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A B S T R A C T

Plastic waste is one of the major challenges of our times. With a global recycling rate of only 9 % and a 
continuous rise in plastic production, it is crucial to explore solutions to mitigate this problem. Mechanical 
recycling of plastic materials is one of the most accessible and widely used methods to recover thermoplastic 
polymers. In this study, a short-carbon-fiber-reinforced polyamide is mechanically recycled and recovered 
through Fused Granular Fabrication (FGF) 3D printing to print new parts. Chemical and mechanical analyses are 
conducted to investigate possible molecular alterations due to the recycling process, evaluating the effectiveness 
of the simplest recovery system. Additionally, FGF and Fused Filament Fabrication (FFF) are compared to assess 
any significant difference between the two technological solutions. Chemical analyses show no substantial dif
ference in the chemical and physical properties of pristine and recycled material. However, micro-CT scans and 
tensile tests show notable differences between FGF and FFF technologies in microstructure and mechanical 
properties. Recycled specimens result 24 % and 6 % denser than FFF and FGF pristine respectively (having the 
same volume). This results in a maximum increase in stiffness (up to 43 %) and ultimate strength (up to 20 %) for 
recycled dogbone specimens. Besides minor microstructural aspects, no relevant differences are found between 
pristine and recycled material printed using FGF. A case study on sandwich cores is presented showing the 
feasibility of the recycling process. Due to its higher density, the recycled core performs 26 % lower in energy 
absorption when compared to pristine ones at the same weight.

1. Introduction

Plastic waste management is one of the most pressing challenges of 
our time, demanding immediate and decisive action. In 2019 global 
plastics production reached 460 Mt, with an estimated annual waste of 
approximately 353 Mt [1]. In the same year, the waste was managed as 
follows: 9 % was recycled, 19 % incinerated, 22 % mismanaged, and 49 
% landfilled, making the plastic market practically linear [2]. In the 
baseline scenario, plastics production is projected to almost triple by 
2060, while the recycling rate is expected to increase only to 17 % [1]. 
To address this issue, it is necessary to re-shape the plastic market to a 
circular model, reducing overall production and increasing the fraction 
of reuse and recycling as well as developing alternatives [3–5]. Espe
cially highly technological polymers, such as fiber-reinforced ones, are 
currently landfilled due to active recycling policies. In this context, it is 
important to establish a viable recycling path to focus on the recovery of 

high value plastic streams. Additive manufacturing represents a viable 
option to deal with recycled polymers, potentially increasing the frac
tion of plastics production through mechanical recycling [6–8]. In 
recent years, an increasing number of studies dealt with the 3D printing 
of recycled polymers, evaluating the process and their mechanical 
properties [9–19]. The results of these studies demonstrated that recy
cled thermoplastic polymers can be effectively processed and remanu
factured by 3D printing.

Romani et al. [10] investigated the mechanical properties of PLA 
subjected to multiple recycling processes using Fused Granular Fabri
cation (FGF) with shredded material from previous cycles. They found 
that PLA loses mechanical strength with each cycle and experiences a 
reduction in molecular weight. Similar results are reported by Sanchez 
et al. [11], although they found that multiple recycling processes 
enhanced PLA flowability, reducing air pores and improving inter-layer 
adhesion. A common result in studies regarding the 3D printing of 
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fiber-reinforced recycled polymers is the reduction of fiber length and 
subsequent mechanical performances [9,14,16,18]. For instance, Wu 
et al. [16] observed relevant fiber length reduction when recycling and 
printing carbon fiber with a PA6 matrix, leading to a marked decrease in 
mechanical properties. They also improved the latter by hot pressing the 
specimens, reducing typical porosities of highly filled 3D-printed poly
mers. Su et al. [18] conducted a similar study, reporting a total reduction 
of 60 % in fiber length during filament production and 3D printing. 
Rigon et al. [9] compared the mechanical properties of glass 
fiber-reinforced recycled polypropylene produced by Pellet Additive 
Manufacturing (PAM) with those of virgin injection molded material. 
They found that the recycling process shortened the glass fibers, thus 
reducing the mechanical properties of the recycled 3D-printed material. 
They also observed chemical degradation of the polymeric matrix.

Among additive manufacturing technologies, FGF allows 3D printing 
directly from recycled flakes produced by shredding plastics [9,20–22]. 
This 3D printing technology resembles the conventional Fused Filament 
Fabrication (FFF) technique but requires pellets or flakes as feedstock. 
This not only simplifies some issues related to spool change and filament 
breakage but also reduces costs while preserving final results [20,
23–26]. In addition, highly fiber-filled materials are more difficult to be 
filamented and suffer from fiber breaking, hence FGF represents an 
attractive option for this class of composites.

Despite recent efforts to evaluate the feasibility of recycling polymers 
via additive manufacturing, the coverage of various materials is still 
limited. Typically, recycled polymers are re-extruded to produce fila
ments for 3D printing, while more direct usage of recycled waste has not 
been extensively investigated. This approach is particularly beneficial to 
the reduction of equipment, emissions, and lead time in recycling op
erations associated with additive manufacturing processes. Further
more, to the best of the authors’ knowledge, comprehensive studies on 
the recycling process via 3D printing and its application to functional 
components are lacking. This leaves the effectiveness of the whole 
recycling process underexplored. Knowledge of the mechanical recy
cling process is crucial for encouraging the spread of these 
manufacturing processes as a tool for the circularization of the plastics 
market. Nowadays, most of the studies are limited to the evaluation of 
the recycling process and/or mechanical properties of standard speci
mens, failing to address possible engineering applications. Furthermore, 
to the best of the author’s knowledge, no study on recycled polymers via 
3D printing has combined the mechanical characterization to the 
microstructure observed through micro-CT scans before testing.

The present work focuses on the mechanical performances of a short 
carbon fiber-reinforced (10 wt%) polyamide (PA12). The choice for this 

material is motivated by the need to address the challenge of recycling 
high-value materials that are landfilled due to current policies (such as 
polyamides). The establishment of a feasible recycling process could 
promote efforts to improve regulations and reduce waste. The compar
ison is developed on two different levels. First, FFF and FGF printing 
techniques are compared using the same feedstock to assess the main 
differences introduced by the different technological processes. Second, 
printed parts of the same material with different usage histories are 
shredded into flakes, which are then used as feedstock for new FGF 
prints. Tensile tests and physicochemical analyses are conducted to 
evaluate and explain possible significant changes in the mechanical 
performance of the recycled material. Micro-CT scans, as well as Dif
ferential Scanning Calorimetry (DSC), Thermogravimetric Analysis 
(TGA) and Fourier Transformed Infrared (FTIR) analysis are employed 
to deeply investigate multiple aspects of the recycling process. The 
entire recycling process is illustrated in Fig. 1. Finally, a case study is 
proposed: recycled material is used to 3D print a stiffener core for 
aluminum sandwich panels. The parts are examined to assess the quality 
of the 3D printing process and bending tests are conducted to evaluate 
their performances as functional components. This case study is chosen 
to demonstrate the efficiency of 3D-printed lattice structures as light
weight components, which are advantageous for reducing weight while 
providing high specific mechanical properties. Furthermore, the present 
work is one of the few works presenting a multi-scale analysis of the 
mechanical properties and functionality of recycled 3D-printed struc
tural parts.

2. Materials and methods

2.1. Materials

The material analyzed in this work is Nylforce Carbon, a short fiber- 
reinforced polymer consisting of a PA12 matrix with 10 wt% short 
carbon fibers, produced by FiberForce (Treviso, Italy). The material is 
available in filament form (1.75 and 2.85 mm diameter) and is designed 
for FFF 3D printing. In this study, the same material is used in three 
different forms: pristine filament, pristine pellets (obtained from 
manually cutting the filament), and shredded recycled flakes. The latter 
two forms are illustrated in Fig. 2a and b. The recycled material is 
derived from old prints with different usage histories (temperature, 
humidity, chemical contamination, etc.), thus representing a wide 
spectrum of potential alterations. The 3D-printed parts are shredded 
using an industrial shredder (PiovanGroup, Santa Maria di Sala, Italy) 
and sifted to remove flakes larger than 5 mm, preventing clogging 

Fig. 1. Scheme of the printing and testing analysis proposed. Dashed green lines indicate the recycling path. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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during the FGF printing [27]. The estimated cost of the shredding is 0.09 
€/kg based on the machine consumption and cost of electricity. No 
treatments or washing processes are performed on the recycled material, 
investigating the most direct recycling path that minimizes emissions 
and costs. The size distribution of both flakes and pellets was evaluated 
using ImageJ software with the results shown in the graph in Fig. 2. 
Fig. 2a shows the recycled material and Fig. 2b shows pellets cut from 
the pristine filament. Fig. 2c shows a representative size distribution and 
related occurrence for flakes and pellets.

2.2. Preliminary chemical analyses

A thermogravimetric analysis is conducted using a Mettler Toledo 
SDTA851 (Mettler Toledo, Columbus, United States). Approximately 30 
mg of the samples analyzed is placed in a 150 μL alumina crucible. The 
temperature program starts at 25 ◦C and increases to 600 ◦C with a 
heating ramp of 10 ◦C/min under an argon flow of 50 mL/min. Each 
analysis is performed in duplicate and the resulting average is plotted, 
along with the confidence intervals. The Initial Decomposition Tem
perature (IDT) is determined as the temperature at which a mass loss of 
5 % is observed.

To evaluate melting temperatures and compare the material in the 
filament and recycled forms, Differential Scanning Calorimetry (DSC) 
analysis is performed using a Hitachi Nexta DSC200 (Hitachi, Tokyo, 
Japan). Approximately 9 mg of the samples analyzed are placed in a 40 
μL aluminum pan. The pans are sealed with a press and isolated from the 
external atmosphere of the DSC furnace. The measurements were car
ried out using heating and cooling rates of 10◦/min ranging from 25 ◦C 
to 300 ◦C with a continuous air gas flow at 50 ml/min. As a reference, an 
empty aluminum pan was used. The heating rate is chosen to mimic the 
heating rate of the printing process, which is calculated by measuring 
the initial and final temperature by thermocouples and the time taken 
for the feeding material to be extruded. Each measurement consists of 
two heating and cooling cycles of the same specimen, performed in 

duplicate. It is important to note that the cooling phase in DSC analysis 
does not accurately represent the actual cooling rate of the printing 
process, as the latter occurs within seconds. The degree of crystallinity 
(χc) was calculated using Eq. (1), where ΔHm represents the melting 
enthalpy experimentally obtained during the first heating cycle, ω is the 
fraction of carbon fibers evaluated by TGA, and ΔH0

m is the reference 
melting enthalpy (209.3 J/g) for crystalline PA12 [28–30]. 

χc (%) = (ΔHm / (ΔH0
m (1- ω))) • 100                                             (1)

Fourier transform infrared spectroscopy (ATR- FTIR) was used to 
investigate the chemical structure of the samples. FTIR spectra were 
collected using a Bruker Tensor 27 FTIR spectrometer (Bruker Optics, 
Billerica, United States) equipped with an Attenuated Total Reflection 
(ATR) accessory, covering a wavenumber between 4000 and 400 cm− 1 

with a resolution of 1 cm− 1. The analysis was conducted at room tem
perature by pressing the sample tightly against the crystal surface. 
Molecular vibrations were identified based on the literature [31–35].

2.3. 3D printing

Two different printers are used to realize test specimens: the Ulti
maker S2+ Connect (Ultimaker B.V., Utrecht, NL), a common FFF 
printer, and PioCreat G5 Pro (PioCreat, Shenzhen, China), an FGF 
printer. The first printer is used to print the filament of Nylforce Carbon, 
while the second one is used to print both recycled and pelletized ma
terials. Fig. 3 shows the scheme of the printing head of the FGF printer, 
providing details about the internal structure.

Printing parameters are the same for the two printers as well as for 
the different material forms. The nozzle temperature is set to 230 ◦C, the 
bed temperature to 50 ◦C, the printing speed to 30 mm/s, and the fan is 
switched off. The printing parameters are chosen based on previous 
studies by the authors. The nozzles used for the printing jobs have a ruby 
tip with a 0.8 mm diameter, which is durable, minimizes fiber breakage 
[16], and avoids clogging issues [23]. It is important to note that, for 

Fig. 2. Recycled material (a), pellets (b) and representative size distribution (c).
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both printers, the temperature set for the printing process does not 
reflect the actual temperatures achieved during printing. The tempera
ture of the nozzle and that of the extruded filament are monitored using 
thermocouples and an infrared camera Optris Pi (Optris, Berlin, Ger
many), revealing significant differences. For the FGF printer, a set 
temperature of 260 ◦C results in an actual printing temperature of 
230 ◦C, while for the FFF printer, the same setting yields an actual 
temperature of 245 ◦C. Consequently, multiple printing tests are con
ducted to establish a consistent printing temperature of 230 ◦C for both 
printers. Additionally, modifications are made to the FGF 3D printer to 
adapt the system to the feedstock of the recycled material. Recycled 
flakes exhibit increased friction inside the feeding system. To address 
this, the entrance to the collection chamber was redesigned. In this trait, 
the feeding material comes from the collection tube and changes its path 
from almost vertical to horizontal, so it is subjected to clogging. The new 
connection piece is 3D-printed and smooths the movement of the recy
cled flakes, as shown in Fig. 3. In addition, an electric motor connected 
to a thick wire is installed at the top of the printer as a bridge-breaking 
system. This motor operates at a constant rotation speed during printing, 
effectively preventing clogging.

2.4. Specimens

In this study, two specimen types are chosen to study the longitu
dinal (parallel to the deposition direction) and transverse (along the 
vertical building direction) properties of the printed material. This 
choice is motivated by the significant anisotropy that characterizes 3D- 
printed material, necessitating an examination of how printing direction 
influences mechanical properties [36–38]. The first specimen type is a 
dogbone specimen, and the second is a tubular tensile specimen. The 
aim is to compare pristine and recycled materials under two extreme 
cases typical of 3D printing: maximum achievable strength and layer 
adhesion. This comparison is facilitated by ensuring that the raster angle 
does not influence results, shifting the focus from the microstructure to 
the actual material properties. The dogbone specimen is printed with a 
0◦ raster angle, meaning all the deposited filaments run parallel to the 
longitudinal direction. Generally, in this configuration, the nozzle path 
is such that the fillets are inevitably characterized by defects, which may 
represent failure points, so the properties are underestimated [39,40]. 
To overcome this limit, the authors propose a modified G-code that 
makes the nozzle travel along a single path, without interruptions or 
directional changes in critical parts of the specimen. As shown in Fig. 4
(left image), this printing path (blue trajectory in Fig. 4) realizes a 
unidirectional gauge length and deviates to create fillets without abrupt 
movements, ensuring that no defects are introduced in these regions and 
failures are observed only in the effective gauge length. The material 
flow is adjusted to increase at the specimen heads compensating for the 
increased distance of the printed lines.

Conversely, tubular specimens (right image in Fig. 4) are charac
terized by a single pass of the nozzle in circular paths, allowing for 
focused evaluation of layer adhesion. The choice of a tubular specimen is 
motivated by the ease of printing, as vertical bulk printing often results 
in defects and inappropriate layer cooling [21]. Moreover, many 
3D-printed lightweight structures are made of thin walls, making 
tubular specimens a suitable choice to analyze these properties.

Micro-CT scans are conducted on the FFF, pellet FGF, and recycled 
FGF for both tubular and dogbone specimens to assess the microstruc
ture of the printed material. Fig. 5 displays micro-CT scan images of the 
three tubular specimens analyzed, while Fig. 6 displays those of dogbone 
specimens, revealing notable microstructural differences. The FFF 
specimens are characterized by numerous air pores, while FGF speci
mens appear significantly more compact. This difference is expected, as 
FGF printing involves a larger volume of fused material that is pres
surized by a rotating screw, effectively reducing air voids [23]. In 
contrast, FFF printing pushes the filament through a small heated region 
and the same pressure buildup does not occur. The recycled FGF 

Fig. 3. Scheme of the FGF printer head (side view).

Fig. 4. Specimens used for tensile tests. Dimensions are reported in millimeters.
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specimens show some higher-density inclusions, probably due to their 
previous operational life. From the geometrical point of view, the pellet 
FGF specimens show a more constant cross-section compared to their 
recycled counterparts. Flow variations during the printing process are 
caused by the non-uniformities in the feeding system of the FGF printer, 

due to size differences of the particles. This effect is particularly evident 
in the recycled prints, where the cross-section is less uniform. FFF 
printing, although introducing a lot of air pores, results in a more precise 
geometry. Another important observation is the differing concentrations 
of air pores in FFF tubular and dogbone specimens. This difference 

Fig. 5. Micro-CT scans of the tubular specimens. Details of the walls are shown (white boxes). White arrows indicate higher-density inclusions (bright points), while 
white circles indicate the presence of air pores.

Fig. 6. Micro-CT scans of the dogbone specimens. Details of the cross sections are shown (white boxes). White arrows indicate higher-density inclusions (bright 
points), while white circles indicate the presence of air pores.
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suggests that the air pores concentration does not only depend on the 
printing process but also on the geometry realized. In the tubular 
specimens, the deposited material does not encounter obstacles since the 
walls are realized by a single pass and there is no pressure buildup. 
Consequently, the filament expands freely when exiting the nozzle and 
the material is not further compacted. In contrast, when printing dog
bone specimens, multiple nozzle passes are used and the effect is to 
confine the deposition of fused material, possibly limiting the formation 
of air voids [41]. Dogbone specimens are characterized by notable voids 
in the head region; however, this does not compromise the results of the 
tensile tests. The material flow is subjected to fluctuations and tuning it 
throughout the entire G-code is a challenging task, so the authors 
focused on the satisfactory realization of the gauge lengths. Tubular 
specimens do not experience the same defects due to their simpler nozzle 
path. Each layer is characterized by a single or double circumference for 
the gauge length and head, respectively, and no tuning of the material 
flow is required, differently from the case of dogbone specimens.

It is important to focus on the significance of thin-walled specimens 
for the mechanical characterization of 3D-printed materials. With 
vertically aligned dogbone specimens (printed with their longitudinal 
axis aligned with the building direction), the relevant difference in terms 
of microstructure would not be observable and the characterization 
would be incomplete or misrepresented. Most 3D-printed parts are made 
by thin walls and the characterization via bulk specimens could be not 
representative of the real case. The influence of wall thickness on the 
mechanical properties of 3D-printed structures has been only studied in 
a few works, denoting the need for future in-depth analyses [42]. Lastly, 
measurements of the cross-section area of dogbone specimens are 
repeated across the width to account for the roundness of the base and 
then averaged. For tubular specimens, thickness and diameters are 
measured after the tests along the height far from the fracture surface to 
exclude the effects of plastic deformation (although very limited).

2.5. Tensile tests

Tensile tests are conducted on an electromechanical universal testing 
machine Zwick-Z005 (ZwickRoell GmbH & Co. KG, Ulm, Denmark), 
equipped with a 5 kN load cell. For both specimen types, an engineering 
strain rate of 10− 2 s− 1 is applied for quasi-static properties evaluation. 

Video recording during the tests is performed with a PixeLINK PL-B777 
camera with a 5 MP resolution (PixeLINK, Ottawa, Canada) and 
equipped with a Tokina Macro 100 F2.8 D camera lens (Kenko Tokina 
Co. Ltd, Tokyo, Japan). Image analysis is subsequently conducted for 
strain measurement and failure analysis.

2.6. Case study

A case study is analyzed to assess the reliability of the printing 
process using recycled materials and to study the performance of a 
recycled 3D-printed component. In this study, a sandwich panel core is 
fabricated using FGF with recycled PA12 with 10 % wt. of short carbon 
fibers, with the same printing parameters as described in section 2.4. 
The cores are bonded to 1.2 mm thick aluminum plates (Al5754–H32) 
using epoxydic adhesive Loctite EA 9514 (Henkel, Düsseldorf, Ger
many), obtaining a lightweight and stiff component. The excess of 3D- 
printed material is removed until reaching the aluminum panel width 
of 50 mm. Bending tests are conducted to evaluate the properties of the 
structure and the feasibility of employing recycled material as a core for 
sandwich components. Fig. 7 shows a scheme of the bending test on a 
sandwich specimen and details of the printed cores.

All the printed cores are realized by a “cubic” cellular structure 
realized by the slicer Cura (version 5.7.0), in which the elementary cell 
is represented by a closed cube with a vertically oriented diagonal. This 
cellular structure has demonstrated exceptional efficiency in energy 
absorption, withstanding high loads and significant plastic deformation 
[43]. The recycled printed cores are printed on the PioCreat G5 Pro 
using a 0.8 mm ruby nozzle with a spacing of 15 mm between printed 
lines. The overall density of the core is set to 320 g/l, to be comparable 
with other technological solutions, such as aluminum foams. Due to the 
different densities of recycled FGF and pristine FFF materials, the in
ternal structure of the cores must be adjusted to achieve equivalent 
component weight. To this end, FFF-printed cores are modified by 
increasing the cell density (Fig. 7a) or thickening the walls (Fig. 7c).

The 3-point bending tests are conducted on the sandwich specimens 
using an electromechanical universal testing machine Zwick Z-100 
(ZwickRoell GmbH &Co. KG, Ulm, Denmark). The testing speed is set to 
25 mm/min, with a maximum displacement of 35 mm. Video recordings 
are conducted for failure analysis.

Fig. 7. Scheme of the bending test on the sandwich. Details of FFF small cells structure (a), FGF recycled structure (b), and FFF big cells structure (c). Dimensions are 
reported in millimeters.
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3. Results and discussion

3.1. Chemical analysis results

Fig. 8 (left) shows the thermal behavior of both the pristine polymer 
and the recycled one. Interestingly, no significant differences are 
observed between the two samples. TGA results are presented in terms of 
residual mass percentage (solid lines) and mass variation over time 
(dashed lines) with respect to temperature. The green and black curves 
represent the recycled and pristine material results, respectively. The 
right image shows the graph of the FTIR analysis on pristine and recy
cled material. Wavelengths corresponding to relevant peaks are high
lighted through black arrows. The IDT is 428 ◦C, with the mass loss 
corresponding to a single peak centered at 462 ◦C, indicative of the PA12 
volatilization. This value is similar to that observed in similar analyses of 
PA12 samples [44]. At 600 ◦C, a residual mass of 8.4 ± 0.6 % is recor
ded. This value can be attributed to the carbon fibers present in the 
polymer.

To observe any differences in molecular bondings and chemical 
structure, ATR-FTIR is performed on the pristine and recycled material, 
and the resulting spectra are depicted in Fig. 8 (right). No significant 
differences are observed between the two samples. The main peaks are 
registered at 3290 cm− 1 (N–H stretching), 2918 and 2815 cm− 1 (C–H 
stretching), 1637 cm− 1 (amide I C––O stretching), 1549 cm− 1 (amide II, 
C–N stretching plus C––O in-plane bending), 1466 cm− 1 (C–H bending), 
and 719 cm− 1 (amide IV N–H out-of-plane bending). All these signals 
belong to the chemical structure of PA12, without any sensitive varia
tions due to possible degradation. Moreover, the intense peak observed 
at 719 cm⁻1 is particularly notable, as it indicates that the crystalline 
phase present in the samples is the γ-phase (or γ′-phase) rather than the 
α-phase [32]. The γ-phase forms after melt crystallization at ambient 
temperature and pressure; it is the most stable phase and typically ex
hibits the highest tensile strength, elastic modulus, and elongation [32,
45]. As the FTIR spectra were similar between the two samples, it is 
reasonable to assume that during the extrusion process of the recycled 
sample, the same crystalline structure formed as in the pristine material.

A study by Nur-a-Tomal et al. [46] on multiple recycling of PA12 
evidenced analogous results in terms of FTIR analysis. Over four recy
cling processes no relevant difference was observed in terms of molec
ular structure. It is then reasonable to conclude that PA12 is not 
subjected to major effects in terms of molecular bonds and functional 
groups due to multiple mechanical recycling processes.

Fig. 9 exhibits the DSC heating and cooling curves of the pristine and 
recycled material. The DSC graph’s dashed curves indicate each run’s 
second heating cycle. The dashed vertical line in the DSC graph indicates 
the printing temperature of the specimens (Tp). The DSC data are 

summarized in Table 1, with standard deviations inside the brackets. A 
total of 2 samples of each material are used for the DSC analysis. Both 
samples show an exothermic hump in the first heating cycle before they 
start melting, which can be accounted for a reordering of polymer chains 
into a crystalline phase promoted by the increased temperature [47]. 
However, no shoulder at lower temperatures is observed, confirming the 
absence of the crystalline α-phase in both samples [32]. There is a small 
difference in melting temperature (Tm) between the two samples, with 
the pristine material having a slightly higher melting point than the 
recycled one (177.0 ◦C vs. 175.3 ◦C). This slight difference may be 
explained by the samples’ size variations. Specifically, to fit the DSC 
crucible, smaller pieces were used for both samples, resulting in the 
recycled samples being smaller than the pristine ones, which could 
explain the slightly lower melting temperature of the recycled material 
due to a reduced internal thermal gradient. Despite this temperature 
difference, the variations in melting enthalpies (ΔHm) fall within the 
experimental margin of error (47.8 ± 0.6 J/g and 49.4 ± 2.4), sug
gesting a consistent degree of crystallinity (χc) across both samples (25.0 

± 0.5 % and 25.7 ± 1.4 %). This consistency is noteworthy, considering 
that the recycled sample has undergone an additional extrusion cycle. 
Regarding crystallization, the temperature peak (Tc) is not different 
between the samples (153.4 ± 0.8 ◦C and 153.8 ± 0.1 ◦C), meaning that 
there is no nucleating effect on the recycled material. However, 
important differences in the crystallization enthalpy are registered. 
Specifically, the pristine material showed an enthalpy value of 47.2 J/g 
while the recycled one registered a much higher value of 60.0 J/g. A 
possible explanation for this difference could be found in 
post-crystallization phenomena, which lead to condensation between 
terminal groups when exposing polymers to high temperatures. This 
phenomenon is more important for new unstressed polymers [28,48], 
and leads to increased Mw, reduced mobility, and ultimately decreased 
crystallization enthalpy (ΔHc) [28]. The post-crystallization could be 
particularly pronounced in this study due to the high temperature of the 
DSC cycle (300 ◦C) compared to the extrusion temperature (230 ◦C). 
Consequently, the pristine material, without any prior thermal history, 
may be more affected by this phenomenon, while the recycled material, 
having undergone extrusion and prior use, appears more resistant to 
high temperatures. In the second heating cycle, a shoulder appears in the 
melting peak of both samples (Fig. 9), indicating a 
melting-recrystallization process specific to the α-phase [32]. This sug
gests that the cooling cycle performed during the DSC analysis does not 
accurately represent the conditions during extrusion, as the in-printing 
cooling happens in the order of seconds. Identical results were ob
tained by Wang et al. [49] for carbon fiber-filled PA12, while investi
gating the effect of the recycling process of both polymeric matrix and 

Fig. 8. TGA (left image) and ATR–FTIR (right image) results.
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carbon fibers. Two melting peaks were observed in the second heating 
run, explained by a melting-recrystallization process induced by the 
carbon fibers inside the PA12 matrix. Furthermore, the temperature 
differences between the two samples are reduced and become almost 
negligible (176.6 ◦C and 176.2 ◦C). Given that, in the second cycle, the 
sample size is likely similar between the two samples due to prior 
melting and recrystallization; it supports the assumption that the tem
perature difference observed in the first cycle is due to variations in 
sample size. The melting enthalpy in the second cycle is nearly the same 
as the first cycle for the recycled material (47.5 ± 1.6 J/g and 49.4 ±
2.4 J/g) but is significantly lower for the pristine material (36.9 ± 0.8 
J/g and 47.8 ± 0.6 J/g). This discrepancy is a result of the lower crys
tallization enthalpy recorded for the pristine material. In terms of 
crystallization during the second cycle, no differences in temperature 
and enthalpy are observed compared to the first cycle, with the crys
tallization enthalpy of the pristine material remaining much lower than 
that of the recycled material (47.4 ± 2.8 J/g vs 59.6 ± 4.3 J/g).

3.2. Mechanical characterization results

In this section, the results of the mechanical characterization analysis 
are presented for both dogbone and tubular specimens, printed using 
FGF with pristine and recycled material as well as FFF with pristine 

filament. The dogbone focuses on the maximum achievable strength, 
while the tubular specimens assess layer adhesion. The results of the 
tensile tests are analyzed to evaluate elastic moduli, elongations at 
break, and maximum stresses of the materials investigated. A total of 5 
dogbone and 5 tubular specimens are used for each material. Fig. 10
shows the results of the tensile tests. The continuous green lines repre
sent results obtained by FGF specimens printed with recycled material, 
the continuous black lines represent results obtained by FGF specimens 
printed with pristine material, and the dashed black lines represent re
sults obtained by FFF specimens printed with pristine material.

The results of the tensile tests are summarized in Table 2, which 
shows the elastic modulus, maximum stress, and maximum strain for the 
three materials analyzed. Comparable results for the dogbone specimens 
are found in the literature [50–52]. For all the materials analyzed, a 
noticeable difference is observed between the dogbone and tubular 
specimens in terms of mechanical properties. This finding aligns with 
previous results in the literature and highlights the strong anisotropy 
characteristic of 3D-printed materials [36,53–55]. Comparing the re
sults for dogbone and tubular specimens, it can be seen that tubular 
specimens exhibit a more remarkable difference across the different 
materials tested. The microstructure of the FFF tubular specimen differs 
markedly from that of the FGF specimens, while this distinction is less 
pronounced in dogbone specimens. The FFF tubular specimens show a 
porous structure, with evident air gaps that compromise the geometry of 
the thin wall. Conversely, FFF dogbone specimens resemble the FGF 
specimens in terms of geometry, but they show more pronounced 
porosity. As a reference, Chisena et al. [56] investigated the porosity of 
3D-printed parts realized with a short carbon fiber reinforced PA12, 
observing values up to 9.8 % of porosity in FFF specimens. The value of 
porosity not only depends on the fiber content and the printing pa
rameters but also on the printed geometry, as observed in the present 
study.

Tensile tests conducted on both dogbone and tubular specimens 
highlight the superior mechanical performance of the recycled material. 
Tubular recycled FGF specimens are more brittle and slightly weaker 
than their pristine counterpart, meaning that inclusions can cause pre
mature failure especially when dealing with very thin structures. Even 

Fig. 9. Graph of the DSC (Differential Scanning Calorimetry) analyses.

Table 1 
DSC data for pristine and recycled material.

1st cycle 2nd cycle

Pristine Recycled Pristine Recycled

Tm (◦C) 177.0 ± 0.2 175.3 ± 0.1 176.6 ± 0.1 176.2 ± 0.2

ΔHm (J/g))
47.8 ± 0.6 49.4 ± 2.4 36.9 ± 0.8 47.5 ± 1.6

χc (%))
25.0 ± 0.5 25.7 ± 1.4 – –

Tc (◦C)) 153.4 ± 0.8 153.8 ± 0.1 153.3 ± 0.8 153.6 ± 0.3

ΔHc (J/g))
47.2 ± 2.8 60.0 ± 4.7 47.4 ± 2.8 59.6 ± 4.3
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very small inclusions can prevent the wall continuity and can act as a 
starting point for ruptures. The same considerations do not hold for the 
dogbone specimens, where the effect of inclusions is mitigated, and the 
microstructure is more evidently denser in recycled specimens rather 
than pristine ones. In terms of both elastic modulus and maximum stress, 
the recycled material outperforms (or is comparable with) the pristine 
material. The improvement of mechanical properties of recycled parts 
has already been observed in the literature. Previous studies by Walker 
et al. [14] also showed an improvement in the mechanical properties of 
recycled ABS tensile specimens. In their case, vertically printed parts 
resulted in higher mechanical properties due to the enhanced wettability 
of the recycled material, consequent to a reduction in fiber length. 
Nur-a-Tomal et al. [46] found almost identical mechanical properties 
when evaluating injection-molded PA12 over multiple recycling pro
cesses, demonstrating that, unlike other polymers, PA12 is more suitable 
for mechanical recycling. They observed a slight reduction in the 
maximum strength of dogbone specimens from 56 MPa to 52 MPa over 4 
recycling processes. This means that the mechanical properties of PA12 
remain relatively stable even after multiple recycling processes.

In the present study, the improvement observed in mechanical 
properties can be explained by the notable differences in microstructure, 
as observed in micro-CT scans. The recycled material exhibits higher 
density and fewer air pores, which are typical of the 3D printing process 
[57,58]. This could also be related to the composition of the feed ma
terial, characterized by a smaller particle size (as shown in Fig. 2a). 
Smaller particles inevitably promote a better printing process through a 
more complete homogenization of the melted material, thus favoring a 
more compact extruded filament. Air voids present in the feedstock 
materials (both pristine pellets and pristine filament) could also be 
transferred to the printed parts. To this end du Plessis et al. [59] 
investigated the quality of FFF commercial filaments via CT scans, 
observing porosities up to 2.7 %. They also observed a strict correlation 
between the quality of the filament to that of the 3D-printed part in 
terms of resultant porosity. In the case of the present study, air pores are 

observed while cutting the filament, thus the derived pellets may 
contain a small fraction of air that can increase porosity while printing. 
In the case of recycled flakes, air voids could be more effectively elim
inated due to their thin nature, allowing for easier removal during the 
melting process. Additionally, the distribution and dispersion of short 
carbon fibers could benefit from a recycling process that involves a 
mechanical and physical transformation, as observed in Ref. [12]. 
Overall, the observed differences in mechanical properties are caused by 
the printing process, while the base material probably suffers little 
degradation which is not detected by the chemical analyses but is usu
ally observed in the literature over multiple recycling processes [46]. 
Although the three feeding materials do not show significant chemical 
differences, relevant differences are observed in the final specimens, 
emphasizing the importance of understanding the printing process and 
the physical transformations materials undergo during 3D printing.

3.3. Case study results

As discussed in section 2.6, the case study aims to demonstrate the 
feasibility of 3D printing a functional component from recycled mate
rial. A comparison is made between the FGF printer using recycled 
material and the FFF printer using pristine filament. The results of the 3- 
point bending tests on the sandwich panels are presented in Fig. 11a:

Despite having the best mechanical properties, as discussed in the 
previous section, the recycled core shows the lowest energy absorption 
performance. This could be in contrast with the characterization results, 
but it can be explained by the modifications of the internal structure, 
implemented to obtain specimens with the same density. Another 
important aspect is that the actual mechanical properties of the recycled 
material could be overestimated due to the better realization of the test 
specimens. When printing the cores, the same microstructural obser
vations made for the specimens could not hold, suggesting possible 
fluctuations in actual material properties due to the longer and more 
complicated printing process. As noted in section 2.6, the overall density 

Fig. 10. True stress-true strain curves of the tensile tests on dogbone (left image) and tubular (right image) specimens.

Table 2 
Summary of mean values of elastic moduli, maximum stresses, and maximum strains obtained. Standard deviation values are reported in brackets.

Dogbone specimens Tubular specimens

E (MPa) σmax (MPa) εmax E (MPa) σmax (MPa) εmax

Recycled FGF) 2782 (230) 55.5 (0.6) 0.111 (0.005) 1459 (134) 20.1 (3.7) 0.017 (0.002)

Pristine FGF)
2626 (231) 50.6 (2.41) 0.094 (0.004) 1251 (179) 20.6 (1.6) 0.044 (0.015)

Pristine FFF 1946 (155) 46.4 (0.2) 0.119 (0.003) 682 (13) 15.2 (0.5) 0.067 (0.010)
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of the cores is kept equal across the three configurations (recycled FGF, 
9 mm cell FFF, and 15 mm cell FFF), necessitating adjustments to the 
wall thickness and the number of cells. It is known that cellular struc
tures, such as those used in this study, mainly behave according to the 
bending and buckling of their internal walls [60]. The bending behavior 
of thin walls is greatly affected by their thickness, thus, even if the 
starting material is weaker, the bending performance is increased in FFF 
structures. Additionally, an increase in the number of cells greatly af
fects the energy absorption of the core by homogenizing the mechanical 
response and reducing the free length of the walls. In Fig. 11b, when a 
greater number of cells is involved, the load is more evenly distributed, 
and the overall behavior is less driven by individual collapses. Fig. 11c 
shows the behavior of the FFF 15 mm cell core and highlights this 
concept: the collapse is asymmetrical and driven by the first buckling of 
a cell wall. In contrast, Fig. 11d shows the bending behavior of the 
recycled FGF core, where a more diffused and pronounced collapse of 
cell walls is observed. The thinner walls of the recycled core favor the 
initial buckling of the cell walls, limiting the peak load the structure can 
sustain. As Netto et al. studied [61], when dealing with cellular struc
tures with similar density, lower collapse forces and lower absorbed 
energies are observed for structures having larger cells or thinner walls. 
They also noted that by isolating the two factors, the effect of cell size is 
more prominent compared to that of the wall thickness. This can also be 
observed in the present work, where the major difference in terms of 
energy absorbed (herein considered the most important property for 
such structures) is obtained with the variation of the cell size. All cores 
experienced indentation failure due to the collapse of their internal 
structure. For this particular application, it is quite clear that the recy
cled material performs the lowest, likely due to its higher density. It is 
important to notice that for this specific application and load condition, 
the cubic structure with such density is not optimal. However, this 
structure resulted in easier prints compared to other infill structures, as 
observed by the authors in the early phase of the 3D printing setup. The 
relative dimensions of the cell compared to the whole structure localize 
the collapse, limit the involvement of other cells, and favor the inden
tation of the core. However, these limitations do not compromise the use 
of 3D-printed structures in similar applications, as demonstrated in 
previous works [62–64].

In this study, the sandwich panels are realized to test the fabrication 
process using recycled material and to compare it with the traditional 
FFF 3D printing method. The focus of the tests is on comparing the 
mechanical performance to demonstrate the feasibility of the recycling 
process and the potential for using a recycled cellular core as a 

lightweight reinforcement. In this context, the use of recycled material 
processes by FGF 3D printing proves to be a viable solution. Adjustments 
in terms of deposition strategy, infill geometry, and printing setup can 
further promote the mechanical performance of these components, as 
well as their diffusion.

In conclusion, the study of a functional component is necessary to 
effectively assess the feasibility of the recycling process via 3D printing 
technologies. If limited to standard test samples, considerations about 
the results of the longer and more complicated 3D printing process are 
not possible. However, in 3D printing, results should be always weighed 
on the scale of the printing process, suggesting that multi-scale studies 
are more reliable in this field. In this sense, the present work offers a 
wider spectrum of analysis with respect to similar works found in the 
literature, comparing the material’s performance on a multi-scale level. 
The results of the case study prove novel findings about the behavior of 
3D-printed materials at different dimensional scales of operation.

4. Summary and conclusions

In this work, a multi-disciplinary framework for recycling and 3D 
printing of thermoplastic short fiber-reinforced polymers is presented, 
from preliminary analyses to a final case study. Starting from a carbon 
short fiber-reinforced polyamide, both pristine and recycled materials 
are compared across two different levels. Two 3D printers are used to 
realize tensile specimens for a comparison between FFF and FGF 3D 
printing processes. Two types of tensile specimens are produced to 
analyze the degree of anisotropy under different printing and material 
conditions. Dogbone specimens are realized with a 0◦ raster angle to 
focus on material properties rather than microstructure, thereby maxi
mizing the mechanical response. To avoid typical failures in the fillet 
regions, the G-code of the dogbone specimens is modified to employ a 
specific nozzle path which minimizes defects and abrupt direction 
changes. Tubular specimens are designed to analyze layer adhesion 
without the influence of raster angle, utilizing circular repeated patterns 
with a single pass for the nozzle path. Both specimens are thoroughly 
analyzed using micro-CT scans, revealing different microstructures 
based on both the material and the 3D printer used. TGA and ATR-FTIR 
analyses reveal no significant differences between recycled and pristine 
materials, indicating that the recycled material shows no notable al
terations from its previous usage history. DSC analyses show slight dif
ferences associated with melting and crystallization enthalpies in 
heating and cooling cycles, while practically no difference is observed in 
characteristic temperatures. However, these dissimilarities do not 

Fig. 11. Load-displacement curves of the 3-point bending tests on sandwich panels (a). Testing phases of FFF 9 mm cell core (b), FFF 15 mm cell core (c), and FGF 
core (d) are shown on the right side of the image.
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transpose into significantly different mechanical properties. Tensile tests 
demonstrate the appropriateness of the newly designed specimens, 
suggesting the potential for a new standardization based on G-code. The 
importance of the nozzle path has been demonstrated in previous 
studies, highlighting the need for a common procedure to realize spec
imens with 3D printing techniques. The mechanical tests reflect the 
observations of the micro-CT scans, attributing major differences in 
mechanical properties to microstructure. A case study is also presented 
to demonstrate the feasibility of the 3D printing process with recycled 
material: a sandwich panel with a 3D-printed core. Here, FFF 3D 
printing of pristine material is compared with FGF 3D printing of recy
cled material, with appropriate adjustments made to obtain consistent 
results in terms of energy absorption. The comparison indicates that 
while the pristine FFF material exhibits lower mechanical properties, it 
performs better in terms of energy absorption because of its architecture.

From the present study the following conclusions can be drawn: 

● Geometry alone does not allow consistent results across different 
studies; greater attention must be paid to the standardization of the 
G-code. In particular, for a 0◦ raster angle, a modified G-code is 
necessary to avoid defects in the fillet regions.

● The microstructure of the specimens must be investigated due to the 
varying natures of different 3D printing processes. Significant 
microstructural differences can be observed even among namely 
identically processed 3D-printed materials.

● TGA and ATR-FTIR exclude relevant chemical and physical alter
ations of the molecular chains of the polymeric matrix. The DSC 
analysis excludes relevant differences between pristine and recycled 
materials regarding the 3D printing process, as confirmed by the 
equivalence of the characteristic melting temperatures and degree of 
crystallinity.

● In the case of FGF 3D printing, a carbon short fiber-reinforced 
polyamide is proven to be suitable for recycling, maintaining com
parable mechanical properties to pristine material after one recy
cling cycle.

● Recycled material proves effective for large components, such as 
sandwich panel cores. However, the performance of these compo
nents is influenced by the internal structure of the cellular 3D-printed 
material, with the recycled core having a penalizing structure due to 
its higher density. The recycled core exhibits lower energy absorp
tion capabilities, though this does not compromise its overall me
chanical properties.

● FGF 3D printing is an efficient and straightforward method to process 
recycled polymers and future work should focus on its potential to 
reduce and manage plastic waste. A simple mechanical recycling 
process can be used to generate new feedstock, potentially with 
preliminary treatments in the case of more complex waste.

Future research should explore multiple recycling processes to assess 
probable polymeric matrix degradation after repeated melting cycles, 
possibly counterbalancing this with the addition of pristine material. 
The range of analyzed materials, characterized by different fillers and 
polymeric matrices, should be expanded to evaluate the suitability of 
FGF printing as a tool for plastic waste management. Additionally, a 
real-world case study should be conducted to account for mixed waste, 
in which preliminary sorting and treatment are necessary.
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