,
significantly lower values are measured for the aggregate-reinforced composite panels
compared to the QI panel as shown in 10a. The configuration of the aggregate-reinforced
composite which gave the highest tensile strength, is the RA250502500753 panel with a
strength of 60.66 MPa which represents a decrease of −67% compared to the continuous
QI panel strength of 185.49 MPa. Such a significant difference in tensile strength can be
attributed to the discontinuous nature of the grain within the recycled composites. This
probably generates stress concentrations around the edges of the grains and resin-rich
regions at the grain’s tip. Both phenomena contribute to the reduction of the tensile
strength [44,45]. Furthermore, the important loss in tensile strength can also be attributed
to the fact that the failure of the aggregate-reinforced composites is dominated by the matrix
as no fibre failure was observed in the fracture faces as noticed in Section 3.1. However, the
strength values of the aggregate-reinforced composites remain higher than the strength
of neat unreinforced PP, 25 MPa and show potential suitability for stiffness driven and
non-critical applications. Future works to improve the strength should however be carried
out by studying into more depth the failure mechanisms. Exploring other grain shapes
(predefined or random) may also be considered.
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4. Conclusions

In the present study, an alternative route to the traditional mechanical recycling
technique of thermoplastic composites has been investigated. Production scrap consisting
of offcuts of a glass/PP laminates are cut in different grain sizes and processed in bulk
form, using compression moulding. The mechanical properties of the aggregate-reinforced
panels are characterised through tensile tests to assess the influence of the grain’s geometry
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and mould filling configurations. A first essential result of this work concerns the quasi-
isotropic in-plane behaviour of the recycled panels. This is due to the fact that the grains
are randomly distributed during the mould filling operation and regardless of the initial
mould coverage (between 50 and 100%) in a centred pattern, the randomness of the grains’
orientation is conserved after the moulding process. This is of particular interest for future
designers of recycled composite parts using the process exposed in this work. The results
also show that the tensile modulus of the recycled aggregate-reinforced composites is
very close to the equivalent QI continuous fibre-reinforced laminate having the same fibre
volume fraction. However, a noteworthy decrease in aggregate-reinforced composites
strengths is observed. This substantial decrease in strength is attributed to a matrix
dominated failure due to resin-rich regions, stress concentrations at the border of the
grains, initial damage size in the tensile specimens and out-of-plane grain orientation.
The investigation of multiple geometrical parameters showed that the thickness of the
grains and that of the elementary ply had a significant effect on the average tensile strength
and that length and width had a tendency to influence the variability of the strength
as well. These findings suggest that this recycling route is more likely to be convenient
for scrap laminates having low thickness values compared to the targeted recycled part
thickness. Conversely, high scrap thickness compared to the recycled part thickness could
be a limitation of this route as strength decreases significantly. Inducing a macroscopic
flow of the grains by varying the initial mould coverage is found to be beneficial to the
in-plane tensile properties of the panels. This experimental campaign showed that grain
constitution (components, associated mixture fractions and single-ply density) as well
as the geometrical parameters of the grains are essential specifications for these types of
materials and should be included in every experimental report.

At this stage, the aggregate-reinforced composites show potential for stiffness driven
and non-critical applications. Future studies will consider the flow mechanisms involved
during moulding and the feasibility of achieving functional features like ribs, flanges and
stiffeners usually encountered in compression-moulded parts.
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