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Abstract: Polymers have a reputation for several advantageous characteristics like chemical resistance,
weight reduction, and simple form-giving processes. The rise of additive manufacturing technologies
such as Fused Filament Fabrication (FFF) has introduced an even more versatile production process
that supported new product design and material concepts. This led to new investigations and innova-
tions driven by the individualization of customized products. The other side of the coin contains an
increasing resource and energy consumption satisfying the growing demand for polymer products.
This turns into a magnitude of waste accumulation and increased resource consumption. Therefore,
appropriate product and material design, taking into account end-of-life scenarios, is essential to
limit or even close the loop of economically driven product systems. In this paper, a comparison
of virgin and recycled biodegradable (polylactic acid (PLA)) and petroleum-based (polypropylene
(PP) & support) filaments for extrusion-based Additive Manufacturing is presented. For the first
time, the thermo-mechanical recycling setup contained a service-life simulation, shredding, and
extrusion. Specimens and complex geometries with support materials were manufactured with both,
virgin and recycled materials. An empirical assessment was executed through mechanical (ISO 527),
rheological (ISO 1133), morphological, and dimensional testing. Furthermore, the surface properties
of the PLA and PP printed parts were analyzed. In summary, PP parts and parts from its support
structure showed, in consideration of all parameters, suitable recyclability with a marginal parameter
variance in comparison to the virgin material. The PLA components showed an acceptable decline
in the mechanical values but through thermo-mechanical degradation processes, rheological and
dimensional properties of the filament dropped decently. This results in significantly identifiable
artifacts of the product optics, based on an increase in surface roughness.

Keywords: thermo-mechanical recycling; additive manufacturing; polymer characterization; Fused
Filament Fabrication (FFF); extrusion-based 3D printing

1. Introduction

Additive Manufacturing (AM) is an advanced manufacturing process characterized
by layer-by-layer deposition of a variety of different materials (polymers, ceramics, metals,
composites) and shapes of used materials (powder, liquid, sheet, filament). Based on
this “bottom-up” approach the AM process is able to realize complexly individualized,
technological, functional, and lightweight product design [1–4]. Fused Filament Fabrication
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(FFF), one of the most popular techniques of AM, contains the melting, extruding, and
positioning of a molten thermoplastic material incrementally layer-by-layer to create a
three-dimensional object [5]. Due to the advantages in product and process design, the
general AM market is forecast to reach an overall volume of 100 billion US-$ between 2031
and 2044 [6]. Apart from the financial benefits, Gebler et al. predicted a reduction of the
global energy demand through AM by 5% [7]. Including improved resource efficiency,
extended product life, and reconfigured value chains [8], several studies were investigated
to explain the possibilities of AM and sustainability [9–11]. Considering the steady rise of
consumer and industrial practitioners [12] paired with general challenges [13] of producing
the preferred outcome, it is arguable how far the sustainability aspect suits the present
AM-process cycle in terms of raw material consumption and waste generation.

Taking the estimated 12,000 Mt of overall plastic waste covered in landfills by 2050 [14]
and the low global recycling rate (approx. 14%) of polymer End-of-Life (EoL) products [15]
into account, it is essential to identify appropriate recycling techniques and methods for
any polymer-based product manufacturing process. In general, the recycling options are
subdivided into primary, secondary, tertiary, and quaternary recycling [16–19]. Through
economic and technological practicability [20], thermomechanical recycling is considered
the most common approach for polymer recycling [21,22]. A systematical execution design
is proposed by Hopewell et al. [23]: collection, sorting, size reduction and cleaning, further
separation, and reproduction.

Considering the holistic recycling supply chain, various challenges regarding execu-
tion practicability appear: The first bottleneck relates to the logistical difficulties in the
collection and sorting process of municipal waste streams. Due to the mixture of multiple
varieties and complex sorting processes, the goal of obtaining a single plastic material turns
out highly investment- and technology-driven [24,25]. Another aspect is the degradation
process of the polymer’s microstructure during its service lifetime influenced by the en-
vironmental impact and the thermo-chemical wear of the user. Finally, there is a lack of
knowledge on how the recycling process, here thermo-mechanical recycling, influences the
polymer microstructure and accordingly the preparation of high-quality multiple-life raw
materials [26–29].

With the rise of FFF, a diversity of thermoplastic filaments was developed and tai-
lored for this AM technique: Acrylonitrile butadiene styrene (ABS), Polylactic Acid (PLA),
Poly(Ethylene Glycol) Terephthalate (PETG), Polyurethanes (PURs), Polyamide (PA), Poly-
carbonate (PC), Polypropylene (PP), etc. [30]. The monomer of PLA is usually produced by
fermentation processes of natural resources like starch and corn. The PLA used in AM is
polymerized yielding a semi-crystalline polyester with a very low degree of crystallinity.
Tailored PLA grades are used in a variety of applications such as the packaging, medical,
textile, and automotive industry [31–34]. Furthermore, non-toxicity, biodegradability, low
cost, and easy processing characteristics [35,36] have led to a steadily rising interest in
FFF [30]. PP is a semicrystalline, non-polar, and typically petroleum-based polyolefin. It is
generated through the polymerization of propene, a side product of ethene production [37].
Due to its variety of beneficial characteristics, it covers a broad field of applications in the
electronic, packaging, medical, and lightweight industrial sectors [38–41]. These advan-
tages make it one of the most demanded polymers globally [42]. However, polypropylene
produced into filaments or powder for additive manufacturing is still rare, and so far, only
non-ideal PP materials for FFF are known [43–45].

In addition to material properties, a variety of manufacturing settings are responsible
for an appropriate result of a 3D printed part. Kechagias et al. proposed a multitude of
parameters [46] regarding surface quality and dimensional accuracy in terms of signal
(i.e., part orientation, layer thickness, nozzle temperature), control (i.e., material choice,
nozzle diameter) and noise parameters (i.e., environmental conditions, motor system).
In another study [47] they investigated infill density, raster deposition angle, nozzle tem-
perature, printing speed, layer thickness, and bed temperature via a Design of Experiment
(DOE) on PLA. They identified the raster deposition angle, nozzle temperature, printing
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speed, and infill density significantly impact the mechanical properties of 3D-printed
PLA parts. The effect on interlayer properties caused by the rheology, crystallization, and
processing of PLA and PP thermoplastics was investigated by Arit et al. [48].

Several studies [49–52] were carried out describing extrusion-based recycling in gen-
eral and also of PLA and PP [53]. Additively manufactured PLA shows a significant
decrease in rheological and mechanical parameters with multiple recycling cycles with
and without the addition of virgin raw material [54–58]. PP, as a relatively new and rare
FFF material, is undertaken a variety of studies for thermo-mechanical recycling in AM
context [59–63] and without [64–66]. The results demonstrate the feasibility of recycled
polypropylene, even after multiple recycling cycles. Also, some studies [67,68] imple-
mented waste material as an input option for AM, which complements the recycling
possibilities of industrial unmixed materials on a broader scale.

In terms of usability in the product manufacturing process via AM, the filament,
processing properties, and end product regarding a wide range of performance parame-
ters should be analyzed and evaluated. Badia and Amparo [69] proposed a magnitude
of characterization methods: Reprocessing simulation, service life simulation, structural
assessment, morphological characterization, rheological, thermal, and mechanical proper-
ties, monitoring, molecular weight, and application-driven characterization. Additional
studies [70,71] have been conducted to define test protocols and quality improvements for
material recycling.

However, most of the published work has focused particularly on the potential change
in material properties regarding recycling and is concerned with the direct recycling of just
before extruded single filament material. However, this work focuses on the material recycling
of FFF printed parts made of different materials and evaluates for the first time the change in
material properties after a service life simulation based on selected parameters (Figure 1).
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ing (AM).

2. Materials and Methods

The process starts with the AM process to produce 3D printed test specimens called
products, and these parts are aged through a simulated use phase called service-life
(see Figure 1). After that, the aged parts were thermos-mechanically recycled and fila-
ments were prepared for the AM process of 3D-printed parts using recycled materials.
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The evaluation comprised the characterization of morphological, filament-based, mechani-
cal, and product aesthetical parameters.

All virgin filaments featured a diameter of 1.75 mm. The red-colored Premium PLA
Raise3D (Costa Mesa, CA, USA) was utilized for the AM of all PLA objects. Additionally, a
PVA Natural support filament, produced by FormFutura (Nijmegen, The Netherlands) was
used for the complex geometry of an impeller blade. The PVA support material is developed
to be dissolved in a water bath and the obtained liquid polymer solution is not applicable
to the thermomechanical recycling process. The PP and PP support material was provided
by PPprint GmbH (Bayreuth, Germany). The used filaments consisted of the P-filament
721 natural and P-support 279 natural according to the object and support geometry.

An extrusion-based AM machine Raise3D E2 was used for the printing process utilizing
two filament extruders. The build volume is for the dual printing (295 × 240 × 240) mm3.
Due to improving adhesion reasons, the build surface P-surface 141 (PPprint GmbH)
was attached to the top of the printing bed. Both extruders used a nozzle diameter of
0.4 mm. After preliminary printing tests to optimize the printing conditions, the general
printing parameters were equally applied for all PP and PLA parts. Taking the complex
structure into account, the temperature of PVA was set to 190 ◦C and the horizontal offset
of the supporting structure was increased because of weak bonding properties between
PLA and used PVA. The printing parameters for the different printed parts (see Figure 2)
are shown in Table 1. All three geometries were printed with virgin as well as recycled
materials, except for the PVA filament. Additionally, only the PLA and PVA filaments
were dried for 24 h under 60 ◦C in a Thermo Scientific VT 6060–P drying oven from
“Thermo Electron LED GmbH” (Langenselbold, Germany) under vacuum. The vacuum
was generated by a VacuUUbrand RD vacuum pump from “Rudolf Brand GmbH+Co. KG”
(Wertheim, Germany). The punched-out dogbone specimens for the tensile tests followed
the geometry conditions of DIN ISO 527 S3A (Figure 2, top).

Service-life simulation. The service life of the additively manufactured cuboids was
simulated by accelerated aging according to sterile barrier systems for medical polymer
devices. The process was adopted from ASTM F1980-16 [72]. The simulation process
was realized for two weeks at 60 ◦C and 7.8% air humidity using a Carbolite Convection
Drying Cabinet PF 120/2416 CG from “Rettberg Gebr. GmbH” (Göttingen, Germany).
The accelerated aging process approximately corresponds to about half a year of use at
room temperature aging. The service life of half a year was chosen because additively
manufactured parts are often prototypes or short-lived parts.

Recycling process. The cuboids made from PLA, PP, and PP support filament were
transferred into the recycling process after the accelerated aging. An SHR3D IT shredding
machine, with a three-stage crushing appliance from “3devo B.V.” (Utrecht, The Netherlands)
was used to shred the single-variety material into flakes. The implementation of a metal
sieve at the end controlled the maximal diameter size of 4 mm. Before extrusion, the PLA
flakes were processed through the same drying process mentioned earlier for FFF printing.
An Extruder Next 1.0–advanced from “3devo B.V.” was used to produce the recycled filaments
of the investigated polymers. The process was carried out identically for the PLA, PP, and PP
support filaments. The rotational speed of the single screw was set to 3 rpm. The temperature
of the four heat zones was controlled at 140 ◦C for the first one (filler tube) and 180 ◦C for the
second to fourth one (extruder nozzle). The cooling of the extruded filament was set to 25%
of the maximal fan operation. In order to the avoidance of too high filament diameters, the
filament diameter variable was set to 1.73 mm.
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Table 1. Printing parameters of the cuboids, impellers, and square tubes.

Parameters Cuboid Impeller Square Tube

Nozzle temperature [◦C] 210 210 210

Bed temperature [◦C] 20 (first layer 70) 20 (first layer 70) 20 (first layer 70)

Layer height [mm] 0.2 0.2 0.2

Layer width [mm] 0.4 0.4 0.4

Top solid layers 3 5 1

Bottom solid layers 3 5 1

Infill density [%] 50 25 50

Support infill density [%] 25

Material flow [%] 100 100 100

Travel speed [mm/s] 20 20 20

Adhesion structure Skirt Raft Skirt

Morphology. For the characterization of the crystalline behavior of the polymeric mate-
rials, the crossed polarized light microscope (PLM) “Inverse Nikon Diaphot” (Minato, Japan)
with a resolution of 1:50 was used. All the virgin and recycled filaments (PLA, PP, PP Support)
were cut into about 10 µm thin slices by a Microtome (Leica, Wetzlar, Germany) cutting
tool. To reduce stress-related birefringence the thin slices were annealed at 70 ◦C for 30 min.
The pictures were recorded at 0◦ orientation to the cutting direction.
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Filament and material characterization. Two characteristic parameters of the extruded
filaments were investigated: (a) geometric aspects (diameter, ovality) and (b) melt flow.

The geometric parameters were measured by a laser measurement unit from “Zumbach”
(Orpund, Switzerland). For every investigated filament at least 50 m were measured and
the average values were reported. Aside from the mean and standard deviation, especially
the obtained local Minima and Maxima of the diameter influence the quality of a print in
terms of sufficient material deposition and the risk of nozzle clogging. The melt flow of all
polymers was investigated via the DIN EN ISO 1133 of the Melt Flow Rate (MFR) with the
assistance of a Rheo Meltflixer from “SWO Polymertechnik” (Krefeld, Germany). A sample
size of four runs per polymer filament was executed. Once more, the PLA filament was
dried utilizing the above-described parameters. One run contained seven grams of pelletized
polymer filament and allowed five measurements of MFR. The used weight load was 2.16 kg
and a temperature of 230 ◦C was applied. The MFR measurement is an indicator for the
averaged molecular weight, chain branching, and branching characteristics–like the degree of
distribution of branching [72].

Mechanical testing. The tensile specimens were punched out of the 0.8 mm thick side
walls of the corresponding square tubes (Figure 2) utilizing a hydraulic sample punch from
“Coesfeld” (Dortmund, Germany). 10 specimens in 0◦, as well as 90◦ alignment to the
manufacturing direction of every investigated polymer material, were tested. According
to post-crystallization processes, the PP and PP support samples rested for 48 h. The PLA
specimens were packed into airtight packaging for the same time period.

Implementing the guidelines of DIN EN ISO 527, the tensile test was carried out with
an Instron 5565 from “Instron” (Norwood, MA, USA), using a load cell of 1 kN and a
non-contacting video extensometer for the tensile strain measurement. The test parameters
were set to 0.1 mm/min and 5 mm/min regarding the elastic and viscoelastic/plastic
intervals. The tensile testing was performed at 25 ◦C and an air humidity level of 50%.

Surface characterization. The surface texture of an AM-produced part indicates the
processability of the material and the fulfillment of application-specific requirements. There-
fore, the surface properties (Figure 3) of the virgin and recycled PLA- and PP-printed
cuboids were investigated by a stylus profilometer Dektak 150 Surface Profiler from
“Bruker” (Billerica, MA, USA). The averaged roughness Ra results from the integration
of the measured points yn (‘height value’) in consideration of the total length L of the
measured profile. Each measured y-value corresponds to an x-value depending on its
position along the profile length.
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Finally, the integration result is averaged through the profile length L.
The length of 1500 µm in the x and y direction of the y-z plane (30 mm × 30 mm plane

of the cuboid; Figure 2) was scanned by 30 profiles. The direction of the measurement
followed orthogonal to the printing direction. One profile measurement took 30 s. The res-
olution was set to 0.167 µm/sample, whereas the Y resolution was set to 50 µm/profile.
The needle was pressed onto the surface with a force of 3 mg. The measurement range
covered 524 µm.



Polymers 2023, 15, 2291 7 of 20

3. Results

This section may be divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Fabrication and Recycling Process

The material recycling process was successfully executed by the production of appli-
cable corresponding filaments which were used for the extrusion-based AM of various
geometries (square tube, cuboid, impeller). For the characterization, virgin (called 0rec)
and recycled (1rec) materials were compared to each other (see Figure 4). Considering the
optical appearance, a marginal difference in the natural color of the part printed from PP
is observable. A light gray coloration of the recycled PP filament was observed after the
shredding of the cuboids. According to its low glass transition temperature (Tg), the PP
cuboids became soft during the shredding and smeared, resulting in the shredding process
taking longer. Due to the higher Tg of the PP support material, this effect did not occur
with the support material.
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During the filament extrusion, the material feed of the PP and PP support flakes varied
because the shredded and cross-grained flakes did not exhibit sufficient pourability. The re-
sulting discontinuous feeding resulted in an irregular diameter of the obtained recycled
polyolefin filaments and particularly in an increased ovality of the recycled PP filament
(see Tables 3 and 4). Therefore, these patchy filaments were pelletized and re-extruded.

Comparing the PLA prints, the development of ripples at the recycled PLA geometries
can be observed. This can be explained by the decreasing viscosity described later in
Section 3.3 filament and material characterization. All filaments used for the support
structures (PVA, virgin, and recycled PP support) fulfilled the purpose to obtain a complex
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geometry (impeller) and could be removed (PVA: dissolution in water; PP support: break-
away at elevated temperature) without complications. Due to a weak bonding of the
PLA-PVA-PLA layers between the bottom of the impeller and the blades, the horizontal
offset had to be increased so that the PVA support structure was linked to the PVA raft of
the impeller. The PLA impeller was conditioned for 24 h and 60 ◦C in a vacuum oven setup
(see also Section 2 Materials and Methods) after the PVA dissolution and thus removal in
the water bath.

3.2. Morphology

The investigation of the crystalline behavior was realized by the observation of thin
polymer slices (PLA, PP, PP support) in their virgin and recycled states using a cross-
polarized light microscope. Figure 5 shows cross-polarized light microscopic images of
corresponding thin slices of the polymer strands, where the typical oval shape of the
printed filament is visible. The small gaps (red circles) between the strands are mainly
influenced by filling parameters such as applied nozzle and filament diameter and extrusion
volume. The shown strands were performed layer-by-layer from bottom to top. The general
brightness difference describes crystalline (bright) and amorphous (dark) regions in the
polymer. By cutting those thin slices, stress birefringence can occur in the form of very
bright areas, even if it has been reduced by annealing.
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Referencing the geometrical shape of the staged single additively manufactured
strands, there is no clear obvious difference between the virgin and the recycled prints in all
three cases. Considering multiple strands and layers, the gap size (red circles in Figure 5)
slightly increased towards the recycled prints. Due to the lower degree of crystallinity in
the PLA- and the PP support materials (see Table 2), less or no significant bright spots, as a
feature of crystalline behavior, appear. Again, no important differences in these materials
can be observed after recycling.
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Table 2. Degree of crystallinity of investigated materials was determined using DSC values.

Material ∆Hm [J/g] ∆H100
m [J/g] XC [%]

PLA 0rec 2
93.7 [73]

2.1

PLA 1rec 4 4.3

PP 0rec 59
171 [74]

34.5

PP 1rec 57 33.3

PP Sup 0rec 11
-

-

PP Sup 1rec 12 -

Only the first heating curves were used for the calculation of the degree of crystallinity
according to Equation (1):

XC =
∆Hm

∆H100
m
× 100% (1)

where ∆Hm is the measured melting enthalpy (minus eventually measured enthalpy of cold
crystallization) and ∆H100

m is the melting enthalpy of the corresponding 100% crystalline
polymer material as known from the literature [73,74].

The additively manufactured strands of the virgin PP materials are patterned by multiple
bright spots. This morphological characteristic appears when the polymer solidifies after melt-
ing due to the formation of crystals. The strands manufactured with the virgin PP filaments
show larger and brighter spots while the strands printed with the recycled PP filament show
more uniformly sized bright spots (green circles). In this context, isothermal crystallization
measurements were realized by DSC measurements showing a faster nucleation formation
step for the recycled PP material (see Supplementary Materials, Figure S1). This behavior
may originate from contamination during the PP shredding (light gray coloration), while the
degree of crystallization is approximately the same for virgin and recycled PP materials.

3.3. Filament and Material Characterization

Table 3 shows the values of melt flow rate (MFR) measurements of the virgin and recy-
cled polymers (PLA, PP, PP Support), regarding ISO 1133. The MFR of the PLA filament sig-
nificantly increased with the recycling process. The relative ∆MFRPLA= MFRi+1/MFRi re-
sulted in a rise of 83.3%. Contrary to the PLA filament, the MFR of the PP and PP Support fil-
ament did not change evidently after the remanufacturing process, with ∆MFRPP= 11.25%
and ∆MFRPP Sup= 0 and their corresponding deviations of ±0.7–1.6 g/10 min for the PP
and ±0.1–0.2 g/10 min for the PP Support filament.

The thermal and mechanical energy exposure during the service-life simulation, the
shredding, and extrusion can lead to a degradation of the polymer chains, additional
branching, and crosslinking [75]. This affects the melt flow properties and therefore the part
quality [76]. Thus, the high MFR increase for the recycled PLA filament can be explained
through various changes in their polymer chain length and be pointed out at the product
scale through the ripples visible in Figure 4 for PLA 1rec. Considering the negligible MFR
changes in both recycled polyolefin filaments, the thermal-mechanical treatment, due to
the recycling process, did not show any significant impact on the melt flow properties of
these polymers.
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Table 3. Measured MFR values of investigated polymers.

MFR Values [g/10 min; 2.16 kg; 230 ◦C]

PLA 0rec PLA 1rec PP 0rec PP 1rec PP Sup 0rec PP Sup 1rec

MAX 37 56 14 9 11 11

MIN 23 54 8 7 10 10

MEAN 30 55 9 8 10 10

STDV 3.6 1.0 1.6 0.7 0.2 0.1

A homogeneous filament diameter allows a constant material feed through the nozzle
to extrude a uniformly printed object. Industrial standards demand a maximum tolerance
of 1.75 mm ± 0.05 mm, whereas other sources expand the criteria up to an interval of
1.70 mm–1.825 mm [77], or even 1.75 ± 0.1 mm [78]. As mentioned before, especially the
minimum and maximum values can result in less material extrusion and thus poor surface
properties, or in the worst case, a clogging of the nozzle.

Regarding the industrial standard, only the virgin PLA, PP, and PP Support filaments
fulfill the tolerances with 1.76± 0.02 mm, 1.72± 0.04 mm, and 1.73± 0.02 mm. Expanding the
tolerance, the one-time extruded PLA and both double-extruded PP (PP 1rec_2extr) and PP
Support filament (PP Sup 1rec_2extr) satisfy processability parameters (Table 4). The double
extrusion of the polyolefin polymers was necessary, as the irregular feeding of the obtained
flakes from the shredding resulted in non-uniform filament diameters for the first extrusion.
Here, pelletizing and re-extrusion allowed regular feeding. In this context, a decrease in the
desired tolerance of the PLA filament diameter after a second re-extrusion was observed.
In contrast, the second extrusion of the polyolefin filaments decreased the diameter variation
and allowed the production of filaments that meet industry standards. This manifests the
hypothesis of the degradation of the PLA due to multiple thermo-mechanical treatments.

Table 4. Measured filament diameter values of investigated polymers.

Filament Diameter Values [mm]

PLA
0rec

PLA
1rec_1extr

PLA
1rec_2extr

PP
0rec

PP
1rec_1extr

PP
1rec_2extr

PP Sup
0rec

PP Sup
1rec_1extr

PP Sup
1rec_2extr

MAX 1.78 1.94 2.11 1.76 2.04 1.81 1.75 2.50 1.79

MIN 1.75 1.54 1.39 1.68 0.24 1.63 1.72 1.30 1.60

MEAN 1.76 1.72 1.71 1.72 1.65 1.69 1.73 1.69 1.67

STDV 0.01 0.06 0.12 0.01 0.22 0.03 0.01 0.13 0.03

In addition to the diameter, the ovality values of the filaments influence the quality of
the printing process. Spoerk et al. [79] recommended an acceptable tolerance of up to 0.05.
All virgin and recycled filaments fulfilled this mark, except the PP filament after the first
extrusion (Table 5).

Table 5. Measured filament ovality values of investigated polymers.

Filament Ovality Values

PLA
0rec

PLA
1rec_1extr

PLA
1rec_2extr

PP
0rec

PP
1rec_1extr

PP
1rec_2extr

PP Sup
0rec

PP Sup
1rec_1extr

PP Sup
1rec_2extr

MAX 0.019 0.024 0.031 0.055 0.562 0.044 0.02 0.035 0.033

MIN 0.002 0.001 0.000 0.015 0.011 0.007 0.003 0.003 0.004

MEAN 0.009 0.008 0.007 0.033 0.097 0.015 0.011 0.014 0.017

STDV 0.003 0.004 0.005 0.005 0.129 0.004 0.003 0.004 0.004
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3.4. Mechanical Testing

Specimens for both, virgin and recycled filaments, were tested in 0◦ direction and 90◦

direction in x-y direction of movement of the 3D printer extruder regarding ISO 527. The 0◦

direction specimens provide values that almost correspond to those of injection-molded
specimens and should serve only as a reference (see Supplementary Materials, Tables S1–S3).
Therefore, characterizing the mechanical performance of the parts regarding the layer bonding
(strength in orthogonal direction) of the single strains is of importance and realized here by
90◦ direction measurements (for more details see Supplementary Materials, Figure S2).

The stress-strain correlation in the elastic region is described by the E-modulus and
signifies the stiffness of a material. As shown in Figure 6 and Table 6 PLA is located in
a far stiffer property region than PP and PP support. Consequently, there will be only a
comparison of the virgin and recycled materials of the individual polymer types.
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Figure 6. Graph of E-Moduli of 3D printed specimens in 90◦ direction to the x-y direction of movement
of the 3D printer extruder. (Box-Whisker Plot: median = horizontal line, box (interquartile range
(IQR)) = upper border (75th percentile, Q3), lower border (25th percentile, Q1), Max = upper T-beam
(Q3 + 1.5 × IQR), Min = lower T-beam (Q1 − 1.5 × IQR), diamond = outliers.).

Table 6. E-modulus values of 3D printed samples in 90◦ direction to the x-y direction of movement
of the 3D printer extruder (10 specimens per sample).

90◦ E-Modulus Values [MPa]

PLA 0rec PLA 1rec PP 0rec PP 1rec PP Sup 0rec PP Sup 1rec

MAX 3177 2673 467 485 809 800

MIN 2029 2048 377 354 684 709

MEAN 2724 2404 410 424 743 756

STDV 391 214 27 66 54 34

Considering Table 6, the E-modulus of the virgin PLA amounts to 2724 ± 391 MPa
and the recycled material to 2404 ± 214 MPa. This represents a decrease from the mean of
11.75%. The values of PP are 410 ± 27 MPa for the virgin and 424 ± 66 MPa for the recycled
material. A similar tendency is visible for the E-modulus of the PP support material,
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representing 743 ± 54 MPa for the virgin and 756 ± 34 MPa for the recycled material.
The slight increase of the recycled PP material accounts for 3.4%, whereas the values of the
recycled support material enhance to 1.7%.

PLA is a stiff but brittle material, whereas PP is considered a more ductile thermoplastic
material (Figure 7 and Table 7). The PP support material can be described as in-between,
fulfilling enough stiffness and deflection properties to maintain adequate structural support
properties for the print (see Figures 6 and 7). For all three polymers, a decline in the tensile
strain property is indicated because of the recycling process.
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Figure 7. Graph of tensile strain values of 3D printed specimens in 90◦ direction to the x-y direction
of movement of the 3D printer extruder.

Table 7. Tensile strain values of 3D printed samples in 90◦ direction to the x-y direction of movement
of the 3D printer extruder (10 specimens per sample).

90◦ Tensile Strain at Break Values [%]

PLA 0rec PLA 1rec PP 0rec PP 1rec PP Sup 0rec PP Sup 1rec

MAX 2.3 1.8 742 632 24 20

MIN 1.2 1.3 574 602 17 11

MEAN 1.9 1.6 659 614 20 15

STDV 0.4 0.1 55 16 2.6 3.7

The PLA tensile strain values were reduced from 1.9 ± 0.4% to 1.6 ± 0.1% resulting
in a decline of 15.8%. Furthermore, the tensile strain of the PP material dropped from
659 ± 55% to 614 ± 16% by a percentage of 6.8%. For the support material, the values
decreased from 20 ± 2.6% for the virgin polymer to 15 ± 3.7% for the recycled polymer.
This leads to a regression of 25%.

Figure 8 shows the graph of tensile stress values of 3D printed specimens in 90◦

direction to the x-y direction of movement of the 3D printer extruder, where a decline of
the PLA and PP support material and an increase of the PP material is observable (for more
details see also Table 8).
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of movement of the 3D printer extruder.

Table 8. Tensile stress values of 3D printed samples in 90◦ direction to the x-y direction of movement
of the 3D printer extruder (10 specimens per sample).

90◦ Tensile Yield Strength Values [MPa]

PLA 0rec PLA 1rec PP 0rec PP 1rec PP Sup 0rec PP Sup 1rec

MAX 44 36 14 16 17 16

MIN 28 27 12 15 15 15

MEAN 40 33 13 15 16 15

STDV 5.5 3.1 0.5 0.6 0.5 0.5

Summarizing Figure 8 and Table 8, the tensile stress reduction of the recycled PLA
filament compared to virgin material was 17.5% on average. The tensile stress of the PP
filament increased from 13 ± 0.5 MPa to 15 ± 0.6 MPa by 15.4%, whereas the support
material marginally declined the values from 16 ± 0.5 MPa to 15 ± 0.5 MPa by 6.25%.

The mechanical properties of materials depend on various factors at the molecular
level. In the case of polymeric materials, the macromolecular level is an additional impor-
tant factor. All three investigated mechanical parameters are closely related to changes
in inter- and intramolecular interactions influenced by the length of polymer chains and
their architectures, glass transition temperature (chain segment stiffness), and crystallinity
(degree, type, distribution, size). Additionally, chain entanglement plays an important
role in the tensile strain and stress attributes. This correlates to the molecular weight and
is, therefore, an indicator for manifold degradation and crosslinking processes during
thermo-mechanical recycling [80–82].

As discussed before, all three investigated mechanical test values of the PLA material
clearly decrease from virgin to recycled material. This result is consistent with various
other studies in the field [52,53,55,56]. The degradation processes can be explained through
the hydrophilic character and the thermal hydrolysis of PLA [83]. The decrease is therefore
due to the recycling process, during the service-life simulation, thermal conditioning via
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the vacuum oven before each extrusion, the filament extrusion itself, and the AM process.
The finding is supported by Yu et al. [84], who pointed out that temperatures around
180–220 ◦C typically lead to degradation processes in the polymer chain.

On the other hand, none of the polyolefins showed significant deterioration in me-
chanical properties. These findings are consistent with the studies of Spoerk et al. [58] and
Vidakis et al. [60]. Through its hydrophobia, the missing of a functional group, and the
presence of various additives (i.e., heat stabilizer and UV stabilizer), degradation processes
are marginal and recycling processes up to 14 times [59] without major modifications may
be possible.

The maximum tensile stress and Young’s modulus of printed parts can be increased
by optimized post-annealing processes, indicating an increased interlayer bonding and
a reduction of residual stresses in the annealed 3D printed parts. However, the typically
observed reduction in toughness shown by a decreased elongation at break and the extra
post-treatment process requires a case-by-case assessment [85].

3.5. Surface Characterization

A solid 3-dimensional surface can be described through its roughness, waviness, lay,
and flaws [86], whereas micro-roughness seemed to be the appropriate evaluation of 3D
printed cuboids. Figure 9 shows 30 profiles lined up side by side visually as a 3D-plotted
surface profile of one of the investigated cuboids, with the peaks and valleys along the
z-axis, the single profiles along the y-axis, and the measured roughness along the x-axis.
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The here shown surface roughness results are the averaged sum of measured profiles,
according to the equation:

Ra =
1
L

x=L∫
x=0

|y|dx (2)

As shown in Table 9, the average surface roughness of the virgin towards the recy-
cled PLA part increased from 13.1 µm to 17.7 µm. That represents an increase of 35.1%.
The difference between the PP parts is less than 1%.

Table 9. Averaged surface roughness values of additively manufactured PLA and PP cuboids.

Roughness [µm]

PLA 0rec PLA 1rec PP 0rec PP 1rec

Ra 13.1 17.7 11.6 11.7
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Having measured the surface roughness of printed parts orthogonally with a layer
height of 0.2 mm and a nozzle diameter of 0.4 mm, the values correspond to the value
dimensions (9.1–32.16 µm with a 0.2–0.5 mm nozzle diameter in 90◦ measurement direction)
of Alsoufi & Elsayed [87] that have tested 0◦/45◦/90◦ with various layer heights and nozzle
diameters. Similarly, Chaidas et al. reported a surface roughness for parts printed from
PLA between 13 and 22 µm and reported that surface roughness decreased with increasing
nozzle temperature [88]. The significant increase in the PLA values for the recycled material
can be explained by the increased MFR-values of PLA 1rec in Table 3 and the output optics
of Figure 4. The lower viscosity of the recycled material seems to result in a more irregular
flow of material during the layer deposition, creating increased “ripples”.

Summary. All the polymers studied achieved some degree of recyclability, although
the product designer has to clarify whether certain material properties can meet critical
requirements. Figure 10 shows the percentage change in investigated parameters of the
virgin (0rec) compared to the recycled (1rec) polymer materials. Tensile yield stress, tensile
strain at break, and E-modulus were normalized against the highest value, whereas the
roughness and the ovality values were set against the ideal (“zero”) and their difference
was normalized against each other. The MFR value of each virgin polymer material was
always considered an optimal reference and normalized against the MFR value of the
recycled polymer. The absolute difference of the filament diameter to the ideal 1.75 mm
was normalized and compared against each other.
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Figure 10 points out that the properties of the PLA polymer (green) decreased during
the recycling process. The significant change of the MFR value to the negative and thus
the deterioration of the surface has a detrimental effect on the geometric design of PLA
recycled parts. In addition, the decrease (12.5–17.5%) in mechanical properties is a point
to consider for a functional part design. The filament characterization, realized by ovality
and filament diameter measurements, shows a marginal effect due to the recycling process.
The measured values of the PP filament (orange) remain in an acceptable range after
thermomechanical recycling. Although a decline of the tensile strain value over 5% is
observed, all other properties show deniable or even improved results for PP. These are
indicators of the recycling potential of additively manufactured PP parts.

Similar to PP, the tensile strain of the PP support filament (blue) decreased due to
recycling. Nevertheless, the other properties are located in a reasonable range. Besides the
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property values, the functionality aspect in terms of the supporting, bonding, and removal
characteristics was successfully observed for the AM using an impeller geometry.

4. Conclusions

The investigated work implemented for the first time a full thermo-mechanical re-
cycling circle using 3D printed parts with a service-life simulation and re-manufacturing
of a bio-based (PLA) and two petroleum-based (PP & PP support) polymers for additive
manufacturing. A general approach of property assessment for the comparison of the virgin
and the recycling material ranging from micro- to macro-scale was executed. The main
results of the study contain the PLA filament showed a decrease in all properties after the
recycling cycle. Especially, the MFR value increased significantly. While the PP filament
and PP support filament showed an acceptable performance in all categories after the
recycling cycle and thus offer the possibility of direct product recycling.

Next to other investigations in the field [59,60], the results demonstrate the qualification
of polypropylene and for the first time its polyolefin support material for recycling purposes
in AM. In particular, the break-away PP support structure, which can be recycled as a single-
grade material after the printing process, can achieve a high recycling potential through
suitable operational and logistical measures. On the other hand, PLA faces great challenges
for AM to exhibit suitable properties after recycling. However, for a better understanding
and qualification further detailed investigation on the degradation behavior of PLA and
identification of additives for the stabilization of PLA during recycling are needed.

In terms of PP recycling, the material recycling in AM has to be supported by single-
grade material collection and municipal waste management. In this context, the integration
of labeling systems for AM materials to characterize recycling content and behavior would
be desirable.

The here presented performance characterization of the materials regarding recycling
is a mandatory and first step in proving the quality aspects of circular approaches. Never-
theless, a pure performance qualification through recycling does not qualify a material to
be sustainable or not. The study proved the feasibility of the investigated thermoplastics for
FFF after polymer aging and recycling. All the recycling processes were carried out at a lab
scale and in-house with unmodified materials. In terms of industrial scalability bottlenecks
like material return logistics, sorting, and cleaning are essential steps to consider. It is also
advisable to combine a performance characterization with an environmental and economic
assessment to describe the full meaningfulness of recycling.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15102291/s1, Figure S1: DSC curves of isothermal crystal-
lization measurements of the virgin (PP 0rec) and recycled (PP 1rec) Polypropylene at T = 110 ◦C;
Figure S2: Tensile stress-strain curves of investigated polymers in 90◦- direction; Table S1: E-Modulus
of the investigated polymers in 0◦- direction; Table S2: Tensile strain values of investigated polymers
in 0◦- direction; Table S3: Tensile yield strength values of investigated polymers in 0◦- direction.
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