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Abstract: Polypropylene (PP) plastic packaging waste consists of a variety of different plastic pack-
aging products with a great span in rheological and mechanical behavior. Therefore, the resulting
post-consumer recyclates usually show melt mass-flow rates (MFR) in the region of injection mold-
ing grades and intermediate mechanical properties. High-quality packaging applications demand
a distinct property profile that is met by tailor-made PP grades and cannot be met by recyclates
with intermediate performance. One such application with high market volume is high-stiffness
thermoforming trays. The aim of this research was to blend intermediate-performance recyclates
with a virgin PP grade to obtain compounds that fulfill the rheological and mechanical demands
of this application. Three commercially available PP post-consumer recyclates were acquired and
compounded with different blending ratios with a high stiffness, low MFR virgin PP grade. As
the pure recyclates show different rheological properties, the blending ratios had to be adapted
for each of them to fit into the MFR range of 2–4 g/10 min which is desirable for thermoforming
applications. The resulting PP recyclate compounds show a distinct correlation of recyclate content
with rheological and mechanical performance. However, the resulting property profile was directly
dependent on the performance of the originally used recyclate. The best-performing recyclate could
be used in a blending ratio of 65 m% recyclate content while adhering to both property limits, the
MFR of 2–4 g/10 min and the lower bound tensile stiffness of 1500 MPa.

Keywords: plastic recycling; compounding; thermoforming; melt mass-flow rate; mechanical proper-
ties; polypropylene; post-consumer; recyclate

1. Introduction

Polypropylene (PP) is a popular polymer used in high amounts for a multitude of
applications [1]. This comes partly due to its low price [2], but also because of its ability to
be tailored to specific applications by using co-polymers, additives, or fillers [3–5]. Single-
use packaging products profit highly from both these properties, making PP one of the
most used packaging materials [1]. Nevertheless, the different packaging applications have
different demands in terms of stiffness, toughness, and rheology, hence the PP grades used
vary greatly [6]. This leads to the problem that the gathered PP packaging waste stream,
even if other polymers are sorted out, consists of a myriad of different PP products with
their properties ranging from stiff and brittle to soft and tough. The resulting commercially
available PP recyclates (rPP) from packaging waste streams usually have melt mass-flow
rates (MFR) which are typical for processing via injection molding [7]. Due to the high
variability of the feedstock, only intermediate mechanical properties are achieved, hence
these recyclates are usually not favorable to be used in any specific use case. Furthermore,
PP shows disadvantages compared to polyethylene terephthalate (PET) when it comes to
decontamination, hence recycling of food contact rPP is more challenging and has yet to be
developed and validated [8,9]. To usefully employ these mediocre-performing recyclates,
combination with high-quality virgin materials could present a solution.
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The research presented here aims to investigate the usage of rPP for thermoforming
applications. Thermoforming is a high-volume, low-cost production method that is used for
the production of a broad range of products [6,10,11]. There is published research regarding
the use of rPP in sheet applications [12], but only the processing of multi-layer sheets
was investigated and no mechanical characteristics of the material combinations were
tested. Another possibility for modifying rPP could be compounding with virgin polymers.
While there is research available for other applications [13–15], no preceding research
could be found for creating and assessing thermoforming compounds with post-consumer
recyclate content.

Virgin PP thermoforming grades are highly specialized and often make use of the
advantages of co-polymerization to make them more transparent or tougher, e.g., for low-
temperature food packaging [3–5,16,17]. The stiffest grades are used for containers and
trays, with and without food contact, e.g. As there are many applications for containers
and trays apart from food packaging, the specific goal of this research was to create
thermoforming recyclate compounds using commercially available PP recyclates for high-
stiffness applications. Hence, application-specific properties and limits were determined
and tested together with additional analytical methods. The results gathered from these
tests are used to assess the applicability of the created recyclate compounds for their use as
thermoforming grades.

2. Experimental Section
2.1. Materials

Three different commercially available recyclate grades were provided by three Eu-
ropean recycling companies. All of them are designated as “rPP” for recycled PP and are
made from post-consumer PP packaging waste. All three recyclates were delivered as
pellets and will henceforth be called rPP-A, rPP-B, and rPP-C. While the main feedstock for
all of these recyclates was the “yellow-bag” system, which is a separate collection stream
for plastic packaging products in Germany and Austria [18], the recyclates passed different
sorting, washing, and recycling steps and differ in their properties, which can be seen in
Table 1, as well as in color. rPP-A is anthracite-colored, rPP-B is white-colored, and rPP-C
is without pigment and thus translucent.

Table 1. Datasheet values of all used materials.

Datasheet Values vPP 1 rPP-A 2 rPP-B 2 rPP-C 2

melt mass-flow rate (230 ◦C/2.16 kg; g/10 min) 0.25 ≥11 10.1–15.0 18
tensile modulus (MPa) 2000 ≥1100 1100–1400 1200

yield stress (MPa) 36 ≥25 23–27 28
strain at break (%) - ≥180 - -

Charpy notched impact strength (kJ/m2) 30 ≥6 4–8 5.5
1 Low melt mass-flow rate (MFR) and high modulus virgin polypropylene (PP) grade. 2 Recyclates derived from
PP packaging waste.

For thermoforming applications, the most requested properties are (1) a melt mass-
flow rate (MFR) within the range of the currently used virgin thermoforming materials,
(2) a high tensile modulus of above 1500 MPa, and (3) a Charpy notched impact strength
of above 3.5 kJ/m2. To make blends with the three high MFR rPPs, a virgin blending
partner with very low MFR is crucial [19]. Furthermore, a high tensile modulus and Charpy
notched impact strength are also beneficial to achieve high recyclate contents while still
fulfilling the requirements. Therefore, a low MFR, high modulus virgin PP grade was
acquired for compounding and will be called vPP from here on.
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All compounds were produced on a Leistritz ZSE MAXX 18 twin-screw extruder
(Leistritz Extrusionstechnik GmbH, Nuremberg, Germany) with an L/D ratio of 40D, co-
rotating screws, a screw speed of 400 rpm, and a mass throughput of around 8–10 kg/h.
Three gravimetric feeders, two Brabender DSR28 for the pellets, and one Brabender
Minitwin for stabilizer powder (Brabender Technologie GmbH & Co. KG, Duisburg, Ger-
many) were used to ensure a consistent ratio of the virgin material, the recyclate, and the
stabilization mixture to ensure no further degradation was occurring during the compound-
ing of the materials. The stabilization used for every compound was 0.15 m% Irganox®

1010 (BASF SE, Ludwigshafen am Rhein, Germany), a phenolic primary antioxidant for
long-term thermal stabilization [20], and 0.15 m% Irgafos® 168 (BASF SE, Ludwigshafen am
Rhein, Germany), a hydrolytically stable phosphite secondary antioxidant for processing
stabilization [21]. The stabilization of the materials should not influence the mechanical
properties measured within the scope of this paper, as no aging was applied to the spec-
imens and no lengthy tests in media and/or at elevated temperatures were conducted.
Nevertheless, the effect of the applied stabilization on the resistance to thermal oxidation
was investigated.

Pretests were performed to discover the individual MFRs of the blending partners
and conclude starting blending ratios (one per recyclate) to fit within the desired property
window. After characterization of the first compound for each recyclate, additional blending
ratios were defined, compounded, and the resulting compounds were characterized. This
step-by-step approach was chosen because of the limited amount of recyclate available.
Therefore, not all mixtures use the same recyclate content. Blends containing 50 m% and
60 m% of rPP-A will be called A50 and A60, blends containing 55 m%, 60 m%, and 65 m%
of rPP-B will be called B55, B60, and B65, and lastly, the blend containing 55 m% of rPE-C
will be called C55. A list of all compounds together with the blending ratios is presented in
Table 2.

Table 2. List of compounds and their respective amounts of blending partners. To all compounds,
additional 0.15 m% Irganox® 1010 long-term stabilizer [20], and 0.15 m% Irgafos® 168 processing
stabilizer [21] were added during compounding.

vPP 1 rPP-A 2 rPP-B 2 rPP-C 2

m% m% m% m%

A50 50 50 - -
A60 40 60 - -
B55 45 - 55 -
B60 40 - 60 -
B65 35 - 65 -
C55 45 - 55

1 Low MFR and high modulus PP grade. 2 Recyclates derived from PP packaging waste.

2.2. Methods
2.2.1. Melt Mass-Flow Rate Measurements

The MFR measurements were conducted at 230 ◦C under a 2.16 kg static load on a
Zwick/Roell Mflow melt flow indexer (ZwickRoell GmbH & Co. KG, Ulm, Germany)
according to ISO 1133-1 [22] and ISO 19069-2 [23]. Cuts were made every 3 mm piston
movement. The time between cuts was measured and each extrudate was weighed on an
ABS 220-4 electronic balance (Kern & Sohn GmbH, Balingen-Frommern, Germany). The
extra- and interpolation to 10 min calculated the MFR in g/10 min for each cut. For each
material, one measurement was conducted. Within one measurement, 6 cuts were made
and used for the calculation of average values.
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2.2.2. Specimen Production

According to ISO 19069-2 [23], tensile and impact test specimens for PP should be
injection-molded. Therefore, all multipurpose specimens (MPS) and bar specimens were
produced via injection molding according to ISO 294-1 [24], ISO 20753 [25], and ISO 19069-2
on an Engel Victory 60 (Engel Austria GmbH, Schwertberg, Austria) with a 25 mm cylinder.
The processing temperature to be used is dependent on the MFR of the material. Therefore,
as vPP has an MFR of below 1.5 g/10 min, its specimens were injection-molded with 255 ◦C
melt temperature, the three rPPs with MFRs above 7 g/10 min were injection-molded at
200 ◦C melt temperature, and as the compounds should all fall within the MFR range of
between 1.5 g/10 min and 7 g/10 min, a melt temperature of 230 ◦C was used for injection
molding of these specimens as prescribed by ISO 19069-2. All specimens were conditioned
at 23 ◦C and 50% relative humidity for 3–5 days. After conditioning, the MPS were used for
tensile testing and the bar specimens were notched and used for Charpy notched impact
testing in accordance with ISO 179-1 [26]. The Charpy Type A notches, i.e., notches with a
0.25 mm notch radius, were produced with a Leica RM2265 microtome (Leica Biosystems
Nussloch GmbH, Nussloch, Germany) according to ISO 179-1 and measured with an
Olympus SZX16 stereomicroscope (Olympus, Tokyo, Japan).

2.2.3. Differential Scanning Calorimetry Measurements

Differential scanning calorimetry (DSC) measurements were carried out on a PerkinElmer
differential scanning calorimeter DSC 8500 (PerkinElmer Inc., Waltham, MA, USA). Sam-
ples were cut from shoulders of injection-molded MPS and encapsulated in perforated
aluminum pans. The average sample weight was around 5 mg. The procedure consisted
of an initial heating phase, subsequent cooling, and a second heating phase, each in the
temperature range of 0 ◦C to 200 ◦C with a constant heating/cooling rate of 10 K/min with
nitrogen as purge gas with a flow rate of 20 mL/min. The DSC measurements were accom-
plished to determine the melting peak in the second heating phase, which is characteristic
of the semi-crystallinity achieved under controlled cooling in a DSC device. To determine
the melting enthalpy of PP, first, the whole area of the melting peak was integrated in the
temperature range from around 90 ◦C to 175 ◦C. Since all recyclates were contaminated
with polyethylene (PE), the small PE peak was integrated from around 100 ◦C to 130 ◦C,
which gives the PE melting enthalpy. Subtraction of the PE melting enthalpy from the
above-mentioned whole area enthalpy gives the PP melting enthalpy. For each material,
five samples, each cut from an individual MPS, were used for the calculation of average
values and standard deviations. Measurements were made according to ISO 11357-1 [27]
and ISO 11357-3 [28].

2.2.4. Oxidation Induction Temperature (Dynamic OIT) Measurements

Thermal degradation is not a critical failure mechanism in packaging materials. Nev-
ertheless, sufficient stabilization is still important for processing without degrading the
material. For the experiments in this work a differential thermal analysis instrument from
PerkinElmer, the DSC 4000, was utilized to characterize the oxidation induction temper-
ature (dynamic OIT) according to ISO 11357-6 [29]. Samples were cut from shoulders
of injection-molded MPS and encapsuled in perforated aluminum pans. The average
sample weight was around 5 mg. A single heating step between 23 ◦C and 300 ◦C was
performed with a heating rate of 10 K/min with synthetic air as purge gas with a flow rate
of 20 mL/min. The point of intersection of the slope before oxidation and during oxidation
gives the onset of oxidation or the oxidation induction temperature in ◦C and gives an
indication of stabilization [30]. For each material, five samples, each cut from an individual
MPS, were used for the calculation of average values and standard deviations.
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2.2.5. Tensile Tests

The tensile properties (tensile modulus, yield stress, and strain at break) were exam-
ined with a universal testing machine Zwick/Roell AllroundLine Z020 equipped with a
Zwick/Roell multi-extensometer strain measurement system with MPS. Test parameters
and MPS were used according to ISO 527-1 [31], ISO 527-2 [32], and ISO 19069-2 [23] with
a testing speed of 1 mm/min for tensile modulus determination until a strain of 0.25%
and after that 50 mm/min until failure. Calculations of tensile modulus, yield stress, and
strain at break were performed in accordance with ISO 527-1. Therefore, the tensile mod-
ulus was calculated as the slope of the stress/strain curve between 0.05% and 0.25% via
regression, the yield stress was the stress at the first occurrence of strain increase without a
stress increase, and the strain at break was the strain when the specimen broke. The strain
was recorded via a multi-extensometer until yield. From there, the nominal strain was
calculated via Method B according to ISO 527-1 with the aid of the crosshead displacement.
This process is integrated and automated in the testing software TestXpert III (v1.61, Zwick-
Roell GmbH & Co. KG, Ulm, Germany). For each material, five MPS were tested for the
calculation of average values and standard deviations.

2.2.6. Charpy Impact Tests

Impact properties were determined according to ISO 179-1 [26] on a Zwick/Roell
HIT25P pendulum impact tester. After pretests to determine the suitable pendulum size (ab-
sorbed energy between 10% and 80% of the available energy at impact), a 2 Joule pendulum,
the pendulum with the highest available energy that still conforms to these requirements,
was chosen for testing all materials. Test conditions were 23 ◦C test temperature with Type
1 specimen, edgewise blow direction, and notch Type A, i.e., a 0.25 mm notch radius, or
short ISO 179-1/1eA, which is one of the preferred methods of ISO 19069-2 [23]. For each
material, ten specimens were tested for the calculation of average values and standard
deviations.

3. Results
3.1. Melt Mass-Flow Rates

Virgin thermoforming grades are found in the MFR range of between 1.2 g/10 min
and 5 g/10 min, but most of the grades range between 2 g/10 min and 4 g/10 min [16].
Therefore, this property window was decided upon to be met with the compounds.

The recyclates rPP-A, rPP-B, and rPP-C and the virgin grade vPP were measured to-
gether with the compounds for an accurate comparison. vPP shows a value of 0.23 g/10 min
and is shown at 0 m% recyclate content in Figure 1. The three rPP grades show much higher
values of 15.8 g/10 min (rPP-A), 13.3 g/10 min (rPP-B), and 17.4 g/10 min (rPP-C) and are
shown at 100 m% recyclate content in Figure 1. The compounds show a rising MFR with
rising recyclate content with good correlations. Therefore, linear approximations within
the logarithmic graph show high R2 values of 0.996 (A compounds), 0.975 (B compounds),
and 0.999 (C compound). As predicted by the MFRs of the blending partners, compounds
containing the lower MFR recyclates generally show lower MFRs at the same recyclate
contents. Not all the produced compounds fit the property window perfectly, as A50
(1.83 g/10 min) and B55 (1.90 g/10 min) fail to deliver MFRs of above 2 g/10 min. Linear
approximations of the compounding-series A, B, and C are plotted as dashed lines and
the respective R2 values are shown in matching colors in Figure 1. The desired property
window for compounds is highlighted in yellow in Figure 1.
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Figure 1. Graphical illustration of the MFR values of all materials.

3.2. Melting Behaviors

The DSC measurements are used to assess the melting peaks and enthalpies of the
materials and detect foreign polymers. It is known that contaminations by other polymers
can affect the performance of polyolefins [33–35]. All thermograms shown in Figure 2a (vPP
as well as the recyclates rPP-A, rPP-B, and rPP-C) are dominated by a melting peak around
165 ◦C, identifying them as PP materials [36,37]. The PP melting peaks differ substantially
in shape and peak temperature, which indicates different PP copolymer compositions.
Especially rPP-C shows a comparatively low PP melting peak, indicating smaller crystal
lamellae thicknesses [36], and would suggest a higher amount of PP random copolymer [4].
In addition to that, the three rPPs show a pronounced endothermic peak at around 125 ◦C,
indicating contamination with PE [33]. When looking closely at the PE melting peak region
(see Figure 2b), even vPP shows a small but quantifiable PE melting peak, which identifies
the material as a PP block-copolymer with PE phases [36]. This result points out a high
enough PE content within all materials to form PE crystals [4]. Furthermore, there is an
obvious difference in melting temperature and melting enthalpy (area of peak), which will
be explained in Figure 3. For better comparability, the thermograms were shifted to be
shown stacked instead of on top of each other. The arrows indicate PE melting peaks in all
four blending partners. Scales are added on the left side of each graph for comparison of
magnitudes between Figure 3a,b.

The PP melting temperatures follow the trend of lower PP melting temperature
with rising recyclate contents, as shown in Figure 3a. vPP shows the highest PP melting
temperature of 167 ◦C. The recyclates show much lower PP melting temperatures of
161 ◦C (rPP-A), 162.1 ◦C (rPP-B), and 159.1 ◦C (rPP-C). Higher melting temperatures in
PP indicate a higher crystal lamellae thickness [36]. The compounds provide melting
temperatures in the range of 163–165 ◦C representing temperatures in between those of
the blending partners. When comparing compounds with the same recyclate content, the
compounds containing the recyclate with the higher melting temperature also show the
higher melting temperature. The melting enthalpies show a different trend, as shown in
Figure 3b. While vPP and the recyclates maintain high melting enthalpies, the melting
enthalpies of the compounds are lower. This effect could arise from antagonistic effects
between the vPP and the recyclates. Furthermore, the compounds follow the trend of lower
melting enthalpy with higher recyclate content. A higher PP melting enthalpy indicates a
higher crystallinity [38]. The vertical bars in Figure 3 show the sample standard deviations.
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Figure 2. Thermograms of the used blending partners vPP, rPP-A, rPP-B, and rPP-C (a), and a
detailed view of the polyethylene (PE) melting peaks in the same materials (b).
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Figure 3. PP melting temperatures (a), and PP melting enthalpies (b) of all materials.

All three recyclates have similarly high PE melting temperatures of around 125 ◦C
while vPP shows a much lower 117 ◦C. The recyclate compounds PE melting peaks lie
at the level of the pure recyclates between 124 ◦C to 125 ◦C, as seen in Figure 4a. The PE
melting enthalpies show a clear trend, as seen in Figure 4b, starting with a very low PE
melting enthalpy of 0.03 J/g for vPP, rising with the recyclate content, and ending with
the high melting enthalpies of the recyclates from 1.76 J/g (rPP-B), 2.19 J/g (rPP-C), up
to 2.23 J/g (rPP-A). This suggests a rising level of PE contamination with rising recyclate
content. Compounds containing the recyclate with lower PE melting enthalpy (rPP-B) also
show lower PE melting enthalpies from 0.65 J/g (B55) to 0.71 J/g (B65), and compounds
using the recyclates with higher melting enthalpies (rPP-A and rPP-C) show higher melting
enthalpies like 0.90 J/g (A50), 1.02 J/g (C55), and 1.14 J/g (A60). The vertical bars in
Figure 4 show the sample standard deviations. Linear approximations of the compounding-
series A, B, and C are plotted as dashed lines and the respective R2 values are shown in
matching colors.



Polymers 2023, 15, 345 8 of 15

Polymers 2023, 15, x FOR PEER REVIEW 8 of 16 
 

 

All three recyclates have similarly high PE melting temperatures of around 125 °C 

while vPP shows a much lower 117 °C. The recyclate compounds PE melting peaks lie at 

the level of the pure recyclates between 124 °C to 125 °C, as seen in Figure 4a. The PE 

melting enthalpies show a clear trend, as seen in Figure 4b, starting with a very low PE 

melting enthalpy of 0.03 J/g for vPP, rising with the recyclate content, and ending with the 

high melting enthalpies of the recyclates from 1.76 J/g (rPP-B), 2.19 J/g (rPP-C), up to 

2.23 J/g (rPP-A). This suggests a rising level of PE contamination with rising recyclate con-

tent. Compounds containing the recyclate with lower PE melting enthalpy (rPP-B) also 

show lower PE melting enthalpies from 0.65 J/g (B55) to 0.71 J/g (B65), and compounds 

using the recyclates with higher melting enthalpies (rPP-A and rPP-C) show higher melt-

ing enthalpies like 0.90 J/g (A50), 1.02 J/g (C55), and 1.14 J/g (A60). The vertical bars in 

Figure 4 show the sample standard deviations. Linear approximations of the compound-

ing-series A, B, and C are plotted as dashed lines and the respective R² values are shown 

in matching colors. 

  
(a) (b) 

Figure 4. PE melting temperatures (a), and PE melting enthalpies (b) of all materials. 

3.3. Oxidation Induction Temperatures (Dynamic OITs) 

The results of the oxidation induction temperature experiments, shown in Figure 5, 

primarily depict the effectiveness of the stabilizers which were inherent within the blend-

ing partners and were added during compounding. rPP-A has the lowest dynamic OIT 

with 210 °C, followed by rPP-B with 212 °C, and rPP-C with 217 °C. These values are 

comparable to the literature values for rPP [39]. During compounding, added stabilizers 

combined with up to 50 m% vPP content led to some compounds gaining better than vir-

gin results, hence higher dynamic OITs than that of vPP (261 °C). The more recyclate in 

the compounds, the lower the dynamic OIT. Therefore, the lowest dynamic OIT within 

the compounds is shown by B65 with 251 °C, followed by the two 60 m% recyclate content 

compounds A60 (258 °C) and B60 (258 °C), the two 55 m% recyclate content compounds 

B55 (260 °C) and C55 (264 °C), and lastly the compound with the highest dynamic OIT 

and the lowest recyclate content, A50 with 265 °C. These results verify the stability against 

oxidation of all produced compounds [30]. The vertical bars in Figure 5 show the sample 

standard deviations. 

0 50 55 60 65 100

117

118

119

120

121

122

123

124

125

m
el

ti
n

g
 t

em
p

er
at

u
re

 P
E

 [
°C

]

recyclate content [m%]

ISO 11357-3, 10 K/min, nitrogen

 vPP

 A

 B

 C

0 50 55 60 65 100
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6
 vPP

 A

 B

 C

m
el

ti
n

g
 e

n
th

al
p

y
 P

E
 [

J/
g

]

recyclate content [m%]

ISO 11357-3, 10 K/min, nitrogen

R² = 0.998

R² = 0.993

R² = 0.998

Figure 4. PE melting temperatures (a), and PE melting enthalpies (b) of all materials.

3.3. Oxidation Induction Temperatures (Dynamic OITs)

The results of the oxidation induction temperature experiments, shown in Figure 5,
primarily depict the effectiveness of the stabilizers which were inherent within the blending
partners and were added during compounding. rPP-A has the lowest dynamic OIT with
210 ◦C, followed by rPP-B with 212 ◦C, and rPP-C with 217 ◦C. These values are comparable to
the literature values for rPP [39]. During compounding, added stabilizers combined with up
to 50 m% vPP content led to some compounds gaining better than virgin results, hence higher
dynamic OITs than that of vPP (261 ◦C). The more recyclate in the compounds, the lower the
dynamic OIT. Therefore, the lowest dynamic OIT within the compounds is shown by B65
with 251 ◦C, followed by the two 60 m% recyclate content compounds A60 (258 ◦C) and B60
(258 ◦C), the two 55 m% recyclate content compounds B55 (260 ◦C) and C55 (264 ◦C), and
lastly the compound with the highest dynamic OIT and the lowest recyclate content, A50 with
265 ◦C. These results verify the stability against oxidation of all produced compounds [30].
The vertical bars in Figure 5 show the sample standard deviations.
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3.4. Tensile Properties

Apart from the MFR for processability, the tensile properties and especially the tensile
modulus are important for the function of a thermoforming product [40]. As described
before, the virgin PP grade vPP was used as a blending partner because of its low MFR
and because of its very high tensile modulus, which was measured with 1850 MPa as
can be seen in Figure 6a. The three recyclates vary strongly in tensile modulus in the
range of 1090 MPa (rPP-C) to 1320 MPa (rPP-B). rPP-A shows an intermediate value of
1170 MPa. rPP-B also showed the highest PP melting enthalpy of the recyclates, as shown
in Figure 3b, hence offering the highest crystallinity [38,41] which explains the high tensile
modulus [42,43]. The compounds show values as expected according to a linear mixing
rule and therefore show high R2 values of 0.998 for the B compounds, 0.995 for the A
compounds, and a lower 0.982 for the C compound. This also means that the compounds
containing the stiffer recyclate show higher tensile moduli at comparable recyclate contents.
Therefore, the B compounds excel with tensile moduli between 1520 MPa and 1590 MPa,
followed by the A compounds with values between 1420 MPa to 1540 MPa, and lastly, C55
shows a relatively low tensile modulus of 1340 MPa.
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The yield stress is usually not a critical design parameter for thermoforming products
which is indicated by its absence on summary data sheets [16,17,44]. Nevertheless, it
was investigated within this paper for comparison and is shown in Figure 6b. vPP again
leads the field with 35.2 MPa yield stress while the recyclates show much lower values of
28.1 MPa (rPP-B), 27.2 MPa (rPP-A), and 26.9 MPa (rPP-C). While all compounding-series
still uphold the trend of lower yield stress with higher recyclate content, the A and B
compounds generally perform better as the in each case used recyclate would suggest
leading to lower R2 values for these two compounding-series (0.955 for A and 0.973 for
B) while C55 fits in the expected trend and shows a high R2 of 0.999. Furthermore, the
decrease in yield stress over the recyclate content, or rather the negative slope within the
compounds of each compounding-series is higher than the slope suggested by the linear
approximation. The A compounds show yield stresses of 32.4 MPa (A50) and 30.7 MPa
(A60), the B compounds show values of 32.5 MPa (B55), 32.0 MPa (B60), and 31.4 MPa
(B65), and lastly, the C55 shows a yield stress of 30.7 MPa.

For warm drawing or thermoforming, the strain at break (which would relate more
to a cold drawing) is also not a critical design parameter. Furthermore, the strain at break
value highly depends on the injection molding conditions and MFR or rather orientation
due to injection molding [13,14], as well as inclusions within the specimen which lead
to premature fracture at lower strains and give an indication of the contamination of the
compounds. vPP, rPP-A, and rPP-B, as well as all compounds from these materials, show
relatively low strain at break values of between 44% and 71%, as can be seen in Figure 6c.
Only rPP-C (277%) and the compound C55 (176%) achieve much higher strain at break
values suggesting fewer unknown inclusions in rPP-C than in rPP-A and rPP-B.

The vertical bars in Figure 6 show the sample standard deviations. Linear approxima-
tions of the compounding-series A, B, and C are plotted as dashed lines and the respective
R2 values are shown in matching colors.

3.5. Charpy Notched Impact Strengths

The Charpy notched impact strength is a critical design parameter, as filled thermo-
forming containers must be able to survive a drop without critical failure and leakage
of its contents. Semi-crystalline polymers naturally have high impact strengths and the
design parameter used in high-performance thermoforming applications highly depends
on its application. Depending on its application temperature and optical requirements
(low temperature, high temperature, transparent), different PP grades are used. While PP
homopolymer grades show the highest moduli, their Charpy notched impact strengths
are generally low (3–6 kJ/m2), PP random copolymer grades achieve higher 9–22 kJ/m2

and PP block copolymers reach values up to 43 kJ/m2 [16,17] but with significantly lower
tensile moduli compared to PP homopolymers. The particular effects of different copoly-
merization methods on PP material properties are also explained in the literature [4,5]. As
the developed recyclate compounds are intended to be used as surrogates for high stiffness
homo PP, the lowest range from 3–6 kJ/m2 should be used as a comparison.

As can be seen in Figure 7, the virgin blending partner vPP shows an exceptionally
high Charpy notched impact strength of 33.2 kJ/m2, especially in combination with its
high tensile modulus. In comparison, all recyclates show low values of 6.2 kJ/m2 (rPP-A),
6.8 kJ/m2 (rPP-B), and 6.1 kJ/m2 (rPP-C) which are similar to rPP values found in the
literature [45]. However, these values are generally higher than those of most high-modulus
homopolymer virgin thermoforming grades [16]. The compounds hardly benefit from the
high performance of vPP, staying at values between 8.7 kJ/m2 and 6.8 kJ/m2, making them
suitable for applications where virgin PP homopolymers are used. The vertical bars in
Figure 7 show the sample standard deviations.
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4. Discussion

While many results in the former chapter were shown for comprehensiveness and
presentation of the created compounds, the initial research goal was to create compounds
that fit into a small property window defined by their MFR, tensile modulus, and impact
toughness measured via Charpy notched impact strength. The impact toughness of virgin
PP homopolymers used for thermoforming is already achieved by all pure recyclates [16,17],
most probably since these recyclates come from a multitude of different PP grades (ho-
mopolymers, random and block copolymers), and also benefit from their PE contamination.
The compounds containing 35 m% to 50 m% vPP achieve slightly higher impact strengths,
so this mechanical property is seen as fulfilled for all compounds.

The recyclate content determines the MFR of the compounds and through that, the
MFR and tensile modulus are, for these compounds, dependent on each other. Higher
recyclate contents lead to higher MFRs and lower tensile moduli and both properties are
furthermore dependent on the initial values of the respective recyclate (see Figures 1 and 8).
To find the sweet spot of appropriate MFR with high enough tensile modulus the right
recyclate content with the right recyclate must be found. The correlation of MFR with
tensile modulus, seen in Figure 8, shows the desired property window (2–4 g/10 min MFR
and above 1500 MPa tensile modulus) highlighted in yellow and values for all materials.
The vertical bars show the sample standard deviations. Linear approximations of the
compounding-series A, B, and C are plotted as dashed lines and the respective R2 values
are shown in matching colors. Only two compounds, B60, and B65 abide by these two
criteria. B55 and A50 miss the property windows closely by delivering too low MFRs and
A60 and C55 deliver too low tensile moduli.

Furthermore, when looking at the linear approximation of the A compounds, a small
portion of the approximation, which corresponds to about 52 m% recyclate content, lies
within the property window. The linear approximation of the C compounding-series does
not cross the property window, meaning that no concentration compounds made from
these two blending partners (vPP and rPP-C) lie within this property window. The two
compounds that meet all three criteria are also summarized in Figure 9.
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5. Conclusions

This study provides an outlook of how the usage of highly-specialized PP virgin
material compounded with commercially available PP recyclates can achieve reasonable
mechanical properties of the resulting compounds, suitable for high-stiffness thermoform-
ing applications. As expected, the properties of the compounds depend highly on the
blending partners used. Therefore, not all recyclates are suitable for use within compounds
for thermoforming applications, as e.g., a toolow recyclate stiffness will lead to the com-
pound’s underperformance in this property. Since not only stiffness but also an MFR
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within a certain property window is necessary, the blending options are different for each
recyclate. rPP-B performed the best, as it showed the lowest MFR and the highest stiffness,
therefore compounds made with rPP-B could take up the highest amount of recyclate
(65 m%) while still maintaining a tensile modulus of above 1500 MPa and an MFR of lower
than 4 g/10 min.

While this study shows the influences and limits of just blending different commer-
cially available recyclates with a suitable virgin blending partner, other ways of optimizing
mechanical performance like the use of additives or fillers were not investigated. The use
of pure recyclate in combination with virgin materials e.g., a multi-layer composition [46]
was also not investigated within this paper. Nevertheless, multi-layer film extrusion would
be even more challenging in terms of processing. This brings us to the crucial point of
processing these compounds. While the authors investigated the rheological properties
in terms of MFR and fit the compounds within the common property window for ther-
moforming materials, the thermoforming process demands other investigated properties
like melt stability and warm drawing capabilities not investigated within this paper also.
The investigation of the rheological and mechanical properties within this paper, therefore,
should be seen as the first step in the development of suitable thermoforming compound
candidates which can be submitted to sheet extrusion and thermoforming trials.
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