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Abstract: The contemporary need for lightweight and sustainable materials in automotive manufacturing 
has made recycled carbon fibre an attractive option. Yet, aspects such as the mechanical properties of short 
fibre composites need to be characterised to fully identify the capabilities and opportunities for recycled 
carbon fibre in the automotive industry. Consequently, this paper aims to ascertain the potential of recycled 
carbon fibre materials for automotive manufacturing by considering mechanical properties, design 
implications, and resulting costs and sustainability. Destructive testing is employed to characterise the 
mechanical properties of virgin carbon fibre (VCF), recycled carbon fibre (RCF) using pyrolysis, and 
blended recycled carbon fibre (BRCF) comprising 50% polypropylene fibre. Here we quantify (i) the 
reduction in mechanical properties, namely the tensile modulus and breaking strength, (ii) the resulting 
increase in required thickness and therefore mass for manufactured parts and (iii) the reduction in cost and 
embodied energy achieved for RCF and BRCF compared to VCF, based on both a stiffness- and a strength-
driven design criterion. Furthermore, we present a decision-making methodology revealing BRCF as the 
most cost-effective solution, while RCF proves to be the most sustainable alternative. These results provide 
a novel quantitative assessment of recycled carbon fibre for automotive manufacturing and may contribute 
to future developments in sustainable composite manufacturing in the automotive industry.
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1. Introduction

There is a contemporary and growing need for lightweight [1– 4] and sustainable [5–8] materials in 
automotive manufacturing. Composite materials, particularly carbon fibre, have proven highly beneficial for 
lightweight applications [9–11]. Sustainability concerns have prompted developments in natural (mineral and 
vegetal) [12–15] as well as recycled [16–18] composites. The latter is seen as particularly relevant owing to 
the high volume of end-of-life composite components and growing use of carbon fibre in manufacturing, and, 
thus, their potential to be reclaimed for the manufacturing of new products [19,20]. Recycled carbon fibre is, 
therefore, a material with significant interest and potential [21–23].

Recycled composite materials are characterised by short, non-continuous fibres [24]. This is in contrast 
with most virgin (i.e., non-recycled) composite materials, made of continuous fibres [25]. As such, there is a 
growing interest in the understanding of non-continuous carbon fibre to help bring recycled carbon fibre onto 
the market [26]. However, the lack of available mechanical properties for sustainable and recycled 
composites, ascertained experimentally following relevant ISO standards, leads to delays in the adoption of 
such materials by regulatory bodies and therefore their industrial applications [27, 28]. This lack of 
availability of reliable mechanical properties also extends into non-continuous virgin carbon [29].

Consequently, this paper undertakes the destructive testing of short carbon fibre cloths, in accordance 
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with the ISO 527-4: 2021 [30] to characterise the mechanical properties of virgin carbon fibre, pyrolysis-
recycled virgin carbon fibre, and a 50% polypropylene and 50% pyrolysis-recycled carbon fibre blend. To support 
industrial applications, the design implications in terms of thickness and mass of components are assessed, 
together with the cost and environmental impact. Ultimately, a decision-making objective function enables 
selection of the most suitable sustainable alternative to carbon fibre for multiple objectives. Here, the aim is to 
provide novel experimental data and evaluate the potential of recycled carbon fibre for automotive manufacturing.

The remainder of the paper is structured as follows. Section 2 details the methodology employed, 
including the materials and manufacturing of the samples, the quantification of mechanical properties and 
associated uncertainty. Then, Section 3 presents the results of the mechanical properties, the design and 
manufacturing implications, and multi-objective decision making. Finally, Section 4 summarizes the main 
findings of this study and their implications.

2. Methodology

2.1. Material and Manufacturing

Quasi-isotropic laminates are employed in this study, using a non-woven short carbon fibre cloth, 
namely chopped strand mat (CSM). The use of a quasi-isotropic laminate alleviates the need to perform tests 
at multiple orientations, while short fibres are characteristic of recycled composite and, thus, require further 
investigation [24–26]. Three types of carbon fibre materials are investigated:
(1) virgin carbon fibre (VCF), (2) recycled carbon fibre (RCF) and (3) blended recycled carbon fibre (BRCF), 
as detailed below.

（1） Virgin carbon fibre. Virgin carbon fibre is made from carbon fibre tow. This is not a recycled 
material and, as such, acts as the control experiment.

（2） Recycled carbon fibre. Here, pyrolysis-recycled carbon fibre is employed. Pyrolysis uses high-
temperatures to burn off the thermosetting resin, enabling recycling of the carbon fibre at the end-of-
life stage. Pyrolysis requires a moderate energy demand (24 – 30 MJ·kg−1) compared to the high 
energy demand induced chemical recycling (21 – 91 MJ·kg−1). While mechanical recycling, or 
grinding, yields a comparatively lower energy demand (0.1–4.8 MJ·kg−1), it does not allow for fibre 
to be recycled. Consequently, pyrolysis recycling is investigated in this study as most representative 
of industry practice and a viable large scale recycling method [31].

（3） Blended recycled carbon fibre. A 50% polypropylene and 50% pyrolysis-recycled carbon fibre 
blend is employed. Recycled fibre, particularly carbon fibre, may be blended with lower cost 
material, here polypropylene. This enhances the mechanical properties of polypropylene while 
reducing the cost of carbon fibre. As such, this represents a more cost-effective alternative that is 
also worthy of investigation.

For each material, the panel laminate consists of 10 CSM plies, each having a dry mass w = 200 g·m−2. 
All three types of carbon fibre are encapsulated in epoxy resin. Epoxy was preferred to polyester or vinylester 
alternatives because the latter yield harmful styrene emissions [32]. Furthermore, carbon fibre is most 
commonly employed with epoxy resin for high performance applications. All panels were manufactured 
using the infusion manufacturing process, in which a 0.8 atm vacuum pressure was applied to the dry 
laminate and used to draw the resin through. Infusion is most representative of high-performance composite 
manufacturing in the automotive industry [33].

The thickness t of the panels can be estimated [29] as

t =
w
ρ f ρm ( ρ f

Ψ
+ ρm - ρ f )  (1)

where ρ f and ρm are the fibre and matrix density, respectively, and Ψ is the fibre weight fraction, defined as 
the ratio of the dry fibre mass to the total mass of a composite laminate. The thickness estimation dictated the 
laminate stack design to meet the regulatory requirements for the samples’  thickness. Five samples (n = 5) 
for each material were then cut from the panels. The dimensions of the rectangular samples are in accordance 
with the ISO 527-4:2021 [30] for the determination of tensile properties, employed for the assessment of the 
mechanical properties of composite materials [27]. The measured sample sizes are compared to the ISO 
requirements in Table 1.
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2.2. Mechanical Testing

Experiments were undertaken on a universal uniaxial testing machine and in line with the ISO 527-4 

requirements for tensile tests (see Figure 1). Five samples were tested for each material to yield statistically 

relevant mechanical properties. All tests were conducted at a fixed displacement-driven test speed of 2 mm·min−1. 

The applied force and displacement were sampled at 100 Hz. The maximum standard deviation of the 

displacement rate recorded was of the order of 10−7 mm·min−1. Note that, while the ISO 527-4 does not 

specify any displacement rate accuracy, the achieved standard deviation is well below the required accuracy 

of other mechanical test requirements [34,35], namely ±1% min−1 [34] and ±0.5 mm·min−1 [35].

Based on the recorded forces and displacements for each tested sample, the mechanical properties are 

assessed as follows. First, the tensile strain ε is ascertained, using

ε =
DL
L

 (2)

where DL is the recorded elongation. Then, the tensile stress σ is given as

σ =
F
bt
 (3)

where F is the recorded force. Finally, the least squares method is applied for 0.0025 £ ε £ 0.025 (or yield, 

whichever occurs first) to give the tensile modulus E, based on

E =
σ
ε

. (4)

Table 1.　Sample sizes (n = 5) compared to the ISO 527-4 [30] requirements and fibre weight fractions.

Material

Virgin Carbon Fibre (VCF)

Recycled Carbon Fibre (RCF)

Blended Recycled Carbon Fibre (BRCF)

ISO 527-4 [30] requirements

Length, L [mm]

250 ± 0.1

250 ± 0.1

250 ± 0.1

≥ 250

Width, b [mm]

25 ± 0.1

25 ± 0.1

25 ± 0.1

25 ± 0.5

Thickness, t [mm]

4.42 ± 0.14

5.35 ± 0.27

5.78 ± 0.24

2 ≤ t ≤ 10

Weight 
Fraction, Ψ

0.338

0.285

0.282

n/a

 

Figure 1.　Experimental setup.
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2.3. Uncertainty Analysis

The uncertainty U associated with the results is the root sum of the precision A and the bias B, such that

U 2 =A2 +B2. (5)

The uncertainty is graphically represented in the form of vertical error bars in Section 3. The precision is 
defined as

A =
t95S

n
 (6)

where t95 is the t-value at the 95% confidence level and S is the standard deviation of the results. For n = 5, 
t95 = 2.776 [36].

The bias is a fixed error associated with the experimental setup and, thus, is constant for all experiments. 
The total bias limits of the stress and tensile modulus are B(σ) and B(E), respectively, and given in Equations 

(7) and (8). Because these quantities are not directly measured, the biases are a function of the individual 
biases for the variables in their regression equations, namely Equations (3) and (4), multiplied their sensitivity 
coefficients (partial differentials).

B (σ ) 2 = ( ¶σ¶F
B (F ) ) 2

+ ( ¶σ¶b
B (b) ) 2

+ ( ¶σ¶t
B (t ) ) 2

(7)

B (E ) 2 = ( ¶E
¶F

B (F ) ) 2

+ ( ¶E
¶b

B (b) ) 2

+ ( ¶E
¶t

B (t ) ) 2

+ ( ¶E
¶DL

B (DL) ) 2

+ ( ¶E
¶L

B (L) ) 2

(8)

The force and displacement bias limit are based on the manufacturer’s specification for the load cell 
employed and are, respectively, B(F) = 0.0001 N and B(DL) = 0.00005 mm. Other linear quantities are 

defined as half of the smallest measuring division, with B(L) = B (b) = 0.05 mm and B (t ) = 0.005 mm.

3. Results

3.1. Mechanical Properties

Figure 2 presents the tensile modulus E for VCF, RCF and BRCF. There is a 28.64% loss in tensile 
modulus for RCF compared to VCF, which is associated with the fibre degradation as part of the recycling 
process. Furthermore, the remanufacturing process of recycled carbon fibre appears to induce a lower fibre 
weight fraction (see Table 1), which is associated with reduced mechanical properties [27]. Because all cloths 
are CSM, the fibre orientation does not affect the results, though it may prove to further reduce the tensile 
modulus of cloths with aligned fibres. There is a further reduction in the tensile modulus for BRCF of 57.11% 
and 39.91% compared to VCF and RCF, respectively. Here, the additional reduction arises from the inclusion 
of 50% polypropylene. Indeed, given the experimentally assessed tensile modulus of RCF at 4425.77 MPa 
and the tensile modulus of polypropylene circa 1300 MPa, application of the rule of mixtures [29] would 
yield a theoretical tensile modulus of 2862 MPa for BRCF. This compares well to the experimental value of 
2659.59 ± 284.94 MPa. Therefore, the mechanical properties of BRCF are driven by the polypropylene 
content.

The tensile modulus is the key mechanical property influencing the structural design of stiffness-driven 
components. This is typically the case for single-skin (i. e., uncored) composite panels, where the design 
limitation is to maintain deflection below an acceptable level. For strength-driven applications, the focus is on 
limiting the stresses. Therefore, the breaking strength σb of each composite material was ascertained, with 
results presented in Figure 3.
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The results indicate a 43.00% and 45.21% loss in breaking strength for RCF and BRCF, respectively, 

compared to VCF. The difference between RCF and BRCF is minimal and within the uncertainty. However, 

despite similar breaking strength, there is a fundamental distinction in the failure mechanism, evidenced by 

the breaking strain εb (see Figure 4).

Indeed, while the breaking strain of RCF is 27.94% lower than that of VCF, BRCF demonstrates a 

20.61% higher breaking strain compared to VCF. This is a significant change in behaviour, driven by the 

polypropylene blend, and further demonstrates the potential of blended recycled carbon fibre in the tailoring 

of its mechanical properties, beyond the reduction in cost. The results for the tensile modulus, breaking 

strength and breaking strain of each material are summarized in Table 2.

Figure 4.　Breaking strain εb for virgin carbon fibre (VCF), recycled carbon fibre (RCF) and blended recycled carbon 
fibre (BRCF) (n = 5).

Figure 2.　Tensile modulus E for virgin carbon fibre 
(VCF), recycled carbon fibre (RCF) and blended 
recycled carbon fibre (BRCF) (n = 5).

Figure 3.　Breaking strength σb for virgin carbon fibre 
(VCF), recycled carbon fibre (RCF) and blended 
recycled carbon fibre (BRCF) (n = 5).
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The recycling of carbon fibre yields a loss in mechanical properties, quantified here for the tensile 
modulus, breaking strength and breaking strain. The use of polypropylene, blended with recycled carbon 
fibre, has been shown to alter the mechanical properties. The design implications, particularly in terms of 
material thickness, mass, cost and environmental impact, remain to be characterized.

3.2. Design and Manufacturing Implications

For a given design pressure P, and span s, the required thickness for stiffness-driven and strength-driven 
panels are given in Equations (9) and (10), respectively [37].

t = s
0.028P
0.01E

3

(9)

t = s
0.5P
σd

(10)

The design stress σd includes a factor of safety [38]. Assuming an identical value for all three materials, 
the value of the factor of safety may be neglected for the comparative calculations undertaken in this section. 
However, for design purposes, average experimental values should not be used. Instead, the lesser of 90% of 
the average value or the average value minus two standard deviations should be employed. The design values 
for the tensile modulus and strength are presented in Table 3.

To quantify the change in thickness of a recycled material (RCF or BRCF) compared to the virgin 
carbon fibre, the equivalent thickness ratio t/tVCF is defined. The thickness t is the required thickness for a 
given material, based on either a stiffness- (Equation (9)) or strength- (Equation (10)) driven criterion. This is 
then divided by the equivalent thickness tVCF, which represents the thickness of a VCF panel. Therefore, 
t/tVCF = 1 for VCF, and t/tVCF > 1 for a panel thicker than its VCF equivalent. The results are shown in Figure 5.

Table 2.　Average values (n = 5) of the tensile modulus E, breaking strength σb and strain at break εb, for virgin carbon 
fibre (VCF), recycled carbon fibre (RCF) and blended recycled carbon fibre (BRCF).

Material

VCF

RCF

BRCF

Tensile Modulus, E [MPa]

6201.65 ± 436.50

4425.77 ± 239.94

2659.59 ± 284.94

Breaking Strength, σb [MPa]

184.02 ± 34.91

104.88 ± 8.42

100.83 ± 10.84

Breaking Strain, εb

0.02183 ± 0.00082

0.01573 ± 0.00259

0.02633 ± 0.00065

Table 3.　Design values of the tensile modulus E and design strength σd, for virgin carbon fibre (VCF), recycled carbon 
fibre (RCF) and blended recycled carbon fibre (BRCF).

Material

VCF

RCF

BRCF

Tensile Modulus, E [MPa]

5581.49

3983.19

2374.65

Design Strength, σd [MPa]

149.11

94.39

89.99
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For a unit thickness, the mass m is computed as follows.

m = t [Ψρ f + (1 -Ψ ) ρm ] (11)

The equivalent mass ratio m/mVCF is then employed to assess the increase in mass (m/mVCF > 1) required 
to compensate for the lower mechanical properties of RCF and BRCF to match the performance of VCF. For 
VCF, m/mVCF = 1. The results are presented in Figure 6.

The loss of mechanical properties identified in Section 3.1 necessitates increases in the thickness and 
consequently mass for both stiffness and strength driven panels. This may, however, be as low as 9.37% for 
RCF under a stiffness-driven criterion, which would apply to single-skin panels, most commonly found in 
automotive manufacturing. This small increase in mass should be compared to the reductions in cost and 
environmental impact associated with recycled carbon fibre. Therefore, these will be quantified.

Figure 5.　Equivalent thickness ratio t/tVCF for stiffness- and strength-driven design using virgin carbon fibre (VCF), 
recycled carbon fibre (RCF) and blended recycled carbon fibre (BRCF).

Figure 6.　Equivalent mass ratio m/mVCF for stiffness- and strength-driven design using virgin carbon fibre (VCF), 
recycled carbon fibre (RCF) and blended recycled carbon fibre (BRCF).
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3.3. Objective Function and Decision Making

Compared to VCF, RCF and BRCF yield significant reductions in both cost C (67.89% and 81.02%, 
respectively) and embodied energy Hm (94.19% and 81.12%, respectively). These are both drivers behind the 
use of RCF and BRCF in automotive manufacturing. While the addition of polypropylene in BRCF allows 
further reduction in cost (40.90% lower than RCF), owing to the low price of polypropylene, this is 
associated with more than a three-fold increase in embodied energy, as shown in Table 4.

Both cost and embodied energy are extensive material properties, i. e., they vary directly with the 
amount of material employed. Section 3.2 evidenced an increase in mass due to the lower mechanical 
properties of recycled carbon fibre compared to virgin fibre. Here, an objective function O is defined to 
quantify the cost and embodied energy savings achieved, taking into account both the increased masses in 
Section 3.2 and average properties in Table 4. The objective function is computed as

O =
Hm

Hm VCF

k +
C

CVCF
(1 - k )  (12)

where Hm /HmVCF is the equivalent embodied energy ratio, C/CVCF is the equivalent cost ratio, and k is the 
relative importance coefficient (k = 1 for a solely embodied energy-driven decision, k = 0 for a solely cost-
driven decision and k = 0.5 for an equal weighting). For stiffness- and strength-driven design, O = 1 for VCF, 
which is the reference case. The lower the value of O, the more optimised a design is for its given objective 
(embodied energy or cost reduction in this instance). The results for 0 ≤ k ≤ 1 are presented in Figure 7.

The results yield a very clear divide between RCF, which provides the greatest reduction in embodied 
energy compared to both VCF and BRCF, and BRCF, which achieves the lowest overall cost. This is a direct 
consequence of the polypropylene blend, to use of which is intended to reduce the cost. There is, however, a 

Table 4.　Average cost C and embodied energy Hm values for virgin carbon fibre (VCF), recycled carbon fibre (RCF) 
and blended recycled carbon fibre (BRCF). Includes data from [39] and [40].

Material

VCF

RCF

BRCF

Cost, C [USD·kg−−1]

Range

45–92

18–26

10–16

Average

68.5

22

13

Hm [MJ·kg−−1]

Range

198–594

10–36

n/a

Average

396

23

74.4

Figure 7.　Objective function for stiffness- and strength-driven design using virgin carbon fibre (VCF), recycled 
carbon fibre (RCF) and blended recycled carbon fibre (BRCF).
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strong manufacturing argument in favour of RCF over BRCF: its coefficient of thermal expansion. For 
manufacturing process involving the application of heat, it is essential to maintain the same coefficient of 
thermal expansion for the mould and part. While the loss of mechanical properties of recycled carbon fibre 
may be critical for high performance and weight critical applications, making VCF most attractive for 
structural parts, RCF would benefit from retaining the same coefficient of thermal expansion. This would, 
therefore, make moulds an ideal application of recycled carbon fibre in high performance racing cars, 
resulting in lower cost and higher sustainability.

4. Conclusions

Experimental characterization of the mechanical properties of virgin carbon fibre, recycled virgin 
carbon fibre and blended recycled virgin carbon fibre (comprising 50% polypropylene fibre) has been 
undertaken using short fibre mats in accordance with the relevant ISO standards. The aim was to quantify the 
potential of recycled carbon fibre compared to virgin carbon fibre for automotive manufacturing.

There is a reduction in mechanical properties, namely the tensile modulus and breaking strength, for 
recycled carbon fibre compared to virgin carbon fibre, which is associated with fibre degradation during the 
recycling process and a lower fibre weight fraction. The mechanical properties are further influenced in the 
case of blended recycled carbon fibre by the blend material, in this instance polypropylene, which causes a 
further reduction in the value of the tensile modulus. Because of the loss of mechanical properties, recycled 
carbon fibre is associated with a moderate increase in both thickness and mass compared to virgin carbon 
fibre, which has been quantified in this work for both stiffness- and strength-driven design criteria, the former 
being more representative of the single-skin panels employed in automotive manufacturing.

Both recycled and blended recycled carbon fibre yielded significant reductions in cost and embodied 
energy, key considerations for the manufacturing of automotive parts. Blended recycled carbon fibre proved 
to be the most suitable option for cost driven application, owing to the low cost of the polypropylene 
component. However, the recycled carbon fibre yielded the lowest environmental impact. Furthermore, 
recycled carbon fibre maintains the same coefficient of thermal expansion as virgin carbon fibre, making it an 
attractive material for the manufacturing of the moulds in high performance racing cars, where the weight 
driven design would require the use of virgin carbon fibre for the structural parts.

These results provide a novel quantitative assessment of the mechanical properties, equivalent cost and 
embodied energy of recycled carbon fibre, together with a supporting decision-making methodology. It is 
envisaged that these results may support future automotive designs and may contribute to further 
developments in sustainable composite manufacturing in the automotive industry.
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Nomenclature

A

b

B

C

CVCF
E

F

Hm

Hm,VCF

k

L

m

mVCF

n

O

P

s

S

t

Precision [-]
Sample width [mm]

Bias [-]
Cost [USD·kg−1]

Cost of VCF [USD·kg−1]
Tensile modulus [MPa]

Force [N]
Embodied energy [MJ·kg−1]

Embodied energy of VCF [MJ·kg−1]
Relative importance multiplier [-]

Sample gauge length [mm]
Mass [kg]

Mass of VCF panel [kg]
Number of samples [-]
Objective function [-]

Pressure [MPa]
Span [m]

Standard deviation [-]
Thickness [mm]

tVCF
t95

U

w

ΔL

ε

εb
ρf
ρm
σ

σb
σd
ψ

BRCF
CFRP
CSM
RCF
VCF

Thickness of VCF panel [mm]
t-value at the 95% confidence level [-]

Uncertainty [-]
Dry mass [g·m−2]
Elongation [mm]

Strain [-]
Breaking strain [-]

Fibre density [kg·m−3]
Matrix density [kg·m−3]

Stress [MPa]
Breaking strength [MPa]
Design strength [MPa]

Fibre weight fraction [-]
Blended recycled carbon fibre

Carbon fibre reinforced polymer
Chopped strand mat

Recycled carbon fibre
Virgin carbon fibre
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