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Each year, a significant amount of waste is produced from carbon fiber polymer
composites at the end of its lifecycle due to extensive use across various
applications. Utilizing regenerative carbon fiber as a feedstock material offers
a promising and sustainable approach to additive manufacturing based on
materials. This study proposes the additive manufacturing of recycled carbon
fiber with a polyamide-12 polymer composite. Filaments of recycled carbon
fiber-reinforced polyamide-12 (rCF-PA12) with different recycled carbon fiber
contents (0%, 10%, and 15% by weight) in the polyamide-12 matrix are developed.
These filaments are utilized for 3D printing of specimens by using various infill
density parameters (80% and 100%) on a fused deposition modeling 3D printer.
The study examined how the fiber content and infill densities influenced the
flexural performance of the printed specimens. Notably, the part containing 15 wt
% recycled carbon fiber (rCF) composites showed a significant improvement in
flexural performance due to enhanced interface bonding and effective fiber
alignment. The results indicated that reinforcing the printed part with 10% and
15 wt% recycled carbon fiber (rCF) improved the flexural properties by 49.86%
and 91.75%, respectively, compared to the unreinforced printed part under the
same infill density and printing parameters. The investigation demonstrates that
the additive manufacturing-based technique presents a potential approach to
use carbon fiber-reinforced polymers waste and manufacture high-performance
engineering, economic, and environmentally friendly industrial applications with
the complicated design using different polymer matrices.

KEYWORDS

recycled carbon fiber, recycled carbon fiber-reinforced polyamide-12 composite,
additive manufacturing, flexural properties, fused deposition modeling, Sustainability

1 Introduction

Carbon fiber-reinforced polymers (CFRP) have excellent engineering properties such as
outstanding strength, strong modulus, lightweight, and abrasion resistance, making them
suitable for use in a wide range of industrial applications. Due to the excellent performance
and low maintenance costs of CFRP composites, along with light weight, they are growing in
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popularity as substitutes for metals in a variety of manufacturing,
sporting, and transportation uses (Yang et al., 2012; Stewart, 2011).
The widespread utilization of CFRP has additionally resulted in an
accumulation of CFRP waste during the recent years. Estimates of
CFRP in-use supplies revealed that approximately 97,000 tons of
CFRP trash will be accumulated in China’s landfills by the year
2044 from the wind turbine and aviation sectors, which can be
recycled to recover carbon fibers (Akbar and Liew, 2020). The
aerospace industry generates the highest global CFRP demand
(36% of the total need), after which comes the automobile
industry (24% of total need), which mainly consists of excellent-
quality polyacrylonitrile (PAN)-based carbon fibers and polymer
(Sauer et al, 2018). Despite the significant increase in their
manufacturing and applications, one of the major unresolved
challenges is their disposal, both at the end of life and as waste
trash, regardless of the matrix type, thermoset, or thermoplastic
(Bledzki et al., 2021; Sommer and Walther, 2021).

Though CFRP manufacturing has been streamlined to meet the
rising needs, there is still a problem of end-of-life CFRP and trash
scraps resulting from manufacturing operations. At present, a
significant proportion of CFRP trash is disposed of in landfills or
burnt (Akbar and Liew, 2020). Their dumping results in the
depletion of high-value carbon fiber and the emissions of
greenhouse gases, both of which are environmentally hazardous.
Some governments have implemented landfill taxes to minimize the
quantity of trash disposed of in landfills and increase material
recycling, particularly for CFRP garbage (Li et al, 2016). In
accordance with the Japan carbon fiber manufacturers association
(JCMA), the amount of energy used for creating virgin carbon fiber
is approximately 290 MJ/kg, resulting in a significant virgin carbon
fiber (vCF) price (J. The Society Of Fiber Science and Te, 2016). The
minimum manufacturing cost of vCF is approximately 30-40€/kg
(Holmes, 2018), whereas the significantly lower production cost of
recycled carbon fiber (rCF) using the recycling process is
approximately $5/Ib (McConnell, 2010). It is worth noting that
the utilization of the rCF in the manufacturing of the different parts
with the polymer matrix composites provides dual benefits such as
decreasing the emission of hazardous gases in the atmosphere and
decreasing the manufacturing cost of the different products in
comparison to manufacturing of the products using the vCF.

In sustainable manufacturing of the different parts, various
researchers used rCF as a reinforcement in the different polymer
matrix composites for manufacturing the different parts using the
fused deposition technique (Huang et al., 2020; Liu et al., 2021; Su
etal, 2022a). Tian et al. (2017a) developed and extensively examined
the unique recycling and remanufacturing technique based on the
3D manufacturing of carbon fiber-reinforced thermoplastic
composites (CFRTPCs). Continuous carbon fiber and polylactic
acid (PLA) matrix were recovered from 3D-printed composite
parts as the PLA-impregnated carbon fiber filament and
employed as the raw material for subsequent 3D printing
procedures, in which significant material recovery percentages
were obtained for both carbon fiber (100%) and PLA matrix
(73%). They observed that the tensile and flexural properties of
the parts were 256 MPa and 263 MPa much higher than those of the
pure PLA matrix manufactured using the 3D printer, respectively.

Liu et al. (2021) proposed a novel additive manufacturing-based
technique that can be employed to recover the carbon fiber-
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reinforced polymer composite (CFRPC) trash and again utilized
the rCF for the fabrications of different products. For obtaining the
rCF, they decomposed the epoxy resin of the carbon fiber/epoxy
resin (CF/EP) prepreg trash by increasing the temperature of the
reactor at approximately 330°C for 60 min, and the n-butanol
state  (330°C, 6.5 MPa).
Following this, the reactor was cooled down by using an inner

mixture achieved a supercritical
cooling pipe. The rCF was removed, cleaned with acetone, dried, and
subsequently measured. They examined the mechanical properties
of the reclaimed carbon fiber by producing components using a 3D
printer with 10 wt% of rCF in the polyether-ether-ketone (PEEK)
polymer matrix composites. The results demonstrated that adding
10 wt% of rCF content enhanced the tensile properties by 17.23%,
improved the flexural strength of the parts by 10.18%, and increased
the electrical conductivity by 96.69% compared to the samples
fabricated using the pure PEEK polymer in the fused deposition
modeling (FDM) technique.

Suetal. (2022a) fabricated the specimens using a 3D printer and
rCF reinforcement with varying fiber fraction loadings of 10, 20, 30,
and 40 wt% in a polyamide (PA) matrix composite. It was found that
the samples with 20 wt% and 30 wt% of rCF exhibited superior
mechanical characteristics, with the latter showing more variations
attributed to fiber fracture. The tensile strength and modulus
showed the most significant improvement in the 20-30 wt%
samples, increasing by 175%-243% (up to 187.12 MPa) and
329%-562% (up to 12.04 GPa), respectively. Hengstermann et al.
(2021) assessed the influence of yarn characteristics, fiber length,
and fiber quantity on the tensile strength of rCF/PA composite web
structures. The superior tensile strength of unidirectional (UD)
composites having the 50% volume fraction was 80 MPa. Giani
etal. (2022) manufactured specimens with 5 wt% and 10 wt% of rCF
in the PLA polymer matrix using a 3D printer. They created dog
bone specimens at different deposition angles of approximately 0°
and 90°. In comparison to the 90° orientation, the composite
containing 10 wt% rCF 3D printed at 0° shows a doubling of
both the elastic modulus and peak stress concerning the applied
stress orientation.

The utilization of carbon fiber composites in the 3D printing
process with FDM printers is not a new topic of research, and
various thermoplastic polymer matrices such as PLA (Banjo et al,
2022; RimaSauskas et al., 2022; Li et al., 2021; Saleh et al., 2024),
acrylonitrile-butadiene-styrene (ABS) (Ning et al., 2015; Tekinalp
et al, 2014), and nylon (Rodriguez-Reyna et al, 2022a;
Ramachandran et al, 2024) have already been manufactured
using carbon fiber as the reinforcement. Presently, most of the
research studies in this field have focused on the manufacturing of
various products using the vCF with the different polymer matrix in
the 3D printer (Magsood and Rimagauskas, 2022; Dong et al., 2023;
Wang et al, 2023; Nasirov et al., 2020; Rodriguez-Reyna et al.,
2022b; Belei and Amancio-Filho, 2023). Love et al. (2014)
investigated the influence of short carbon fiber insertion on the
strength, stiffness, thermal conductivity, and deformation of FDM-
fabricated components. Ning et al. (2015) studied the impact of
chopped carbon fibers on the mechanical characteristics of ABS,
finding that varied concentrations of chopped fibers boosted both
tensile and flexural qualities but may decrease toughness. Rodriguez-
Reyna et al. (2022a) used vCF as a reinforcement in the nylon, PLA,
and ABS matrix materials for analyzing the printing parameters of
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the 3D printer. It was found that nylon with the carbon fiber

produced the wultimate tensile strength of approximately
31.5 MPa, which has a tridimensional pattern and infill density
of approximately 100%. The fundamental challenge with CFRP
recovery is the variability of supply materials because wastes and
end-of-life items have uneven forms, leading to rCF of different
lengths. This difficulty necessitates the reuse of rCF in a kind of short
fiber to offer a reinforcing agent of uniform shape. Su et al. (2024)
observed the tensile properties of the reclaimed carbon fiber-
reinforced polyamide-6 composites manufactured using the FDM
technique with the various percentages of the densities such as 10%,
30%, 50%, 70%, and 90%. The coupons manufactured using the 90%
infill densities provide excellent performance. The samples had the
tensile strength and modulus of 76.5 MPa *3.5 MPa and
4.8 GPa +0.1 GPa, respectively. Shah et al. (2019) examined the
impacts of hybridizing hemp fiber with the rCF to identify trends in
the mechanical performance qualities arising from the different
This 10%-15%
improvement in tensile strength following the addition of hemp

weight  fractions. study demonstrated a
fiber to recycled carbon fiber reinforced. Flexural strength increased
by 30%-35% when hemp fiber was added to recycled carbon fiber
reinforcement. Cheng et al. (2021) examined the microtopography
and monofilament tensile force of the rCF and mechanical
characteristics of the rCF composites reinforced with polylactic
acid. The findings indicate that when the ideal process
parameters were followed, the monofilament tensile strength of
rCF was 8% greater than that of the original carbon fiber (OCF).
(OCF/PLA) and rCEF/PLA

composites had tensile strengths that were 25% and 12.5% lower,

OCF-reinforced PLA composites

respectively, than those of PLA.

Extensive research has been carried out on the effectiveness and
mechanical performance of virgin carbon fiber-reinforced polymer
composites in 3D printing. Carbon fibers have the ability to greatly
enhance the manufactured part’s mechanical qualities and decrease
distortion and shrinking. Due to the extensive application in
different sectors, a large amount of waste is generated after the
life cycle of the carbon fiber polymer composites, which is obtained
from different industry sectors (such as airplane industry and
automobile industry), and recycling of the carbon fiber is the
only solution to decrease the energy impact over the life cycle.
While research toward the use of the fibers as a reinforcement has
been reported (Ghabezi et al., 2024; Shirasu et al., 2024; Sam-Daliri
et al., 2022; Almeshari et al., 2023; Yang et al., 2022; Ghabezi et al.,
2022), studies on the samples printed using the reinforcing with the
recycled carbon fiber in the polymer are currently lacking. Some
research studies that focus on the utilization of the rCF as a
reinforcement with the different polymer composites have been
reported (Tian et al., 2017b; Su et al., 2022b), but, to the best of our
knowledge, we cannot find any published research in which samples
are manufactured using the embedded recycled carbon fiber with
polyamide-12 in the FDM printer. To address this knowledge gap,
the part is printed by employing the rCF as reinforcement at varying
percentages (10% and 15%) in polyamide 12 matrix materials using
the FDM printer. The effect of the part printed using the FDM
printer at different rCF contents as a reinforcement in the
PA12 composites is presented.

The aim of this study is to examine the mechanical
properties of parts manufactured using recycled carbon fiber-
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TABLE 1 Characteristics of rCF and PA12.

Properties Unit rCF PA12
Density (g/cm?) 1.8 0.94
Particle size (D50) pum - 50
Mean diameter pum 7.92 —
Mean length pum 98.125 —

reinforced PA12 and unreinforced PA12 matrix materials in the
FDM printer. This investigation additionally intended to
explore the impact of additives (e.g., recycled carbon fibers)
by comparing the performance of unreinforced and reinforced
nylon printed specimens obtained using the produced filament
using the filament extruder. The paper seeks to investigate the
production of filaments by utilizing rCF/PA12 powder with a
filament extruder, which is subsequently used in FDM printers
to create specimens under various printing parameters.
Moreover, this study demonstrates that rCF can serve as a
substitute for virgin carbon fibers as long as the initial
shorter fiber dimensions do not compromise performance.
Consequently, filaments are produced using unreinforced
PA12 matrix materials as a baseline, along with filaments
containing 10 and 15 wt% of rCF as a reinforcement in the
PA12 polymer matrix composite materials, without any
additional processing steps following the recycling procedure.
The influence of the rCF content weight on the mechanical
performance of the fabricated parts was assessed through three-
point bending testing. The potential of utilizing rCF as a
reinforcing material in polyamide 12 matrix materials was
showcased by producing filaments (with a diameter of 1.75 +
0.05 mm) using a filament extruder. The manufacturing process
of the 3D-printed PA12 and its rCF-PA12 composites by the
fabrication of the filament using the filament extruder can
benefit from the broad conclusion derived from the results,
and comparable patterns are anticipated for the other
composite materials using the rCF as a reinforcement in the
fused deposition technology. This study adopts a strategy that
encourages waste reduction of carbon fiber polymer composites
while simultaneously investigating novel advantages for
improving the qualities, printability, and potentials of use of
recycled carbon fiber materials with the different polymers.

2 Materials and methods

2.1 Materials

Polyamide-12, which is supplied by the Foshan Glink intelligent
technology Co., Ltd., Guangdong, China, is made from granules and
antioxidants. The properties of the PA12 powder, which is supplied
by the supplier, are illustrated in Table 1. The recycled carbon fiber,
which is embedded as a reinforcement, is supplied by the ELG
United Kingdom-based recycling company. After the airplane has
reached the end of its useful life, the rCF is retrieved using a thermal
recovery procedure known as pyrolysis. Pyrolysis is a technique that
includes warming carbon fiber-epoxy composites at elevated
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temperatures (between 350 and 700°C) in inert environments (such
as nitrogen) without the presence of oxygen (to avoid charring) to

break down the composite into gas, oil, and fiber parts (Naqvi et al.,
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2018). The results of scanning electron microscopy (SEM) of the rCF
are illustrated in Figure 1. Based on Figure 1, the average length of
the rCF measured using the fiber was 98.125 um. Additionally, the
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rCF

Polymer

Ball Milling

Filament Spool Filament Diameter

FIGURE 3
Complete manufacturing process of the rCFRP composite.

mean diameter of the fibers was calculated by measuring the 2.2 Filament fabrications

diameter of the fiber, yielding an average diameter of about

7.92 pm, as shown in Figures 2A, B. The properties of rCF is Starting materials (neat PA12 and rCF) were first dried in a
shown in Table 1. vacuum oven at the temperature of 80°C for approximately 10 h. The
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TABLE 2 Produced filament and compositions.

10.3389/fmech.2024.1452778

Sample Matrix Reinforcement Reinforcement content (wt%)
PAI2 PAI2 0

PA12-rCF10 PAI2 CF 10

PA12-rCF15 PAI2 CF 15

TABLE 3 Process parameters for making filaments of the composite’s materials and manufactured parts.

Main device used

Process

Parameters Values

Filament fabrications Single screw extruder Range of temperature zones (°C) 200-240
Extrusion speed (rpm) 21

FDM 3D printing CreatBot D600 Printing temp. (°C) 260
Bed temp. (°C) 80
Layer thickness (mm) 0.2
Raster angle (°) 0
Printing speed (mm/s) 30
Nozzle diameter (mm) 0.4
Infill density (%) 80, 100

complete manufacturing process of the filaments is shown in
Figure 3. The fiber and PA12 were blended in different
percentages of the weight of fiber (10% and 15%), as listed in
Table 2. The ball milling machine is used for equal dispersion of
the carbon fiber in the polyamide 12 matrix materials in which the
ball milling was operated at the speed of approximately 120 rpm for
approximately 1 h. After that, the composite materials were
embedded into the hopper Noztek twin extruder, and the three-
temperature zone and screw speed of the filament extruder were set
for achieving the desired diameter of approximately 1.75 + 0.05 mm.
Equally dispersed rCF as the reinforcement in the PA12 powder
composite materials were put into an extruder at carbon fiber
contents of 10 and 15 wt% to extrude the PA12-rCF10 and
PA12-rCF15
approximately 1.75 mm * 0.05 mm.

composite filaments with a diameter of

At the start of the experiment, a three-phase temperature zone
from 170°C to 200°C and the extruder motor speed of approximately
19 rpm were used, but the produced filaments of the composites
were higher than 1.75 + 0.05 mm. Various trials of the experiments
were performed for achieving the exact diameters by changing the
phase temperature and screw speed of the filament’s extruder. After
increasing the three-phase zone temperature to approximately
200-240 and the speed of the filament’s extruder to 21 rpm, the
filaments obtained had the diameter of approximately 1.75 +
0.05 mm, which was observed by the diameter gage and a
Vernier caliper. Composite filaments produced homogeneously
from the tip were sequentially transferred via the air-cooling fan
and diameter gage before being placed on the traction device for
rolling on the spool. A Vernier caliper was also employed to verify
the diameter homogeneity while extruding. The whole process was
performed again to create the remaining filaments of the composite’s

Frontiers in Mechanical Engineering

materials and pure PA12. The fabricated composite filament was
dried in an oven for 24 h at 80°C to remove the moisture content.
The parameters used for achieving the desired diameter of the
filaments are illustrated in Table 3.

2.3 Mix percentage and preparation of
the samples

The complete fabrication process of the composite’s materials
having different contents of rCF (0%, 10%, and 15%) as a
reinforcement in polyamide 12 is shown in Figure 3, and the
more detailed parameters of the printing are illustrated in
Table 3. The flexural specimens were manufactured by utilizing
the filaments with a diameter of 1.75 + 0.05 mm having 10 wt% and
15 wt% rCF in the polyamide-12 matrix material composites using
the CreatBot D600 FDM 3D printer, and the dimensions of the
flexural specimens are shown in Figure 5A. The composition of the
produced filament using the rCF as a reinforcement is illustrated in
Table 2. The samples were designed using the CAD program
SolidWorks, which is able to be sliced into STL files. The
samples’ virtual models were sliced, and the pattern route was
altered with 3D slicer software to produce a G-code that could
be recognized by the 3D printer. The FDM 3D printer is used for
manufacturing flexural specimens, as illustrated in Figure 3. The
quality of the produced samples is substantially influenced by the
printing parameters of the FDM printer (Nguyen et al., 2024). Some
printing parameters are considered secondary, which are kept
constant during printing of all the samples: these are layer
thickness 0.2 mm, printing speed 30 mm/s, nozzle diameter
0.4 mm, and raster angle 0°. For analyzing the printing effect of

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2024.1452778

Ateeq and Nazir

WD: 12.
Det: SE
VEGA3 XMU

-

SEM HV: 20.0 kV

SEM MAG: 153 x
BI: 12.00

V &F
vl

Carbon fiber

SEM HV: 20.0 KV
SEM MAG: 110 x
BI: 12.00

WD: 11.82 mm
Det: SE
VEGA3 XMU

[ A
500 um
Performance In nanospace

\
)

SEM HV: 20.0 kv
SEM MAG: 206 x
BI: 12.00

SEM HV: 20.0 kv
SEM MAG: 247 x
BI: 12.00

WD: 11.82 mm
Det: SE
VEGAS XMU

VEGA3 TESCAN|

Performance In nanospace

~ e
WD: 12.17 mm
Dot: SE
VEGA3 XMU

SEM HV: 20.0 kV
SEM MAG: 1.06 kx
BI: 12.00

SEM HV: 20.0 kV
SEM MAG: 1.1 kx
BI: 12.00

wo:t1.82mm | |
Det: SE
VEGA3 XMU

VEGA3 TESCAN|

Performance in nanospace

FIGURE 4

[T

| ..Hx', |

L
50 ym

10.3389/fmech.2024.1452778

SEM HV: 20.0 kV
SEM MAG: 108 x
BI: 12.00

WD: 13.13 mm
Det: SE
VEGA3 XMU

VEGA3 TESCAN

Performance in nanospace Performance In nanospace

Pull-out

R 2 \ pu
VEGA3 TESCAN| WD: 12.956 mm
Det: SE
VEGA3 XMU

SEM HV: 20.0 kv
SEM MAG: 212 x
BI: 12.00

Ll

200 pm

VEGA3 TESCAN|

Performance In nanospace Performance In nanospace

/ S -
WD: 12.93 mm
Dot SE
VEGAS XMU

SEM HV: 20.0 kV
SEM MAG: 1.11 kx
BI: 12.00

VEGA3 TESCAN|

Porformance In nanospace Performance In nanospace

The fracture surface of the filament has (A) PA12 with a magnification of 500 um, (B) PA12-rCF10 with a magnification of 500 uym, (C)
PA12-rCF15 with a magnification of 500 pum, (D) PA12 with a magnification of 200 um, (E) PA12-rCF10 with a magnification of 200 um, (F)
PA12-rCF15 with a magnification of 200 um, (G) PA12 with a magnification of 50 pym, (H) PA12-rCF10 with a magnification of 50 um, and (1)

PA12-rCF15 with a magnification of 50 pm

the infill density, two different infill densities are used for
manufacturing the specimens using the FDM printer in each
reinforcement percentage. The manufactured specimens with
dimensions of approximately (80 mm X 10 mm x 4 mm) were
selected according to the GB/T9341-2008 standard for flexural test
(Huang et al, 2020). The printing parameters of the printing
specimens are shown in Table 3.

2.4 Material characterization method
and equipment

The impregnation performance of the fabricated filaments that

are produced using rCF-reinforced PA12 composites is investigated

Frontiers in Mechanical Engineering 07

by observing in a Tescan VEGA3 scanning electron microscope
(SEM). The measurements are accompanied at 5 kV using
secondary electrons after being sputtered with gold coating for
100 s at 20 mA. The operating conditions of the acceleration
voltage and current were 30 KV and 80 pA during the scanning,
respectively. Filaments of the rCF-PA12 polymer composite and
pure polyamide 12 are observed to analyze the carbon fiber
orientation and the presence of voids inside the filament.

2.5 Testing equipment

Flexural tests of the 3D-printed specimens were conducted
according to the ASTM D790 standards on the universal testing

frontiersin.org
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Flexural test of the 3D printed specimens of rCFRP specimens: (A) Dimension of the flexural specimen; (B) Printed specimens using the different
composite materials of (a) PA12 specimen with the 80% and 100% infill density, (b) PA12-rCF10 specimen with the 80% and 100% infill density, (c) PA12-
rCF15 specimen with the 80% and 100% infill density; (C) Fracture specimen using the different composites materials of, (a) Post-tested specimens of
PA12 showing failure modes, (b) Post-tested specimens of PA12/rCF10 showing failure modes, (c) Post-tested specimens of PA12-rCF15 showing

failure modes.

machine. The three-point bending test was performed in an ambient
atmosphere to analyze the performance of the samples. The
specimens were tested under a 2 mm/min constant rate, and the
distance between two supports was set at 64 mm. Each test included
two different infill density percentage specimens (80% and 100%)
and two different contents of the recycled carbon fiber used. The
flexural stress of the printed specimens was calculated using the
following equation:

3FL
of=—0"0,
™ Jwad

where o = flexural strength, F = maximum load applied, L =
support length, w = width of the specimen, and d = depth of
the specimen.

3 Result and discussion

3.1 Surface morphology and physical
properties of the filament

The fracture surface of the extruded filaments was examined using
SEM to examine rCF-dispersion and adherence to the PA12 matrix. SEM
was used to detect and validate the fabricated filament’s internal structure
quality and investigate the sample’s fracture mechanism after the testing.
The samples of the filament were coated with gold palladium target and
taped with conductive carbon. Figure 4 illustrates the images at different
magnifications of the three prepared filaments’ composition of pure
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polyamide, PA12-rCF10, and PA12-rCF15 composite materials. Voids
and gaps were observed in the filaments manufactured using pure
PAI2 materials. Porosity is present between the filaments, as
illustrated in Figures 4A, D, G. The gaps were randomly dispersed
across the filaments and were mostly circular, implying that they
formed due to the formation of bubbles throughout the extrusion.
Figures 4B, E, H show the surface of the filament fabricated using the
PAI12-rCF10 composite materials at different magnifications for
analyzing the internal structural quality of the filament. The
microscopic image shows that voids are present in the filaments’
breakage section, which negatively impacts the performance of the
printed parts using this filament. Several holes were present in the
filaments of the PA12-rCF10 composites, which led the fiber to be
pulled out from the PA12 matrix materials, which lead to enhancement of
the flexural strength of the printed part, as shown in Figure 4E. The spaces
in the composite filaments are most probably caused by air bubbles
produced during the carbon fibers insertion into the
PAI12 matrix material.

The composite material filaments that are fabricated using
PA12-rCF15 have lower voids and gaps on the surface of the
filaments as compared to the pure PA12 filament, as shown in
Figures 4C, I, I. A homogenous filler distribution and an excellent
connection between the fibers and the matrix were required for
optimal mechanical performance, printability, and thermal
conductivity (Spoerk et al., 2019; Kada et al, 2016). The inter-
bead voids were reduced in the filament of PA12-rCF15 due to the
homogeneous dispersion of the fiber, which led to the strong
interfacial bond between the matrix materials and rCF.
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FIGURE 6

Properties of the printed specimen using the PA12 matrix materials PA12-rCF10 and PA12-rCF15 using the (A) flexural strength of specimens having

80% of infill density, (B) flexural strength of specimens having 100% of infill density, (C) force of specimens having 80% of infill density, (D) force of
specimens having 100% of infill density.

TABLE 4 Flexural strength of the composite’s material with the different contents of reinforcement of rCF.

Composite specimen Carbon fiber content (wt%) Infill density (%) Flexural strength (MPa)
PA12 — 80 30 (base)
— 100 35.86 (base)
PA12-rCF10 10 80 48.4 (T 61. 33%)
10 100 53.74 (1 49.86%)
PA12-rCF15 15 80 53.42 (1 78.1%)
15 100 68.76 (1 91.75%)
Frontiers in Mechanical Engineering 09
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The fracture surface of the flexural-tested specimen has the composites of (A) PA12, (B) PA12—rCF10, and (C) PA12-rCF15.

3.2 Flexural strength of the 3D-
printed specimen

3.2.1 Effect of rCF content on the flexural strength

Flexural tests were performed to determine the flexible
characteristics of the manufactured samples for each composite’s
material with different contents of rCF (polyamide-12,
PA12-rCF10 composite, and PA12-rCF15 composite). The
flexural specimens before and after the fracture are illustrated in
Figure 5, and the results of the flexural strength are plotted in Figures
6A, B, while all important values of the flexural strength are
summarized in Table 4. The SEM image of the fracture surface
after the testing of flexural specimens is illustrated in Figure 7. From
Table 4, it is found that the flexural strength is increased by
increasing the percentage of the rCF from 0%, 10%, to 15% in
the polyamide-12 matrix, which might be due to the strong adhesion
bond between the fiber and polyamide-12 matrix materials, as
illustrated in Figures 7A-C. Due to the strong adhesion bonding
between the filler and matrix materials, the porosity in the printed
specimens is decreased by increasing the content of the rCF in the
PA12 composites. Highest flexural strength of the printed specimens
was observed in specimens with 15 percent of rCF.

After adding 15 wt% of rCF to the PA12 composite materials, the
three-point bending test showed an increase in flexural strength
from 30 to 68.78 MPa. Likewise, incorporating 10 wt% of rCF in the
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PA12 composites resulted in an improvement from 30 to 53.74 MPa.
The specimens fabricated using PA12-rCF15, with a 15 wt% of rCF,
showed the highest improvement of 91.75%, while
PA12-rCF10 with 10 wt% of rCF exhibited a significant 49.86%
enhancement in flexural strength compared to specimens made with
unreinforced composite materials at 100% infill density. This is
because a high force is required to fracture the reinforced composite
specimen as compared to the unreinforced counterpart, as shown in
Figures 6C, D. The low strength observed in PA12-rCF10 specimens
is because of the poor load transfer observed in the low content of
the carbon fiber, as observed in the literature (Sanjeevi et al., 2021; Su
2022¢).  The
PA12-rCF15 specimens comparable the strength achieved when

et al, flexural ~ strength  achieved in
using milled carbon fiber-reinforced recycled PA12 produced
through selective laser sintering (Wang et al, 2018). This
improvement is more effective than the flexural strength
examined by Banjo et al. (2022) using the nylon-6 copolymer
reinforced with milled vCF fabricated in the Markforged
FDM printer.

Finally, 3D printing rCF not only enables CFRP composite
fabrication but also represents a step toward advancing the
circular economy of these composites. Consequently, the circular
economy model could yield economic benefits by reducing the raw
material cost of 3D-printed CFRP parts. The cost of rCF is

anticipated to range at $13-19/kg, while vCF incurs a substantial
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cost ($33-66/kg) due to the high power consumption needed for its
production (Lefeuvre et al., 2017). Overall, the integration of 3D
printing offers a promising avenue for the circular manufacturing of
CFRP by utilizing CFRP waste as the raw material for producing
rCFRP components. This process contributes to closing the loop and
promoting sustainable CFRP production.

3.2.2 Effect of the infill densities on strength

The effect of the infill densities on the printed specimens
using rCF as a reinforcement with the different percentages is
shown in Figure 6. The inclusion of the carbon fiber increased
the elasticity of the filament in nature. The improvement in the
infill density results in a higher amount of the materials being
used to fill the interior of the specimens, which leads to the
uniform distribution of the carbon fiber throughout the
(2022a)
studied and worked with the nylon-carbon fiber at the

PA12 matrix material. Rodriguez-Reyna et al
different infill densities and observed the performance of the
printed parts. They investigated that an increase in the infill
density has a positive effect on the performance of the specimen.
The specimens manufactured using the PAI2 materials
increased the flexural strength of the printed part from 30 to
35.86 MPa by increasing the infill densities of the part from 80%
to 100%, as illustrated in Figure 6. The same was also observed
in the specimens printed using the reinforcement with rCF in
the PA12 composite materials. The part printed using 100% of
the infill the

approximately 28.72% as compared to the part printed using

density improved flexural strength by
80% infill density with the same parameters observed for the
PA12-rCF15 composite material. This is evidence that the
strong interfacial bond between the rCF and PAI2 matrix
materials is observed at 100% infill density due to the
rCF in the PA12 matrix

materials. Therefore, it is found that the infill densities have

uniform distribution of the

a significant impact on the performance of the part printed
using the FDM printers. By increasing the infill density of the
materials, the greater quantity of material utilized, more
uniform distribution of the material, a decrease in gaps or
spaces, and stronger bonds among the layers, raising the
infill density can improve the performance of 3D-printed
specimens. Overall, the results presented in this study
encourage the usability of rCF in various applications by
employing it as a reinforcement fiber material in polymer
composite materials substituting virgin carbon fiber.

4 Conclusion

The impact of the parts manufactured using the rCF-reinforced
PA12 composites on the flexural strength was investigated at
different percentages of the rCF content (0, 10, and 15%). 3D
printing filaments using rCF-reinforced polymer composites
having a diameter of approximately 1.75 + 0.05 mm were made
and used for flexural specimen fabrication. The morphology of
specimens was also studied using SEM to examine the fracture
and voids of the composite specimens. The following conclusion can
be drawn based on the research result:
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- It was found that the flexural strength of the part fabricated
using the rCF-PA12 composite improves compared to that of
the parts made by unreinforced PA12 materials.

- The flexural strength of specimens having PA12-rCF15 (15%
of the rCF) is 68.76 MPa at 100% infill density. Thus, flexural
strength of the part having 15% rCF was improved by 91.75%
when compared to the part printed using pure PA12.

It is revealed that specimens printed by employing 10% of rCF
in the FDM printer was improved by 49.86% as compared to
the part printed using the unreinforced PA12 materials.

It is found that infill densities 80% and 100% have a significant
impact on the performance of the printed parts. Specimens
fabricated using the 100% infill density improved the flexural

strength owing to a decrease in the voids and gaps between the
carbon fiber and polymer as compared to the parts fabricated
using 80% of infill densities.

Future research will focus on the optimization of the
recycling technique of the CFRP; thus, it will be able to
achieve higher performance of rCF, which leads to providing
better performance of the parts printed using the rCF.
Additional aspects, including surface treatment (i.e., coupling
agent, oxidation, and alkalization) for enhancing interfacial
shear strength and the utilization of recovered polyamide,
will be considered further. The AM of the rCF-reinforced
polymer composites with varying contents of reinforcement
in the different polymers to observe other mechanical
properties needs further work. Furthermore, this study adds
to our understanding of how to turn waste materials into high-
quality, mechanically superior 3D-printed goods. The main
factor propelling continued expansion is the industrial
adoption of 3D printing technology and manufactured
components. By employing CFRP trash as the raw material
to create the complicated 3D CFRP parts, 3D printing
stimulates the CFRP circular manufacturing process and
closes the loop to enable the manufacture of CFRP in a
sustainable manner.
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