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Abstract: Composite materials are increasingly in demand. However, challenges such
as high raw-material costs and complicated waste management impede their adoption.
Overcoming these obstacles requires efficient recycling methods. Pyrolysis effectively
recycles carbon fiber-reinforced polymers (CFRPs). This study proposes a cost-effective
CFRP recovery approach utilizing conventional ovens to minimize recycling expenses and
maximize reclaimed-product value. Pyrolysis was conducted under atmospheric conditions
at 450–600 ◦C, lasting 1–6 h at each temperature. It was optimal at 2.5 h and 500 ◦C. Higher
temperatures caused fiber degradation, and lower temperatures excessively prolonged
duration. After determining the optimal conditions, composite plates were produced
using recycled carbon fibers and a vacuum-assisted resin infusion process. Subsequent
physical characterization and mechanical tests were conducted on these plates to assess the
recycled-CFRP properties. The recovered tensile strength and tensile modulus were 88%
and 97% that of virgin carbon fibers (vCF), respectively.

Keywords: carbon fibers; carbon fiber-reinforced polymer; recycling; pyrolysis; oxidizing
atmosphere; air

1. Introduction
Carbon fiber-reinforced polymers (CFRPs) offer a multitude of benefits, including high

stiffness, elevated tensile strength, favorable weight-to-strength ratio, minimal thermal
expansion, and superior chemical, abrasion, and corrosion resistance [1–3]. These qualities
account for the widespread use of CFRPs [4–7]. Notably, these materials also reduce
manufacturing costs and time, further enhancing their appeal in various applications. Over
the past few decades, carbon fiber-reinforced polymers have met requirements across
various sectors, spanning the aerospace, wind energy, automotive, construction, and sports
industries [8,9]. Since their introduction, these composites have played a pivotal role in the
market demand for high-quality products, progressively replacing traditional materials
such as metals and alloys [4–7]. Despite a 37% decrease in carbon fiber consumption
within the aerospace sector in 2021 due to COVID-19, global demand for CFRP reached
approximately 181 kt, more than doubling its 2014 value [10,11]. It is estimated that the
usage of carbon fibers will reach nearly 285 kt in 2025, reflecting a 62% increase compared
to that in 2019 [8,11]. Although CFRPs offer significant advantages, there are notable
challenges associated with their use and manufacturing. The first is the high cost of
virgin carbon fibers (vCFs). During the manufacturing of vCFs, the precursor, which is
often polyacrylonitrile (PAN), undergoes energy-intensive transformation stages: heating,
stretching, carbonization, and graphitization. The energy consumption associated with
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these transformations is very high compared with that of other synthetic fibers. In fact,
the transformation of PAN into carbon fibers requires exposure to temperatures exceeding
1500 ◦C, a process that demands substantial energy sources (approximately 14 times more
energy-intensive than steel production) [8,11]. The high production expenses associated
with this thermal conversion limit the widespread application of CFRPs in high-value
contexts rather than in large-scale or high-volume production. An alternative approach
involves leveraging recycled carbon fibers, which can reduce the high production costs of
vCFs. This shift will allow for the broader utilization of CFRPs, unlocking their advantages
in various everyday applications. Another considerable constraint on the use of CFRPs is
waste management. Carbon fiber is dedicated to critical sectors such as the aerospace, wind
energy, and automotive sectors, where components are often subject to replacement or
occasional changes. Consequently, the disposal of large quantities of composite waste has
become a pressing issue. Predictions indicate that the volume of CFRP waste is expected
to exceed 263 kilotons by 2030 [12]. Currently, three conventional methods are used for
managing composite waste: disposal in landfills, incineration, and recycling [13–18]. A
considerable portion of this waste is directed to landfills primarily because of their cost-
effectiveness. However, the environmental concerns associated with this method have
prompted ongoing research on alternative approaches. Landfills pose environmental
risks, particularly when organic materials decompose and release methane, a greenhouse
gas that contributes to global warming and climate change. Biodiversity is also at risk
because of the development of landfills, which affect special species. Additionally, adverse
effects such as groundwater pollution and soil fertility degradation further highlight the
drawbacks of landfill disposal [19,20]. On the other hand, incineration represents a costly
approach to waste disposal. Despite the ongoing efforts to reduce pollutants during
incineration, the emission of toxic and hazardous substances remains a concern for human
health [21]. Furthermore, the incineration of 1 ton of CFRP produces 2011 kg of CO2 [22],
leading to considerable environmental pollution and conflicting with the long-term vision
of carbon emission neutrality. Therefore, identifying a suitable and optimal recycling
method for composite waste is of paramount importance and remains a prominent topic of
scientific discussion.

Pyrolysis is a thermochemical process that decomposes organic materials at high
temperatures in the absence of oxygen. When conducted under an inert atmosphere, such
as nitrogen, it requires a controlled environment using specialized furnaces. While this
approach prevents carbon fiber degradation, it does not fully decompose the polymer
matrix, often leaving residual resin on the recovered fibers. Consequently, an additional
thermal treatment in an oxidizing atmosphere is typically required to achieve clean, residue-
free carbon fibers. The atmosphere used in the pyrolysis process has varying effects on
recycled carbon fiber. Typically, under inert atmospheres like nitrogen or argon, the recycled
carbon fiber shows minimal defects, and its properties after recycling are comparable
to those of the original fiber. However, in atmospheres containing oxygen (oxygen or
synthetic air), the surface of the recycled carbon fiber is damaged, leading to a reduction in
strength [23–25].

This study focuses on optimizing the temperature-time cycle to minimize fiber degra-
dation while leveraging the accessibility and practicality of conventional ovens. Utilizing
conventional ovens for recycling carbon fiber-reinforced composites provides significant
advantages, including cost-effectiveness, operational simplicity, and energy efficiency.
However, the absence of an inert atmosphere poses a risk of fiber oxidation, which may im-
pact the recovered fiber quality. This research pioneers an innovative approach to recycling
CFRPs using widely available conventional ovens, making the process both feasible and
environmentally friendly. By eliminating the need for specialized equipment, this method
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enhances the accessibility of CFRP recycling across diverse settings. The objectives of this
study are threefold: (1) to investigate the thermal degradation mechanisms of CFRPs in
ambient air, (2) to identify optimal pyrolysis parameters for efficient fiber recovery, and
(3) to evaluate the physical and mechanical properties of the newly fabricated CFRP boards.

2. Experimental Method
2.1. Materials

The CFRP material used for the experiments was a time-expired plain-weave prepreg
roll from CYCOM (CYCOM 5320 8HS T6503k) provided by Bombardier Inc., Montreal,
QC, Canada. After recycling, the recovered carbon fibers were used to manufacture
new composite plates using the vacuum-assisted resin infusion (VARI) manufacturing
process. The epoxy resin system used was a general-purpose commercial Araldite® LY
8601/Aradur® 8602 System from Huntsman Corporation, The Woodlands, TX, USA.

2.2. Methodology
2.2.1. Reclamation Procedure

The reclamation procedure was performed in two phases: (1) determining the opti-
mum pyrolysis conditions for small 25.4 mm × 25.4 mm prepreg samples and (2) scaling
up the optimum conditions to larger samples. First, the oven temperature was increased
to the desired level. Three temperature levels were selected for this study based on a
literature review: 450 ◦C, 500 ◦C, and 600 ◦C [22,26]. For each experiment, once the oven
reached the desired temperature, 25.4 mm × 25.4 mm prepreg samples were loaded into
porcelain crucibles and placed in the oven. Thermal degradation of the CFRP samples
was conducted under an air atmosphere at a selected temperature in the isothermal mode
for varying times from 1 h to 6 h. This holding time allowed completion of the thermal
degradation of the resin system. The initial mass fraction of fiber in the prepreg (Wf_ini)
was assessed using chemical digestion per ASTM D3171 B and was considered to be the
baseline reference for the fiber content of the prepreg sample used in this study. Procedure
B of ASTM D3171, which consists of the chemical digestion of a resin system using hot
sulfuric acid, is one of the most accurate procedures for carbon-fiber-reinforced polymers,
as hot sulfuric acid digests the epoxy resin system and does not attack the carbon fiber.
For each experiment, the resulting weight fraction of the fibers after pyrolysis (Wf) was
calculated as the final weight of the specimen and was divided by the initial weight of
the specimen before pyrolysis. This fraction was then compared to results obtained by
chemical digestion (baseline).

2.2.2. r-CF Plate Manufacturing Using VARI

Once suitable pyrolysis conditions were identified, the 10” × 10” prepreg samples were
recycled under optimum conditions. Recycled carbon fabrics were used to manufacture
plates, following VARI, to further evaluate the properties of the recycled carbon fiber. After
VARI, the plates were allowed to cure in an ambient atmosphere for a minimum of 24 h.
Following ambient curing, the plates were post-cured in the oven at a temperature of
80 ◦C for a duration of 3 h. This post-curing temperature is slightly higher than the resin
glass transition, which is 73 ◦C (according to the technical data sheet of the Araldite® LY
8601/Aradur® 8602 System, TX, USA).

2.2.3. Characterization

First, the fiber content of the feedstock was evaluated using chemical digestion ac-
cording to ASTM D3171 procedure B and thermogravimetric analysis (TGA). TGA tests
were performed under a nitrogen atmosphere at a heating rate of 10 ◦C/min from room
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temperature to 1000 ◦C. After pyrolysis, the surface morphology of the recovered carbon
fibers was examined by scanning electron microscopy (SEM). The recycled fabrics were
infused using the VARI method. To investigate the mechanical and physical properties,
plates manufactured from the recycled fibers were subjected to the following tests: den-
sity per ASTM D792 B, void content per ASTM 3171 B, glass transition per ASTM D7028,
and multiple mechanical tests (tensile, compression, in-plane shear, interlaminar shear,
and flexion).

3. Results and Discussion
3.1. Initial Characterization of CFRP Samples: Experimental Fiber Content by Weight Percentage
Using TGA and Chemical Digestion

The fiber content by weight percentage in the prepreg sample (Wf_ini) was estimated
by chemical digestion according to ASTM D3171 procedure B. In this procedure, sulfuric
acid at high temperature (≥330 ◦C) is used during a short period of time to digest the
epoxy resin system. Following the digestion of the initial prepreg sample, the experimental
average value of Wf_ini was 62.5%. This value was chosen as the baseline fiber content. It
is important to highlight that these values are slightly lower than those obtained by TGA
under nitrogen (Figure 1). In fact, the average fiber content obtained by TGA analysis
until 1000 ◦C under nitrogen was estimated at 70.4%. The 7.9% difference in the fiber
content evaluation between chemical digestion and TGA is explained by the fact that the
pyrolysis of carbon fiber-reinforced epoxy under nitrogen leads to the production of char
on the surface of the fibers [26–31]. Hence, the estimation of the fiber content through
digestion allows for the determination of the effective fiber content within the prepreg
sample. Figure 1 shows an example of TGA curves obtained for the initial characterization
of the feedstock, and the fiber content obtained by chemical digestion is represented by the
red dotted line in Figure 2.
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Figure 2. Comparative pyrolysis results. The dotted red line corresponds to the optimum fiber weight
fraction (Wf = 62.5%) of the prepregs as determined by ASTM D3171 and the results are compared
with this value.

3.2. Pyrolysis of CFRP Sample Under Ambient Air

Based on the literature review and initial TGA curves (Figure 1), three temperature
levels (450 ◦C, 500 ◦C, and 600 ◦C) were selected for pyrolysis experiments. In each round
of the experiments, 12 samples were pyrolyzed. At every 30 min interval, one sample was
removed from the oven. The decision to remove one sample from the oven every 30 min
provided insights into how the pyrolysis process evolved over time at each temperature.
Figure 2 shows the different thermal degradation curves obtained using the red dotted
line as the targeted ideal weight fraction. Samples subjected to a temperature of 600 ◦C
(Figure 2) exhibited a significant reduction in weight, particularly in the initial stages. The
initial weight loss corresponded to the degradation of the resin at elevated temperatures,
whereas the weight loss below the dashed line indicated the combustion of the carbon
fibers. The pronounced temperature and subsequent degradation of carbon fibers highlight
that 600 ◦C is an unfavorable choice for the prepreg and leads to considerable fiber loss.
At this temperature, the morphology and structure of the fibers underwent noticeable
alterations. Figure 3 shows the samples post-pyrolysis at 600 ◦C, revealing their crumpled
and physically damaged appearance. Results from experiment #4, conducted at 450 ◦C,
exhibited a recycling trend. The samples subjected to pyrolysis at 450 ◦C gradually approach
the dashed line in a gentle and slow manner. It took 6 h for these samples to undergo a
37.5% reduction in their initial mass. Pyrolysis experiments at 500 ◦C were carried out
in two sets, corresponding to experiments #2 and #5. Similar to the findings at 450 ◦C,
the final mass loss at 500 ◦C reached the designated dashed line, signifying the complete
removal of the matrix from the samples and the retention of carbon fibers post-pyrolysis.
Therefore, both 450 ◦C and 500 ◦C are favorable conditions for the pyrolysis of carbon fiber
samples, ensuring the complete removal of the matrix from carbon fibers. The distinction
between the two scenarios lies in their convergence times. As per the gathered data, the
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450 ◦C samples require 6 h to achieve a 37.5% reduction in initial mass, indicating that 6 h
is the optimal duration for the carbon fiber samples to completely shed their matrices at
this temperature. Conversely, based on experimental data and Figure 2, the convergence
time for pyrolysis at 500 ◦C is shorter. The effective recovery time, that is, the duration
needed to eliminate all matrices from prepreg samples, was 2.5 h at 500 ◦C. Thus, the most
optimal condition for recycling prepreg samples in this study was established as 2.5 h
at 500 ◦C. Following identification of the optimal pyrolysis conditions, the process was
replicated over 70 samples measuring 1” × 1” (25.4 mm × 25.4 mm). The average fiber
content after pyrolysis under ambient air of the 70 samples at 500 ◦C for 2.5 h was 62.8%.
Figure 4 illustrates the distribution of the final Wf results.
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3.3. Properties of Recycled Fibers

Following the identification of the optimal pyrolysis conditions, that is, 2.5 h at
500 ◦C, optimal pyrolysis conditions were reproduced on larger samples. Recycled fabrics
(250 mm × 250 mm) were used to prepare composite plates for further characterization
using the VARI process. Various plates were manufactured and tested according to differ-
ent standards. Table 1 presents the composite plate samples manufactured from recycled
fabrics under the optimum pyrolysis conditions established in this study.



Fibers 2025, 13, 58 7 of 16

Table 1. Sample identification and summary of experimental plan presented in this study.

Plate ID Number
of Plies

Average
Thickness

(mm)

ASTM
D792

ASTM
D3171

ASTM
D7028

ASTM
D3039

ASTM
D6641

ASTM
D5379

ASTM
D2344

ASTM
D790

rCF_1A 8 2.99 X X X X X
rCF_2A * 8 3.14 X X X X X
rCF_5A 4 1.41 X X X X X
rCF_6A 4 1.41 X X
rCF_20A 4 1.48 X
rCF_21A 4 4.12 X
rCF_27A 8 3.74 X

Note *: Sample rCF_2A was burned as the post-cure was performed at 180 ◦C for 3 h instead of 80 ◦C for 3 h.

3.3.1. Density per ASTM D792 Procedure B and Void Content per ASTM D3171 B

The density and void content were measured on four distinct plates. The results are
summarized in Figure 5. The average density was 1.486 g/cm3. The average void content
was 1.55%, with a maximum of 5.50%. The dispersion in void-content values was explained
by the manufacturing process (VARI method), which is not an automated process and leads
to variations in results.
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3.3.2. Glass Transition Temperature per ASTM D7028

Three composite plates were used to evaluate the glass transition temperature (Tg)
of the recycled carbon-fiber plates. Measurements were performed according to ASTM
D7028-07 using a Q800 dynamic mechanical analyzer (TA Instruments, DE, USA). Tests
were performed using a frequency of 1Hz, a ramp of 5 ◦C/min, an amplitude of 0.1%,
a dual cantilever set up, and the multi-frequency-strain mode. The average Tg of man-
ufactured plates was 58.25 ◦C. Tg is a property primarily influenced by the resin, and
per the datasheet of the resin system, Tg was 73 ◦C for the Araldite® LY 8601/Aradur®

8602 System. Therefore, the recovered Tg was 79.8% of the glass transition of the resin
system. The decrease in the temperature and the disparity of the results may also be a
consequence of the processing method used to manufacture the plates (VARI) and to post-
cure the rCF plates. The observed disparity may also be attributed to the non-optimized
hardener-to-resin ratio.

3.3.3. Mechanical Properties of rCF Composite Plates

Assessment of the mechanical properties of new materials made of recycled carbon
fibers is possible by evaluating the tensile strength, compression strength, shear strength,
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short-beam shear strength, and flexural strength of rCF-manufactured plates. These values
were compared, when possible, with the mechanical properties of vCFs, as identified in the
technical datasheet of the material studied. A summary of the samples tested is presented
in Table 1. Table 2 shows the obtained values in comparison with the vCF properties and
an assessment of the recovery rate for each property. The recovery rate was estimated as
the mechanical properties of the recycled carbon fiber divided by the mechanical property
of the vCF. Equation (1) shows an example of the calculation of the recovery rate for
tensile strength.

R.R.T.S =
Average tensile strength of rCF plate (Mpa)

Initial value o f tensile strength (Mpa)
R.R.T.S = (663.23/905.28)× 100 = 73.26%

(1)

Table 2. Recovery rate (%) of the different mechanical properties of the rCF in comparison to the vCF
composite plate.

ID Average Value
of rCFRP (Mpa)

Average Value
of rCFRP (ksi)

Average Value
of vCF (ksi)

Average Value
of vCF (Mpa)

Recovery
Rate in %

Tensile strength 663.23 96.19 131.3 905.28 73.26%
Tensile modulus 64.56 × 103 9.36 × 103 10.02 × 103 69.09 × 103 93.45%

Compressive strength 378.00 54.82 108.8 750.15 50.39%
Compressive modulus 45.40 × 103 6.58 × 103 9.18 × 103 63.29 × 103 71.73%

Shear strength 45.00 6.53 8.29 57.16 78.73%
Shear modulus 2.58 × 103 0.37 × 103 0.81 × 103 5.58 × 103 46.20%

Short beam strength 34.40 4.99 11.93 82.25 41.82%

Depending on the analyzed property, the average recovery rate was computed to be
between 41.82% and 93.45%. The average recovery rate was 67.15%. Several factors may
have contributed to the reduction of mechanical properties of rCFs in comparison to vCFs,
primarily the manufacturing process, chosen for its cost-effectiveness and utilization of an
inexpensive resin during manufacturing.

First, regarding the manufacturing process, various factors can influence fluid dy-
namics during the resin infusion process. These factors include the bulk permeability of
the fabric, flow direction, direction perpendicular to the flow, permeability of fiber tows,
and permeability of the distribution media used to enhance the flow within the plane of
the composite structure being fabrication [32–36]. The distribution of voids is particularly
important, especially in the production of panels using VARI, where the preform initially
begins to dry completely and should ideally achieve full saturation with resin. However,
owing to fabric architecture, inherent variations in lay-up techniques, and processing meth-
ods, there is a high likelihood that certain regions within or between the fiber tows are
devoid of resins. Most composite panels or structures consist of multiple layers of fabric
stacked together, resulting in voids being distributed not only within the composite plane
but also throughout the thickness [34–38]. In the VARI manufacturing processes, there
is a variability of ±10% in the void content and thickness gradient, whereas autoclave
processes exhibit a lower variability of ±3% for the same properties (void content and thick-
ness gradient) [34–41]. Finally, multiple studies have confirmed that these voids formed
during manufacturing have notable implications, as they negatively impact mechanical
performance, including flexural strength, compressive strength, and interlaminar shear
strength [34–41].

The second reason for such high variability in the recovery rate is explained by the use
of a general-purpose resin system. Notably, the datasheet of the initial prepreg that was
used for comparison is based on the use of a high-quality resin specifically designed for
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aerospace applications. Therefore, use of a general-purpose resin instead of the high-grade
resin specified in the datasheet of the vCF prepreg explains the differences in some of the
results, especially for tests such as interlaminar shear, which are extremely sensitive to the
properties of the resin materials. Additionally, the reduction in strength can be explained by
surface defects on recycled carbon fibers due to exposure to air at high temperatures. In fact,
the inherent surface of PAN-based carbon fibers consists of crystallites that are relatively
aligned because of their skin-core structure [42–46]. Therefore, surface defects affecting
the inherent surface will affect the alignment of the crystallites and consequently lead to a
lower strength resistance of the recycled fiber. This effect was even more pronounced in
the compression and intralaminar shear test results, as these defects prevented good load
transfer at the interface between the fiber and matrix.

Even with an average recovery rate of 67.15%, the recycled plates exhibited superior
performance compared with the metallic and composite materials listed in Tables 3–5. The
relatively high tensile strength-to-weight ratio makes rCFRPs well-suited for applications
where weight is a critical factor. The manufacturing of numerous lightweight and high-
strength structures using rCFRPs is feasible. Furthermore, as can be seen from the recovery
rate of the modulus results, the method used for recovering carbon fibers in this study
effectively preserved the modulus of elasticity. Despite a modest 6.55% decrease in the
tensile modulus, the retained value exceeded that of numerous commonly used composites
in the industry and was nearly comparable to the modulus of the 6061-T6 aluminum
alloy. Figure 6 shows the tensile strengths and tensile moduli of the recycled carbon fiber
plates. Tables 3–5 provides comparison among various metallic and composite materials,
with “rCFRP” denoting the CFRPs manufactured from recycled carbon fibers in this study.
Figure 7 presents typical curves for recycled carbon fiber (rCF) reinforced plates subjected
to tensile, compression, in-plane shear, short-beam shear, and flexural loading, along with
DMA curves illustrating the glass transition temperature.

Table 3. Comparison of tensile strength of some metallic materials and rCFRP.

Material SAE 1010 Steel
6061-T6

Aluminum
Alloy

CFRP
(Quasi-Isotropic)

Sheet Molding
Compound
(Isotropic)

rCFRP

Tensile strength
(MPa) 365 * 310 * 579 * 164 * 663

* Values were obtained from [47].

Table 4. Comparison between tensile strength-to-weight ratio of metallic material and rCFRP.

Material SAE 1010 Steel 6061-T6 Aluminum
Alloy

CFRP
(Quasi-Isotropic)

SMC Composite
(Isotropic) rCFRP

Tensile
strength-to-weight

ratio (103 m)
4.72 * 11.7 * 38 * 8.9 * 42.4

* Values were obtained from [47].

Table 5. Comparison of modulus of elasticity of some metallic materials and rCFRP.

Material
6061-T6

Aluminum
Alloy

E-Glass
Fiber-Epoxy
Matrix (UD)

CFRP
(Quasi-Isotropic)

SMC Composite
(Isotropic) rCFRP

Modulus (GPa) 68.9 * 39.3 * 45.5 * 15.8 * 64.55
* Values were obtained from [47].
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3.4. Morphology of Recycled Carbon Fibers

After evaluating the optimal pyrolysis conditions in terms of temperature and time,
further scanning electronic microscopy was used to examine the surface morphology of
the recovered carbon fibers. Various images at different magnifications were captured
from random samples to analyze the surfaces of the recovered carbon fibers. Figure 8
shows some of the SEM images derived from pyrolyzed samples at 500 ◦C after 2.5 h of
pyrolysis. According to the SEM results obtained under optimal conditions, the surfaces of
the recovered carbon fibers appeared clean and free of resins. SEM was also used to inspect
the surfaces of the carbon fibers recovered under other pyrolysis conditions. As depicted in
Figure 9, pyrolysis at 500 ◦C for 1 h proved inadequate, leaving some residual resins on the
fiber surface. Figure 9 shows SEM images of pyrolysis at 450 ◦C after 3 h, revealing evident
traces of resins on the fibers. Consequently, 3 h of pyrolysis at 450 ◦C was insufficient to
eliminate all matrices within the initial prepreg samples.
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3.5. Summary of rCFRP Properties

The properties of recycled carbon fiber-reinforced polymer (rCFRP) composites ob-
tained in this study demonstrate the feasibility of an economical and sustainable recycling
approach (Table 6). The composite plates manufactured from recovered carbon fibers exhib-
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ited a density of 1.486 g/cm3, a void content of 1.55%, and a glass transition temperature
of approximately 59.6 ◦C. These results indicate that the resin infusion process yielded a
well-consolidated composite structure with minimal porosity.

Table 6. Properties of the manufactured plates from recovered CFs of this study.

Properties Unit Value

Density g/cm3 1.486
Void content % 1.55

Glass transition temperature ◦C 59.6
Tensile strength MPa 663.23
Tensile modulus GPa 64.56

Tensile elongation at break % 1.06
Compressive strength MPa 378
Compressive modulus GPa 45.4

Flexural strength MPa 692.9
Flexural modulus GPa 38.26

Maximum flexural deformation % 1.6
Shear strength MPa 45

Maximum shear deformation % 5
Shear modulus MPa 2580

Short-beam strength MPa 34.4

Mechanical characterization (Table 2) revealed that the recycled fibers retained a
significant portion of their original properties. The tensile strength and modulus of the
rCFRP plates reached 73.3% and 93.5% of the values observed for virgin carbon fibers (vCF),
respectively. The compressive strength was 50.4% of vCF, while the compressive modulus
retained 71.7% of its original value. Additionally, the recycled composite demonstrated a
shear strength of 78.7%, a flexural strength of 692.9 MPa, and a shear modulus retention of
46.2%, confirming its suitability for structural applications.

A key factor influencing the mechanical properties of the recycled composite was the
resin system used. While the original CFRP utilized a high-performance aerospace-grade
resin (CYCOM 5320 8HS T6503k), the recycled plates were fabricated using a cost-effective,
general-purpose epoxy resin suitable for the vacuum-assisted resin infusion (VARI) process
(Araldite® LY 8601/Aradur® 8602 System). The difference in resin quality contributed to the
observed variations in mechanical properties, particularly in interlaminar shear strength
and compression performance. Additionally, processing factors such as fiber surface
modifications during pyrolysis and void formation inherent to the VARI manufacturing
process further impacted property retention.

Nevertheless, when compared to conventional materials such as aluminum alloys
and sheet molding compounds (SMCs), rCFRP composites exhibited superior strength-to-
weight ratios, making them competitive alternatives for lightweight structural applications.

4. Conclusions
This study evaluated pyrolysis in ambient air as a cost-effective method for recy-

cling CFRP composites. Optimal processing conditions were established at 500 ◦C for
2.5 h, ensuring efficient fiber recovery while maintaining good mechanical integrity. SEM
analysis confirmed that no significant resin or char residues remained on the recovered
fibers, demonstrating that additional oxidation steps typically required in inert-atmosphere
pyrolysis processes are unnecessary.

The recycled fibers retained promising mechanical properties, recovering 73.3% of
the tensile strength and 93.5% of the tensile modulus of virgin carbon fibers. Although
some mechanical property reductions were observed—mainly due to the use of a lower-
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cost, general-purpose resin and the inherent variability of the manufacturing process—the
recycled CFRP plates still outperformed several commonly used structural materials,
particularly in strength-to-weight ratios.

This study highlights the potential of ambient-air pyrolysis as a practical, economical,
and environmentally friendly alternative for CFRP recycling. By leveraging conventional
ovens, the method eliminates the need for specialized equipment, broadening the acces-
sibility of CFRP recycling in diverse industrial settings. Future research should focus
on fiber surface treatment and refining processing techniques to further enhance me-
chanical property retention and expand the applicability of recycled CFRP materials in
high-performance applications.
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