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Abstract: The recycling of waste materials is a way of limiting over-consumption and optimizing the
value of resources. Within the framework of a circular economy, this can be applied to post-consumer
plastic wastes, but also to biobased by-products. Hence, this work deals with the design of composite
materials by combining recycled high-density polyethylene (HDPE) and polypropylene (PP) coming
from bottle caps and virgin cork of insufficient quality for cork stoppers. Different fractions (0,
5, 10, 15, and 20 wt%) of virgin cork were incorporated into recycled polymers (HDPEr and PPr).
These composites were prepared without a coupling agent or fire retardant. The morphology and
mechanical properties of the different conditionings were studied and compared. The thermal decom-
position and the fire behavior of the composites were also investigated. Microscopy revealed the poor
adhesion between the cork particles and polymer matrices. However, this limited interaction affected
only the tensile strength of the PPr composites, while that of the HDPEr composites remained almost
constant. The addition of cork was shown to reduce the time to ignition, but also to promote charring
and reduce the heat released during the composite’s combustion. The feasibility of composites based
on cork and HDPEr/PPr waste opens the way for their reuse.

Keywords: polypropylene; high-density polyethylene; waste; cork; composites; morphology;
mechanical properties; recycled plastic waste; fire behavior

1. Introduction

Plastics are a revolutionary material that have become ubiquitous in everyday life,
thanks to their extraordinary physical and chemical properties [1]. They are cheap, easy
to form, and lightweight. However, the use of plastics is associated with many environ-
mental impacts related to their production and poor waste management practices [2]. It
is important to find a new way to recycle and reuse these plastics, as there are millions
of tons of used plastics accumulating in the natural environment [3,4]. Plastic pollution
damages the environment, human health, and the economy of various countries. The social,
environmental, and economic problems of plastic waste pollution require immediate and
decisive actions. Waste valorization is one of the current research areas that has attracted
a lot of attention in recent years [5]. The large volume of plastic requires strategies to
improve the reuse of post-consumer waste in order to minimize its impact [6]. In fact, a
study highlighted that in 2010, only 7.6% of the 31 million tons of plastic waste generated
in the USA was recycled [7]. According to the OECD, only 9% of global plastic waste was
recycled in 2019 [8], while the annual global use of plastics, including fibers and additives,
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exceeds 460 million tons [9]. The reusing and recycling of polymer materials reduces their
environmental impact and the use of virgin plastics. There are various products made
from post-consumer plastics, such as floor carpets, flower vases, wastepaper baskets, park
benches, and picnic tables [7,10]. The most common polymers are polypropylene (PP),
polyethylene (PE), and polyvinyl chloride (PVC). High-density polyethylene (HDPE) and
polypropylene (PP) are thermoplastic polymers that are widely used in consumer products
and can be recycled and used in packaging materials [11,12].

Several works have shown that the use of recycled polymers as a raw material source
for production could be a viable alternative from an economic and environmental point
of view [6,13,14]. Recycled plastic can be used in wood–plastic composites [15]. Wood–
plastic composites (WPCs) are becoming increasingly popular due to their properties (low
moisture absorption, low density, resistance to biological attack, good dimensional stability,
and a combination of high specific stiffness and strength) [16–18]. Some wood–plastic
composites are commercially produced in the USA using recycled plastic [19]. Considerable
research attention has been given to the development of composite materials based on
natural wood fibers from the waste of wood industries and plastics [20–22]. Research
into new composites derived from cork and cork products has attracted considerable
attention, driven by the need for effective waste recovery strategies. This interest stems
from the recognition of cork as a versatile and sustainable material, offering not only unique
properties but also a valuable avenue for waste reuse. Cork is a natural, renewable, reusable,
and biodegradable material with a number of compelling properties. Its low density,
elasticity, impermeability, and exceptional acoustic and thermal insulation properties make
it not only a versatile resource, but also a sustainable choice [23,24]. Cork is a material
obtained by extracting the outer layer of a tree trunk, which is removed periodically every
9–12 years. The cork of the first extraction, called “virgin cork”, is very porous with an
irregular thickness. Virgin cork is not suitable for the production of stoppers and must,
therefore, be valued differently. The chemical composition of cork has been extensively
studied [25–28]. Cork is composed of suberin (40 wt%), lignin (20 wt%), cellulose and
hemicellulose (18 wt%), extractives (15 wt%), and other materials [14,15]. Its composition
varies and depends on the geographical origin, climate, soil, genetics, dimensions, age,
and condition of the tree. The structure of cork is similar to a honeycomb due to the
rectangular cells [29]. This structure has a strong influence on the mechanical properties
of cork-based materials [30–32]. Cork has poor mechanical behavior, but by combining it
with a matrix with sufficient mechanical resistance, such as polymers, this can lead to the
development of different products with innovative applications. Cork-based thermoplastic
composites are one of the most promising fields for the valorization of cork and plastic
wastes. Different composites based on cork and cork products with polyethylene (PE),
polypropylene (PP), and polylactic acid (PLA) have been produced [4,20,21,33,34]. The
effect of coupling agent addition, chemical modification, and cork content have been
studied in the literature [33,35–39]. However, there are few studies on the valorization of
virgin cork waste and recycled plastic.

This study focuses on the valorization of waste materials, specifically cork and recycled
plastic polymers (HDPEr and PPr), through the formulation of novel composite materials
without coupling agents or flame retardants. The composite fabrication process involved
combining HDPEr or PPr, derived from bottle caps, with granulated virgin cork. Different
formulations based on recycled polymers and virgin cork powder were manufactured, with
cork loadings ranging from 0 wt% to 20 wt%. The maximal cork rate was chosen according
to the literature results [20]. For the first time, the feasibility, morphology, and mechanical
properties of the composites are analyzed, as well as their thermal decomposition and
fire behavior. The results for the HDPEr and PPr–cork composites are compared. The
final objective is to promote the valorization of waste streams, specifically cork and plastic
polymers (HDPEr and PPr), with the ultimate aim of synthesizing a novel biosourced mate-
rial. The aim is to transform discarded materials into a sustainable and environmentally
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friendly composite material, thus contributing to a paradigm shift towards circular and
eco-conscious material use.

2. Materials and Methods
2.1. Preparation of Composites

In this study, recycled high-density polyethylene (HDPEr) and polypropylene (PPr)
were used as the matrix, and virgin cork was used as the filler for the new composite. The
plastic feedstock came from post-consumer bottles, in particular from plastic caps. The
preparation of the plastic raw materials was carried out in 4 steps: the collection of plastic
waste, sorting, washing, and grinding. The caps were collected and then manually sorted,
according to their resin identification code (PP—5, HDPE—2). The categorized caps were
then washed to remove any impurities and dried to remove moisture. The plastic waste
was grinded (Shredder, Precious Plastic) to obtain 5 mm plastic chips. The virgin cork
(Porto-Vecchio, Southern Corsica, France) was pre-cut and grinded (Polymix® PX-MCF 90
D KINEMATICA, Antwerp, Belgium). The virgin cork was then sieved in the laboratory
using a 2 mm sieve, resulting in particles between 0.2 and 0.8 mm representing 65% of the
mass. The polymer matrix (PPr or HDPEr) and the cork particles were mixed together in
a Clextral BC21 twin-screw extruder (CLEXTRAL SAS & AFREM, Firminy, France). Five
different cork loadings (0, 5, 10, 15, and 20 wt%) were used for each matrix. The rotational
speed was kept at 150 rpm, the temperature range was between 160 and 200 ◦C, and the
mixture output was 4.5 kg·h−1. The extruded compound rods were cooled in water and
granulated. The pellets were dried for 4 h at 80 ◦C in an air-pulsed apparatus. Normalized,
square sheet specimens (100 × 100 × 4 mm3, 20 samples for each composition) and dog-
bone samples for mechanical testing (tensile test) were prepared by injection molding using
50-ton KraussMaffei equipment (Munich, Germany) and a temperature range of 180 to
200 ◦C.

2.2. Characterization of Composites
2.2.1. Morphology Study

Optical microscopy was used to analyze the surface aspect of the PPr–cork and HDPEr–
cork composites. The images were obtained at 40× magnification on Leica Microsystems
MD500 equipment, with an ICC 50E capture camera.

The morphology of the developed composites was examined using a Hitachi H3400N
scanning electron microscope (SEM) (Ibaraki, Japan). The samples were mounted on con-
ductive silver plates with conductive copper tape. The images were taken using a BSE
detector with a beam acceleration voltage of 15 kV. The SEM images were taken at different
magnifications with direct observation.

2.2.2. Mechanical Properties

The tensile properties of the cork–polymer composites were measured using a SYN-
TAX II Universal machine (3R, Montauban, France) with a 50 kN cell and a speed of
5 mm·min−1, according to the ISO 527 standard [40]. All the tests were performed at
23 ± 2 ◦C and 50% ± 10% RH. Three conditionings were considered for the samples for
mechanical testing. The average deviations for the tensile properties were determined from
seven samples for each conditioning set. For the first set of samples, no treatment was
carried out for the PPr–cork and HDPEr–cork composites prior to the tensile strength test.
For the second set, the samples were tested after an immersion in distilled water for 24 h.
For the third conditioning, the composites were tested after storage at 60 ◦C for 24 h in
an oven.

2.2.3. Thermal Decomposition

The thermal decomposition of the virgin cork and the composites were investigated
using a TGA 8000 Pyris thermogravimeter (Shelton, WA, USA). The composite sheets and
the virgin cork were cut into small pieces with a characteristic length of about 2 mm. A piece
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was then placed in a platinum crucible, corresponding to an initial mass of 5.9 (±1.1) mg
and 3.0 (±0.7) mg for the composites and the virgin cork, respectively. The sample was
heated to between 50 and 800 ◦C under air conditioning (flow of 60 mL·min−1) at a heating
rate of 20 ◦C·min−1.

2.2.4. Fire Behavior

The higher heating value (HHV) was measured with a bomb calorimeter calibrated by
the combustion of benzoic acid. The composite sheets and the virgin cork were cut into
small pieces with a characteristic length of about 5 mm for the composites and 7 mm for
the virgin cork. A piece was then placed in the bomb calorimeter, with an initial mass
of 104.1 (±4.1) mg for the composites and 110.9 (±2.8) mg for the virgin cork. At least
3 replicates were performed for each composite. The fire behavior of the composites was
investigated with a FTT cone calorimeter (ISO 5660 [41]). The square sheets of the compos-
ites were placed 25 mm from the cone heater in a standard holder. The samples had an
initial mass of 36.98 (±0.45) g for the PPr–cork and 35.25 (±0.80) g for the HDPEr–cork. The
composite surface was exposed to a total heat flux of 35 kW·m−2 and a piezoelectric igniter
was used for pilot ignition. The heat release rate was measured by oxygen consumption
calorimetry. For all the composites, the energy released per unit mass of O2 consumed for
combustion was assumed to be equal to EO2 = 13.1 MJ·kg−1 [41]. The ambient temperature
and the relative humidity were equal to 18.9 (±1.0) ◦C and 31.0 (±2.9)%, respectively. At
least 3 replicates were performed for each composite. The reaction to fire of the composites
was studied based on the time to ignition, the mass loss rate, the heat release rate during
combustion, and the flame residence time.

3. Results and Discussion
3.1. Morphology

Prior to optical microscopy and the SEM analysis, the composite samples were visually
inspected. Figure 1 shows the photographs of the injection-molded composite samples.
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Figure 1. Produced (A) PP–cork and (B) HDPE–cork composite square sheet.

The cork particles are clearly visible within the sample and are well dispersed through-
out the matrix. There are no visible particle aggregations on the surface. However, it is
not possible to say anything about how well this phase (cork particles) is dispersed and
distributed in the volume of the PPr and HDPEr matrices. The cork composites show strong
visual surface variations. The blue color of the sample without any cork particles is due
to the original color of the plastic caps. A color change is observed with an increasing
cork content. The global color is slightly darker than the initial state for the PPr–cork and
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HDPEr–cork composites. However, the composites based on HDPEr are darker than those
for PPr, and the color of the reference samples (without cork) is similar for PPr and HDPEr.
It is known that the structural properties of cork are strongly dependent on the temperature
and may affect its color [42–44]. The color of cork changes at 150 ◦C, although cork does
not undergo any significant chemical decomposition. This results from the extractives and
hydrolyzed carbohydrates and their reactions with the cork cell wall components, especially
cork lignin [45,46]. Both types of composites have a surface with a glossy aspect due to
the injection molding process. The HDPEr and PPr composites also have imperfections on
their surfaces at the right edge of the specimens, due to the manufacturing process and the
rheology of the melt polymers.

Figure 2 shows the surface aspects of the samples of PPr–cork and HDPEr–cork
composites assessed by optical microscopy as a function of the different cork contents (0, 5,
10, 15, and 20 wt%). The results of this characterization confirm the change in color with
the increasing cork content of the composites.

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 6 of 18 
 

 

 
Figure 2. Surface aspects of specimens of (A) PPr–cork and (B) HDPEr–cork composites assessed by 
optical microscopy. 

The cork particles are clearly visible by optical microscopy (Figure 2). Different sizes 
of cork particles are present in both matrices (PPr–cork and HDPEr–cork composites). The 
results show the presence of large particles mixed with a high number of smaller particles. 
The difference in the size of the cork particles was already observed during the prepara-
tion of the raw materials. For the composites with 5 wt% cork in the PPr and HDPEr ma-
trices, the cork particles are completely enclosed in the matrices. For the PPr–cork compo-
sites with higher cork contents (10, 15 and 20 wt%), a variation in the surface roughness is 
observed. However, the cork particles are still embedded in the matrices, but it seems that 
there are cavities on the surface and they are rougher. The same trend can be observed for 
the samples of HDPEr–cork composites. 

Figure 2. Surface aspects of specimens of (A) PPr–cork and (B) HDPEr–cork composites assessed by
optical microscopy.



J. Compos. Sci. 2024, 8, 195 6 of 16

The cork particles are clearly visible by optical microscopy (Figure 2). Different sizes
of cork particles are present in both matrices (PPr–cork and HDPEr–cork composites). The
results show the presence of large particles mixed with a high number of smaller particles.
The difference in the size of the cork particles was already observed during the preparation
of the raw materials. For the composites with 5 wt% cork in the PPr and HDPEr matrices,
the cork particles are completely enclosed in the matrices. For the PPr–cork composites
with higher cork contents (10, 15 and 20 wt%), a variation in the surface roughness is
observed. However, the cork particles are still embedded in the matrices, but it seems that
there are cavities on the surface and they are rougher. The same trend can be observed for
the samples of HDPEr–cork composites.

The SEM images in Figure 3 show the structure of the composites as a function of the
cork content and matrix type. In both cases, there is a change in the structure as the cork
content increases, confirming the observations made of Figures 1B and 2. The composites
show some pull-out of the polymeric phase and a region with a gap between the two
phases. It is possible to observe the voids, which indicate a low adhesion between the
cork particles and the matrix. This may be due to the lack of a coupling agent or chemical
treatment of the cork particles to improve the interface bonding [33]. This result differs
from the work of Fernandes et al., who observed the good adhesion of cork particles to
polypropylene with or without a coupling agent [20]. In addition, some microcracks are
observed on the surface. In Figure 3, therefore, we observe medium-sized crushed cork
particles initially produced (<2 mm). Thus, the size of the crushed cork particles observed
under the microscope is around 300–400 µm, which corresponds to the majority of the
crushed cork.
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3.2. Mechanical Properties

In order to characterize the mechanical performance of the developed polymer–cork
composites, tensile tests were carried out on the different series of samples. The mechanical
tests were first carried out on the samples without conditioning prior to the mechanical tests
on both sets of conditioned samples. All loads (0, 5, 10, 15, 20 wt%) of cork content were
considered. The samples were stored under laboratory conditions (T = 20◦, HR 50%) for
7 days before the tests. Figure 4 shows the tensile strength of the PPr–cork and HDPEr–cork
composites and the photographs of the composite samples before and after the mechanical
test for the particular content of 20 wt%. For the PPr–cork composites, the higher the
cork content (from 0 to 20 wt%), the lower the tensile strength was. The highest tensile
strength was obtained for the sample without cork particles, with a value of 30 MPa. The
sample of PPr–cork composites with 20 wt% of cork content had the lowest tensile strength
of these composites, with a value of 19 MPa. Several factors can explain this decrease in
mechanical resistance, including the nature of the filler (cork) and the insufficient adhesion
between the cork and the matrix. These factors lead to increased microstructural voids
and cavities, which negatively affected the mechanical properties of the composites. The
PPr–cork composites were found to have the highest tensile strength compared to the
HDPEr–cork composites. This can be explained by the difference in the crystallinity of PP
and HDPE, which is higher for PP [47]. For the HDPEr composites, the increase in cork
content did not have a significant effect on the mechanical properties of the composite.
The results show that the value of the tensile strength of the HDPEr–cork composite was
quasi-constant, and about 19 MPa.
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When formulating composites incorporating natural fillers, several considerations
must be taken into account, such as humidity and temperature, which play a key role in the
degradation of these materials. These environmental conditions can have a negative impact
on the mechanical properties of the composites [48]. In order to study the degradation of
cork composites by short-term aging, the PPr–cork and HDPEr–cork samples were stored



J. Compos. Sci. 2024, 8, 195 8 of 16

in different conditions, such as in distilled water at 20 ◦C for 24 h and in an oven at 60 ◦C
for 24 h. The tensile strength of the PPr–cork and HDPEr–cork composites are presented
in Table 1. The results of the mechanical tests for the PPr–cork composites after total
immersion in distilled water for 24 h showed a decrease in tensile strength, from 30 MPa to
19 MPa, as the filler content increases from 0 to 20 wt%. The same results were obtained for
the samples stored under laboratory conditions. It is obvious that there was no significant
effect on the mechanical properties of the PPr–cork composites after a short storage in
water. The decrease in tensile strength was due to the interfacial adhesion between the
filler and the matrix. The same trend was observed for the HDPEr–cork composites. The
tensile strengths of the composites stored under laboratory conditions and in water for
24 h were similar. The effect of temperature on the mechanical properties of the PPr and
HDPEr composites was also studied by storing the samples in an oven at 60 ◦C for 24 h.
From the results presented in Table 1, it can be seen that for the PPr–cork composites, the
tensile strength decreased, similar to the sample stored under laboratory conditions. For
the HDPEr–cork composites, oven storage did not have a significant effect either on the
mechanical properties. The value of the tensile strength was similar to that of the samples
stored in laboratory conditions. Thus, the results of the mechanical tests for the PPr and
HDPEr composite samples show that short storage times in the different conditions do not
have a significant effect on the mechanical properties of the composites.

Table 1. Tensile strength of the PPr–cork and HDPEr–cork composites stored in different conditions.

Composites Cork Content
(wt%)

Maximal Tensile Strength (MPa)

Laboratory Conditions Water, 20 ◦C, 24 h Oven, 60 ◦C, 24 h

PP–Cork

0 30.3 (±0.1) 30.1 (±0.2) 30.3 (±0.1)
5 27.4 (±0.1) 27.2 (±0.4) 27.6 (±0.2)

10 23.5 (±0.3) 23.8 (±0.4) 23.5 (±0.5)
15 21.2 (±0.1) 21.0 (±0.2) 20.7 (±0.2)
20 19.0 (±0.2) 18.8 (±0.3) 18.9 (±0.1)

HDPE–Cork

0 18.9 (±0.3) 18.5 (±0.4) 19.7 (±0.2)
5 18.7 (±0.1) 19.1 (±0.1) 18.7 (±0.1)

10 17.8 (±0.1) 18.1 (±0.3) 18.0 (±0.2)
15 17.9 (±0.2) 17.9 (±0.3) 17.8 (±0.2)
20 17.9 (±0.2) 17.8 (±0.3) 17.7 (±0.1)

3.3. Thermal Decomposition

Figures 5 and 6 present the mean mass loss and the mass loss rate divided by the
initial mass (calculated over the three tests) for the different composites and the virgin cork
obtained by thermogravimetry. Table 2 summarizes the peak of the MLR divided by the
initial mass and the temperature at which the peak occurred for the composites. The thermal
decomposition of virgin cork starts at 180 ◦C. The MLR curves show three main stages
of decomposition. The first peak occurs at 320 ◦C, followed by the main decomposition
peak at 390 ◦C. The last peak occurs at 550 ◦C, during char oxidation. This behavior is
consistent with the literature [42,44,49,50]. For PPr and HDPEr alone (without cork), the
MLR curves show a single peak. The thermal decomposition takes place between 254 ◦C
and 500 ◦C for PPr, and between 298 ◦C and 583 ◦C for HDPEr. PPr, therefore, degrades at
lower temperatures than HDPEr. These results are in agreement with the literature [51–54].
For PPr, the peak of the MLR occurs at 391 (±6) ◦C and reaches 4.45 (±0.02) × 10−3 s−1.
For HDPEr, the peak of the MLR occurs at a higher temperature (443 (±3) ◦C) than for PPr,
but is slightly lower (4.38 (±0.13) × 10−3 s−1). Thermal oxidation occurs, therefore, at a
lower temperature and with a higher MLR for PPr than for HDPEr. As cork degrades, the
addition of cork changes the shape of the MLR curves. For the PPr composites, a change
in the onset temperature of thermal decomposition is observed, resulting in a shift of the
main decomposition peak from 392 ◦C to 410 ◦C. There is also an additional plateau after
450 ◦C. For HDPEr, the changes are more visible, as three peaks occur: a first one around
320 ◦C, a second one between 400 and 500 ◦C and, finally, a third one around 550 ◦C. The
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peaks observed above 450 ◦C for both composites correspond to the char oxidation caused
by the decomposition of the cork. The addition of cork to PPr delays the onset of thermal
decomposition towards a higher temperature. For HDPEr, there is no significant change
in the onset of thermal decomposition. By contrast, the MLR peak varies little with the
cork content of PPr, whereas the MLR peak decreases with an increasing cork content
of HDPEr. For all the composites, the total mass loss is greater than 99%. In order to
investigate the possibility of describing the thermal decomposition of the composites from
their constituents, the mass loss ( m

m0 cal
) is calculated using the following mixing law:

m
m0 cal

= (1 − Ycork)
m
m0 matrix

+ Ycork
m
m0 cork

(1)

where Ycork is the cork content, m
m0 matrix

is the mass loss of the pure HDPEr and PPr, and
m
m0 cork

is the mass loss of the virgin cork.
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Figures 7 and 8 show the results for HDPEr and PPr, respectively. For HDPEr, the
mixing law gives results very close to the experimental behavior. The RMSE between the
experimental and calculated mass loss is between 0.016 and 0.018, and tends to increase
slightly with increasing cork content. For PPr, the mixing law does not allow for the
description of the behavior of the composites with cork contents between 5 and 15 wt%. In
fact, the RMSE is between 0.084 and 0.098 for these contents. However, the modeling is
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close to the experiments for a cork content of 20 wt%, with an RMSE of 0.022. This result
highlights the strong influence of cork on the PPr composite.
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Table 2. Characteristic quantities of thermal decomposition of composites.

Composites Cork Content (wt%)
Peak of MLR Divided Temperature of the Peak

of MLR (◦C)by the Initial Mass (10−3 s−1)

PPr–Cork

0 4.45 (±0.02) 391 (±6)
5 4.46 (±0.11) 392 (±2)

10 4.82 (±0.03) 408 (±1)
15 4.45 (±0.05) 409 (±1)
20 4.31 (±0.10) 410 (±3)

HDPEr–Cork

0 4.38 (±0.13) 443 (±3)
5 3.95 (±0.21) 450 (±8)

10 3.72 (±0.55) 434 (±1)
15 3.21 (±0.16) 431 (±6)
20 3.16 (±0.19) 429 (±4)

3.4. Fire Behavior

Table 3 gives the higher heating values (HHV) for the different composites. The HHV
ranges between 43.2 and 47.7 kJ·g−1 for the PPr–cork composites and between 43.4 and
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47.5 kJ·g−1 for the HDPEr–cork composites. For virgin cork, the HHV is 29.6 (±0.1) kJ·g−1.
The values obtained for plastics alone and virgin cork are higher than those found in
the literature: 27.9 kJ·g−1 for Q. variabilis cork [55], 45.2 and 46.5 kJ·g−1 for PP, and
between 43.3 and 46 5 kJ·g−1 for HDPE [56–59]. For the same cork content, the values for
HDPEr–cork are slightly higher. The addition of cork reduces the HHV of the composites:
−176.3 J·g−1 per percentage of cork added for the PPr–cork composites (R2 = 0.995), and
−180.7 J·g−1 per percentage of cork added for the HDPEr–cork composites (R2 = 0.997).

Table 3. Higher heating values of the PPr–cork and HDPEr–cork composites and ignition time,
mean MLRPUA, and peak of HRR and THR for the reaction to fire tests performed with the cone
calorimeter.

Composites Cork Content
(wt%)

High Heating
Value Time to Mean MLRPUA

(g·s−1·m−2)
Peak of HRR

(kW·m−2)
THR

(MJ·kg−1)
Heff

(kJ·g−1) Ignition (s) (kJ·g−1)

PPr–Cork

0 47.7 (±0.4) 72 (±17) 9.3 (±0.2) 436 (±22) 40.7 (±0.9) 42.3 (±1.2)
5 46.6 (±0.0) 32 (±6) 10.1 (±1.2) 470 (±50) 39.4 (±0.7) 40.2 (±0.4)
10 45.1 (±0.1) 31 (±1) 10.0 (±1.3) 447 (±64) 37.3 (±0.8) 38.1 (±0.4)
15 43.9 (±0.1) 31 (±3) 10.1 (±1.2) 470 (±23) 37.0 (±0.6) 37.5 (±0.4)
20 43.2 (±0.2) 34 (±6) 9.6 (±1.3) 420 (±61) 35.7 (±1.1) 37.3 (±0.9)

HDPEr–
Cork

0 47.5 (±0.2) 87 (±19) 13.7 (±0.0) 559 (±25) 38.4 (±0.9) 41.5 (±0.7)
5 47.0 (±0.2) 52 (±8) 11.7 (±1.8) 527 (±61) 38.9 (±1.4) 40.9 (±0.2)
10 45.9 (±0.2) 46 (±9) 9.9 (±0.8) 488 (±24) 38.6 (±0.1) 40.1 (±0.2)
15 45.4 (±0.2) 38 (±11) 9.8 (±1.6) 446 (±55) 39.0 (±0.7) 39.3 (±1.1)
20 43.4 (±0.5) 32 (±5) 9.7 (±0.6) 409 (±31) 38.7 (±1.1) 38.2 (±0.7)

Figure 9 shows the time to ignition of the different composites as a function of cork
content. The values are also given in Table 3. Up to a cork content of 15 wt%, the ignition
times of the PPr–cork composites are lower than those of the HDPEr–cork composites. This
observation is in agreement with the tests performed with pure PP and HDPE [60]. At a cork
content of 20 wt%, the ignition times of both composites are almost identical. These results
are in agreement with the temperatures of the peak MLR measured by thermogravimetry,
which are lower for the PPr–cork composites. The PPr–cork composites are, therefore,
more flammable than those made with HDPE. Regarding the influence of the cork content,
the ignition time decreases as the cork content increases. Therefore, the addition of cork
increases the flammability of both composites. Figure 10 shows the average evolution of the
mass loss divided by the initial mass, as well as the mass loss rate per unit area (MLRPUA)
as a function of time for both composites, with a 15 wt% cork content. Initially, a slow mass
loss is observed. Then, after ignition, the mass loss rate increases significantly, reaching a
plateau corresponding to the stationary combustion phase of the whole sample. The mass
loss then decreases until the flame is extinguished. For the samples with cork, an oxidation
phase of the char appears after the flameout, characterized by a low mass loss rate until
total extinction. This stage is more visible for the HDPEr–cork composites. In order to
compare the influence of the cork on the mass loss, the average value of the MLRPUA
was calculated during the quasi-stationary phase (Table 3). Figure 11 shows the results
for both composites as a function of the cork content. For the PPr–cork composites, the
average MLRPUA varies little with the cork content (9.8 ± 0.3 g·s−1.m−2). For the HDPEr
composites, the average MLRPUA decreases linearly for a cork content ranging between 0
and 10 wt% (−0.37 g·s−1.m−2 per percentage of cork, R2 = 0.99), and then stabilizes around
9.8 ± 0.1 g·s−1.m−2. These observations are in agreement with the thermogravimetric
measurements (Figure 6). In fact, the MLRs recorded for the PPr–cork composites by
thermogravimetry varied little with the cork content, while those for the HDPEr composites
initially decreased with an increasing cork content and then stabilized at 15 wt% cork.
The MLPRUA is, therefore, higher for the HDPEr-based composites, up to 15 wt% cork.
Thereafter, the values for both types of composites are equivalent.
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Figure 11. Average of the MLRPUA calculated during the quasi-stationary phase of combustion.

Figure 12 shows the average evolution of the heat release rate (HRR) (calculated for
the three replicates) during the combustion of the different composites. The curves follow



J. Compos. Sci. 2024, 8, 195 13 of 16

the same trends as those for the MLRPUA. The shape of the curves change depending on
the cork content. For plastics alone, the HRR increases after ignition, reaching a plateau for
PPr and a shoulder for HDPEr. The HRR then increases again, reaching a peak. The HRR
then decreases until the flame is extinguished. This behavior is in agreement with the liter-
ature [60–62], and is characteristic of the heat release rate of a thermally thick non-charring
sample [63]. When cork is added, the shape of the curves change. For the PPr–cork compos-
ites, the heat release rate reaches a peak after ignition, and then a plateau appears. With an
increasing cork content, the first peak becomes more dominant and the plateau disappears
at a 20 wt% cork content. For the HDPEr–cork composites, the shoulder after ignition is
only visible at a 5 and 10 wt% cork content. For 15 and 20 wt% cork, the HRR increases,
reaching a peak and then decreasing until total extinction (without a plateau). The shape
of the HRR curves for the PPr–cork and HDPEr–cork composites are representative of the
behavior of thermally thick charring samples [63]. The decrease in HRR after the initial
increase is due to char formation. For the PPr–cork composites, the peak HRR varies little
with the cork content and is, on average, equal to 448.7 (±19.5) kW·m−2. However, the
total heat release (THR) decreases linearly as the cork content increases (−0.248 MJ·kg−1

per percentage of cork, R2 = 0.95). For the HDPEr–cork composites, the peak HRR decreases
linearly with the cork content (−7.6 kW·m−2 per wt% cork, R2 = 0.99). However, the THR
varies little with the cork content and is, on average, equal to 38.74 (±0.23) MJ·kg−1. To
complete the study of the fire behavior of the composites, the effective heat of combustion
was calculated for the different samples. For each test, an average effective heat of com-
bustion was determined by dividing the total heat released by the total mass lost [64]. The
mean values for each cork content are shown in Table 3. The effective heat of combustion is
equal to 42.3 (±1.2) kJ·g−1 and to 41.5 (±0.7) kJ·g−1 for PPr and HDPEr, respectively. The
values are in agreement with the literature (between 40 and 44 kJ·g−1 for PP [60,61] and
42 kJ·g−1 for HDPE [60]). For both composites, the effective heat of combustion decreases
with an increasing cork content. This is due to the fact that the HHV of virgin cork is
lower than that of PPr and HDPEr. Except for the samples with plastic only, the effective
heat of the HDPEr composites is higher than that of the PPr composites for a given cork
content. This is consistent with the higher HHV values of the HDPEr composites measured
with the bomb calorimeter (Table 3). The effect of cork on fire behavior can, therefore, be
summarized as follows. On the one hand, the addition of cork reduces the ignition time
for both composites. On the other hand, the addition of cork changes the material from a
non-charring polymer to a charring material. However, the influence of cork on the heat
release varies depending on the associated plastic. For the PPr–cork composites, it reduces
the total heat release but does not change the peak HRR. For the HDPEr–cork composites,
it reduces the peak HRR but does not affect the total heat release.
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4. Conclusions

In this work, composites were prepared from recycled HDPE or PP with different
virgin cork contents. The feasibility of these types of composites; the mechanical properties
after different types of conditioning, which is an important property for the use of this new
product; the microstructure, which has an important effect on the mechanical properties;
and the thermal decomposition and fire behavior, which have to be taken into account
in fire risk management, were investigated. The mechanical properties of the composites
made with PPr and virgin cork were better than those made with HDPEr. Observations of
the morphology of the samples suggested that a coupling agent is necessary to improve the
interfacial bonding between the matrix and the filler. The addition of cork to PPr delayed
the onset of thermal decomposition towards a higher temperature, whereas no significant
change was observed for HDPEr. The test of the reaction of the composites to fire (imposed
heat flux of 40 kW.m−2) showed that the higher the cork content, the shorter the ignition
time for both composites, resulting in the higher ignitability of the composites compared
to plastic alone. However, the combustibility of the composites also decreased with an
increasing cork content. For the PPr–cork composites, this was observed at the THR, while
for the HDPEr–cork composites it was observed at the peak HRR. The next stage of this
study will concern the addition of a flame retardant to the composites in order to promote
their use, particularly in building elements.
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