
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material extrusion additive manufacturing of recycled
discontinuous carbon fibre reinforced thermoplastic composites
with different fibre lengths: Through-process microstructural
evolution and mechanical property loss

Citation for published version:
Wu, J, Zhang, K & Yang, D 2023, 'Material extrusion additive manufacturing of recycled discontinuous
carbon fibre reinforced thermoplastic composites with different fibre lengths: Through-process
microstructural evolution and mechanical property loss', Additive Manufacturing, vol. 78, 103839.
https://doi.org/10.1016/j.addma.2023.103839

Digital Object Identifier (DOI):
10.1016/j.addma.2023.103839

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Additive Manufacturing

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 13. Nov. 2023

https://doi.org/10.1016/j.addma.2023.103839
https://doi.org/10.1016/j.addma.2023.103839
https://www.research.ed.ac.uk/en/publications/96fe068b-d85b-41fa-b743-7ff7be2c0953


Additive Manufacturing 78 (2023) 103839

Available online 20 October 2023
2214-8604/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Material extrusion additive manufacturing of recycled discontinuous 
carbon fibre reinforced thermoplastic composites with different fibre 
lengths: Through-process microstructural evolution and mechanical 
property loss 

Jiang Wu , Ka Zhang , Dongmin Yang * 

School of Engineering, Institute for Materials and Processes, University of Edinburgh, EH9 3FB Edinburgh, UK   
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A B S T R A C T   

This paper investigates the evolution of recycled fibres and their influence on the mechanical property loss in 
material extrusion additive manufacturing of discontinuous carbon fibre reinforced polyamide-6 thermoplastic 
composites. For the first time, recycled carbon fibres in a broad range of 100 µm - 2.8 mm lengths with a 
consistent fraction of 20 wt% were produced in composite flakes as feedstock with specific sizes, which were 
screw-extruded into filament for material extrusion additive manufacturing. Comprehensive characterisations 
were carried out to trace the evolution of material microstructure throughout the recycling and manufacturing 
processes. The void content, fibre orientation, fibre length and its breakage were analysed. Tensile tests show 
that the printed composites with the longest fibre length of 433 µm have the highest tensile strength of 126 MPa 
and tensile modulus of 6.4 GPa, which are 37% and 63.2% higher than the sample with a conventional 0.1 mm 
length of milled fibres. Specifically, it was found that the fibre length in 1.4 mm flakes was reduced to 750 µm by 
screw-extrusion (with customised auger teeth and extruder nozzle) and further reduced to 324 µm by material 
extrusion (with a nozzle diameter of 1 mm). It has been experimentally identified that the tensile strength of the 
current 3D printed composites using the initial fibre length of 1.4 mm in coupon can be further increased by more 
than 55.6% if properly reducing the air voids, fibre breakage and improving the fibre orientation.   

1. Introduction 

The global recycled carbon fibre market size is predicted to reach 
USD 222 million by 2026, about 12% growth during the forecast period 
compared to 126 million in 2021 [1]. Recycled carbon fibres can retain 
the tensile properties of virgin fibres [2,3], thus they are of high value to 
be reused in the composites manufacturing industry. At present, recy-
cled carbon fibres produced through mechanical or pyrolysis recycling 
processes are usually used in the form of discontinuous fibres such as 
chopped fibres, milled fibres and fibre fragments. Since thermoplastic 
polymers are possibly 100% recyclable, their combination with recycled 
carbon fibres can be a sustainable route forward. 

Material extrusion (MEX) additive manufacturing (AM) technique, 
also known as 3D printing, has the potential for the manufacture of 
recycled fibre reinforced thermoplastic composites, and it offers 
freedom to fabricate composites with complex shapes [4,5], and fibre 

distribution and alignment would be improved due to the shearing ef-
fects caused by flowing in printing [6], [7–9]. And Fused Filament 
Fabrication (FFF), as the most cost-effective processes in additive 
manufacturing, used fabricated filament for the production of functional 
components. Filament extrusion is utilized in the manufacturing of fibre 
reinforced composites. However, this process presents challenges as the 
production of filaments is influenced by process parameters and raw 
materials. For instance, it has been reported that during filament pro-
duction, extrusion temperature, nozzle shape, and fibre fraction of the 
raw materials can impact filament diameter, expansion percentage, and 
extrusion rate [10]. In previous research, it has been reported that the 
mechanical properties of virgin discontinuous carbon fibre reinforced 
composites were affected by fibre types, fibre fraction, matrix type, 
adhesion between fibres and matrix, distribution of fibres in matrix, 
hygroscopicity of fibres, fibre aspect ratio, thermal stability, surface 
energy and thermal expansion coefficient matrix properties [3,11–18] as 
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well as processing parameters [19,20]. Hence, the production of uni-
form and stable fibre reinforced filaments is crucial for FFF printing. As 
for printing, minimising the printing speed, and optimizing nozzle and 
bed temperature can improve the tensile strength of the printed 
discontinuous fibre composites [20]. Previous studies have mainly 
focused on the effects of short fibre fraction and void content on the 
mechanical properties of short fibre reinforced composites [9,21]. For 
example, Tekinalp et al. [9] found that the tensile strength and modulus 
of 3D printed discontinuous CF/ABS composites with a fibre fraction of 
30 wt% were improved by 115% and 700%, respectively, as compared 
to the printed neat ABS polymer. Reclaimed carbon fibre (rCF) rein-
forced polyamide (PA) composites via FFF showed the same trend, with 
the mechanical properties improved by 243% for tensile strength and 
562% for tensile modulus for a fibre fraction of 30 wt% as compared to 
printed neat PA [6]. Despite that higher fibre fractions are desired in 
principle for better mechanical performance, existing research has 
shown that when fibre fraction exceeds 30 wt% more printing defects 
could be induced in printed composites, resulting in reduced tensile 
strength [6,9]. This is the case for chopped/milled fibres with a typical 
average fibre length of around 100 µm, whilst increased fibre lengths 
may lead to further improved mechanical performance of the printed 
composites. In discontinuous fibre reinforced polymer composites, the 
critical fibre length lc is considered to be the length to obtain the full 
fibre strength [22], i.e., 

lc =
σuf • D

2τ (1)  

Where σuf is the fibre strength, D is the average fibre diameter and τ is the 
fibre-matrix interfacial shear strength (IFSS). As for carbon fibre and 
PA6, the critical length is calculated to be 700 µm for a fibre strength of 
4000 MPa, a fibre diameter of 7 µm and an IFSS of 20 MPa [23]. 

However, very few research works were reported to investigate the 
effect of fibre length on the mechanical properties of FFF printed com-
posites. This was partly because there has been a lack of techniques to 
produce composite filaments with longer fibre lengths through the 
existing conventional screw-based extrusion. In addition, due to the 
variation of extrusion pressure in the printer nozzle, the fibre lengths are 
difficult to control and maintain during the FFF process. For commercial 
printer nozzles with standard diameters in the range between 0.4 mm 
and 1 mm, chopped or milled fibres with a length smaller than the 
nozzle diameters are used, typically between 100 µm and 200 µm, to 
avoid potential nozzle clogging [24]. Ning et al. [21] compared the 
tensile strength of FFF printed composites with two different fibre 
lengths in a relatively small range (100 µm and 150 µm), and the result 
showed that the composites with a fibre length of 150 µm provide better 
tensile properties than 100 µm, with tensile modulus reaching 2.4 GPa 
and tensile strength of 45 MPa. Krajangsawasdi et al. [25] fabricated 
highly aligned long discontinuous CF/PLA filament using tapes (with 
3 mm constant fibre length) and the tensile strength of printed coupons 
were reduced by 44.6% (104 MPa) as compared to the filament 
(188 MPa), which was possibly caused by the additional manufacturing 
defects induced during the printing, despite, the real fibre length in the 
printed composites was not characterised and measured. 

Due to the limited and scattered results in the literature on FFF 
printing of discontinuous fibre composites with a broad range of fibre 
length from microns to millimetres, it is still unclear how the fibre length 
is reduced during the extrusion and printing processes and how it sub-
sequently affects the mechanical properties of the printed composites. 
Therefore, this paper aims to experimentally investigate how the fibre 
length evolves throughout the filament fabrication and the FFF printing 
processes for composites with an initial fibre length from 100 µm to 
2.8 mm. Comprehensive characterisations of the filament and printed 
composites are carried out to trace the evolution of material micro-
structures (fibre length, fibre orientation and void content) and establish 
their relationship with the mechanical property loss of the printed 

composites through mechanical tests. The paper is organised as follows. 
Section 2 briefly recovers the theory for predicting fibre efficiency in 
short fibre reinforced composites. Section 3 presents the experimental 
methodology including material preparation, filament fabrication, and 
FFF printing as well as mechanical testing and characterisation. Exper-
imental results for virgin filament and printed composite are presented 
and discussed alongside the theoretical predictions in Section 4. Con-
clusions are drawn in Section 5 with suggested future works. 

2. Methodology: theoretical 

Theoretical predictions from empirical models were used to compare 
the subsequent experimental results. According to the modified Kelly- 
Tyson equation, the predicted tensile strength of discontinuous fibre 
composites with different fibre lengths is calculated by [22]: 

σc = νf ⋅δf

[(
∑lc

li=lmin

(
li

2lc

))

+
∑lc=lmax

lc

(

1 −
Lc

2li

)]

+ δm
(
1 − νf

)
(2)  

Where σc is the tensile strength of composite, δf is fibre tensile strength 
and δm is matrix tensile strength, and lc is the critical fibre length which 
was mentioned before. νf is fibre volume fraction. 

It has been understood that the fibre orientation also affects the 
tensile strength of the discontinuous fibre reinforced composite, which 
can be considered as an angle ply lamina with off-axis tensile strength 
being calculated by the modified Tsai-Hill criterion [26]: 

σ(θ) =
[

cos4θ
σ11

2 +

(
1

τ12
2 −

1
σ22

2

)

sin2θcos2θ +
sin4θ
σ22

2

]− 1
2

(3)  

Where θ is the angle between fibre orientation and loading direction; 
σ11, σ22 and τ12 represent longitudinal tensile strength, transverse 
tensile strength and shear strength of composites, respectively. Under 
uniaxial tension, σ11 becomes σc from Eq. (2). And for well-bonded fi-
bres, the composite shear strength was suggested by Purslow [27] that: 

τ12 =
τm

(
1 + vf

)2 (4)  

Where τm is matrix shear strength. 
The off-axis elastic modulus of composites is determined by: 

E(θ) =
[

cos4θ
E11

+
sin4θ
E22

+
1
4

(
1

G12
−

2ν12

E11

)

sin22θ
]− 1

(5)  

Where E11 is given below according to the Cox shear-lag model [26]: 

E11 = Ef

[

1 −
tanh(βl∕2)

βl∕2

]

vf + Em
(
1 − vf

)
(6)  

Where Ef and Em are the elastic modulus of fibre and matrix, and β is 
given as: 

β =

⎡

⎣ 2πGm

Ef

(
πr2

f

)
ln
(
R
/

rf
)

⎤

⎦

1
2

(7)  

Where Gm is the shear modulus of the matrix, R is the mean separation of 
fibre length and rf is fibre radius. Where R is the mean inter-fibre 
spacing. 

ln
(

R
rf

)

=
1
2

ln

(
2π
̅̅̅
3

√
Vf

)

(8) 

E22, G12 and ν12 are calculated below. 

G12 = Gm
(
1+ 2η2vf

)
∕
(
1 − η2vf

)
(9)  
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E22 = Em
(
1+ 2η1vf

)
∕
(
1 − η1vf

)
(10)  

ν12 = νf Vf + νm
(
1 − Vf

)
(11)  

Where, 

η1 =

(
Ef

Em
− 1
)

∕
(

Ef

Em
+ 2
)

(12)  

η2 =

(
Gf

Gm
− 1
)

∕
(

Gf

Gm
+ 1
)

(13)  

Where νf and νm is the Poisson’s ratio of fibre and matrix, respectively, 
Gf is fibre shear modulus and Gmis matrix shear modulus. Using exper-
imental values measured from Section 2, the theoretical tensile strength 
σc and tensile modulus E(θ) can be calculated from Eq. (3) and Eq. (5), 
respectively, which were then used in Section 4 for discussion. 

3. Methodology: experimental 

3.1. Sample preparation 

Screw-based extrusion is a common method to fabricate thermo-
plastic filaments for FFF printing [28]. In previous research, it has been 
found that carbon fibre length could be reduced during the mixture and 
extrusion process [9,29]. In order to ensure a uniform distribution of 
fibres within the produced filaments, we opted for pre-made composite 
flakes. This decision was made after considering the challenges associ-
ated with directly mixing 3 mm fibre pellets and PA6 pellets. Due to the 
significant difference in shape between the two types of pellets, the PA 
pellets tended to prioritize entering the heating barrel, leading to an 
uneven distribution of fibres. Therefore, the flakes were seized into 

different sizes such that each type of flake has a specific fibre length. The 
filament was fabricated using an in-house developed screw-based 
extruder with a modified nozzle to maintain the fibre length as much 
as possible and then printed on an FFF printer to produce samples for 
mechanical tests. A flowchart diagram for the experiment was shown in  
Fig. 1. More details for each step of the experiment were described 
below. 

3.1.1. Preparation of rCF/PA6 flakes 
PA6 pellets (Akulon f136c) were sourced from DSM Ltd. Recycled 

carbon fibre mats were supplied by Easy Composites Ltd. Before the 
experiment, PA6 pellets were stored in an oven at 60 ℃ for 12 h to 
remove moisture. PA6 pellets were spread on the carbon fibre mats in a 
300 mm × 300 mm hot press mould. A temperature of 275 ◦C and a 
pressure load of 15 kN were used in a hot press (PEI Lab 450) to produce 
the composite plates. After that, the composite plates were chopped into 
10 mm × 10 mm flakes, which were then ground in a grinder at a speed 
of 27,000 rpm for 6 min. The scraps obtained from the grinder were 
sieved into different sizes using four meshes in order, i.e., initial fibre 
lengths of 0.1 mm, 0.7 mm, 1.4 mm and 2.8 mm. This led to four 
different sizes of recycled carbon fibre reinforced polyamide-6 (rCF/ 
PA6) flakes. In the experiment, 20% weight-fraction flakes were 
prepared. 

3.1.2. Screw-based extrusion of rCF/PA6 filament 
Due to the fact that commercially available extruders are often 

suitable for extruding short fibre reinforced composites, an in-house 
extrusion system was developed with reference to the RepRapable 
Recyclebot [30], in order to fabricate discontinuous carbon fibre rein-
forced polyamide filaments with fibre lengths longer than the 
100–150 µm conventional milled fibres. An auger with deep teeth of 
5 mm (Fig. 1b) and a DC motor with a torque of 85 Nm were selected for 

Fig. 1. Flowchart of the experiment from virgin materials, through filament fabrication and printing, to mechanical tests: (a) original extruder nozzle (left) and 
modified extruder nozzle (right), (b) modified screw auger with deep teeth, (c) raster failed to stick to the bed during printing at 0.4 mm nozzle height, and (d) raster 
stuck to the bed at 0.3 mm nozzle height. 
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extrusion to ensure the largest flakes can be pushed into the heating 
zone. Increasing the depth of the screw is intended to accommodate 
flakes with the maximum size exceeding 3 mm, ensuring their proper 
advancement into the heating barrel. And with fibre length increases, 
the extrusion speed decreases. Therefore, the utilization of a high-power 
motor is necessary due to the inadequacy of the initially used low-power 
motor to propel the large-sized flakes into the heating barrel. In addi-
tion, the extruder nozzle length was increased to better align the carbon 
fibres (especially the longer fibres) and avoid the clogging and blockage 
of long fibres in the nozzle. Specifically, a copper nozzle with a 1.2 mm 
diameter outlet and 40 mm depth (Fig. 1a) was designed for successfully 
extruding all the flakes produced above, as a smaller nozzle angle can 
help to align fibre orientation and reduce the amount of fibre breakage 
[31], decreasing the cone angle will result in a decrease in axial resis-
tance within the nozzle [32]. The diameter of the extruded filaments was 
measured to be 1.2 ± 0.4 mm. The selection of filament diameter for 
filaments is determined by the size of Prusa filament feeding gears. 

3.1.3. Material-extrusion based 3D printing 
Coupons for tensile tests were manufactured by an FFF 3D printer 

(Prusa i3 MK3s), as shown in Fig. 1. In order to avoid the blockage and 
fibre breakage in the printer nozzle when printing longer fibres [24,33, 
34], a relatively large, 1 mm diameter nozzle was used for all filaments. 
The nozzle temperature and bed temperature were set as 275 ◦C and 
110 ◦C, according to the datasheet of Akulon f136c respectively, and the 
printing speed was set as 15 mm/s since a low deposition speed can help 
to enhance the adhesion of filament and avoid defects in the printed 
composite coupons. According to Krajangsawasdi et al. [25] a low 
nozzle height would cause a matrix-rich area and change the raster 
width. During the printing experiment, it was found that a lower nozzle 
height and a higher flow rate tended to cause nozzle clogging as the fibre 
length and volume fraction increased. In addition, the deviation of the 
filament diameter would also cause the filament to bend during the 
filament feeding process, leading to occasionally insufficient feeding 
forces and thus more likely blockages in the nozzle. After a few trials it 
was found that at a nozzle height of 0.4 mm, the printed filament 
(fabricated by flakes with 1.4 mm initial fibre length) failed to stick to 
the previous layer (see Fig. 1c), whereas a conventional nozzle height of 
0.15 mm [21] caused the nozzle clogging issue. As such the nozzle 
height of 0.3 mm was found suitable for successfully printing out the 
filaments with a fibre content of 20 wt% (see Fig. 1d). It should be noted 
that this study aims to explore the effect of fibre length and orientation 
on the tensile properties of FFF printed composites, therefore it was 
decided to use consistent printing parameters for printing all samples 
with the same fibre content. However, 0.3 mm nozzle height was not 
necessarily optimal for very short fibre reinforced filaments (e.g. fibre 
length less than 200 µm) as it would induce more defects in the printed 
composites such as air voids and weak bonding between adjacent 
printing beads [33,34]. Despite this, nozzle clogging still occasionally 
occurred with the 0.3 mm nozzle height. As we increased the fibre 
length, existing FFF printing process proved incapable of fabricating the 
desired composite structures. The polymer and fibres completely 
blocked the printer nozzle. Therefore, with the current printing set-up (i. 
e., nozzle diameter around 1 mm and layer height around 0.3 mm), it is 
not possible to achieve fibre lengths exceeding 0.7 mm through FFF 
printing. However, it may be feasible to achieve fibre lengths exceeding 
0.7 mm by considering lower volume fractions, such as 5%− 7% fibre 
volume fraction, but this is out of the scope of the current study. The 
printing path is auto-designed and extrude volume rate is improved to 
150% in Cura, to avoid uneven extrusion caused by uneven filament 
diameter. 

3.1.4. Hot-press post-processing 
As the theoretical formula only considers fibre orientation and does 

not account for porosity, the hot-pressed coupons and filaments will be 
included in the experiments to study the factors contributing to the 

reduction in mechanical performance of discontinuous fibre reinforced 
composites during FFF printing. This decision is based on the consid-
eration that the hot-pressing is more mature for manufacturing discon-
tinuous fibre reinforced composites compared to FFF printing. The 
mechanical properties of the samples obtained through hot pressing, 
including the coupons and filaments, are expected to be closer to the 
theoretical values. This is because the hot pressing reduces porosity, 
which is a factor that can adversely affect the mechanical performance 
of the composites. Furthermore, the aligned fibre orientation achieved 
during FFF printing is preserved during the hot pressing, minimizing the 
deviations from the theoretical predictions. The selected FFF printed 
samples and filaments were post-processed in moulds with a hot press 
(PEI Lab 450) machine, with the intention to reduce the porosity and 
investigate how porosity would contribute to mechanical property loss. 
The samples were hot pressed with 210 ◦C and 1 kN press force for 
20 min, and the temperature gradient is 10 ◦C/min. The temperature- 
pressure processing parameters were adopted from Pascual-González 
et al., [35] for CF/PA6 composites. 

3.2. Mechanical tensile tests 

Each coupon has a design size of 150 mm × 16 mm × 1 mm, ac-
cording to ASTM D3039 [36] (tensile test for polymer matrix composite 
material reinforced by high-modulus fibres), instead of the ASTM D638 
[37] for composites [38]. The mechanical tensile tests were performed 
at a strain rate of 2 mm/min on an Instron 3369 machine with a 10 kN 
load cell. For each sample, three coupons were prepared and tested to 
avoid randomness. All coupons were dried in an oven at 60 ◦C for 12 h 
before the test to remove the moisture. 

3.3. Characterisation of microstructures 

Morphology including fibre length, fibre orientation and void con-
tent of 20 wt% samples were characterised and measured to trace their 
evolution throughout the experimental processes and quantify their 
influences on the mechanical property loss in FFF printed 20 wt% rCF/ 
PA6 composites. 

Composite filaments and printed coupons were soaked with formic 
acid in bottles. After PA6 was dissolved the formic acid was extracted 
with a dropper and placed on a glass slide. Once the formic acid evap-
orated the remaining fibres were observed under an optical microscope 
(Axioskop 2 Optical, ZEISS) and SEM (TM4000Plus, HITACHI). Fibre 
lengths need to be manually measured, therefore at least 1000 fibres 
counted for each sample for statistical purposes [39,40]. Details are 
shown in Appendix A. 

To measure the void contents, after composite filaments were sanded 
and polished, the cross-section of samples was observed under the mi-
croscope (Axioskop 2 Optical, ZEISS). In addition, porosity Vp of cou-
pons was also calculated according to the volumetric porosity equation 
[6]: 

Vp =

(

1 −
ρm

ρt

)

× 100% (14)  

Where ρm is measured density and ρt is theoretical density. Samples were 
cut into regular shapes. Dimensions were measured to calculate the 
volume and mass was weighed on a digital balance scale (Adventurer™, 
Ohaus). Average density was then calculated for all coupons. The 
recycled carbon fibre and PA6 had a density of 1.36 g/cm3 and 1.13 g/ 
cm3, therefore the composite had a corresponding theoretical density of 
1.17 g/cm3 for a fibre content of 20 wt%. The longitudinal section im-
ages of samples were observed [41]. Each fibre in the image was iden-
tified and its angle with respect to the initial build orientation was 
measured, where the average angle of all fibres was considered as the 
initial direction of samples (Appendix A). 
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4. Results and discussion 

4.1. Evolution of fibre length 

Fig. 2 illustrated the statistical distributions of fibre length for all 
filaments and printed coupons. The initial fibre length in the flake was 
assumed to be close to the size of the seized flakes, and for better clar-
ification, the filaments and printed coupons were labelled according to 
the size of the flakes, i.e., 1.4 mm filament and 1.4 mm coupon referred 
to the filament and coupon made from the 1.4 mm size flake. For the first 
two cases with initial fibre lengths of 0.1 mm and 0.7 mm, it was found 
that the fibre lengths were much more concentrated between 0.1 mm 
and 0.2 mm, thus smaller intervals were used for the range below 
0.2 mm whilst coarser intervals were used for the range above 0.2 mm. 
This led to better contrast and comparison of the fibre length distribu-
tions (in terms of µm) in the filaments and coupons as shown in Figs. 2a 
and 2b, with intervals including [0,100], [100,200], [200,700], 
[700,1400], [1400,2800] and [2800,5000]. When long fibres were used 
in the cases of 1.4 mm and 2.8 mm, the fibre length distributions were 
found to flatten out with more concentrations in the range between 
0.1 mm and 0.7 mm, thus an insert of 0.3 mm was used instead, which 
eventually led to the intervals of [0,100], [100,300], [300,700], 
[700,1400], [1400,2800] and [2800,5000]. 

In general, longer fibres were more likely to be fragmented during 
both the screw-extrusion and FFF printing processes [42]. For all four 
cases with a fibre fraction of 20 wt%, the fibre length was reduced. 
When very short fibres were used in the case of 0.1 mm initial fibre 
lengths, the majority of the fibres have a length below 200 µm in both 

filaments and printed coupons (see Fig. 2a). After printing the fibre 
length distribution was slightly spread out but still concentrated in the 
[100,200] domain. A similar trend can be seen for the case of 0.7 mm 
initial fibre length in Fig. 2b, except more fibres were found to preserve a 
length between 100 µm and 200 µm after FFF printing, as compared to 
the case of 0.1 mm. 

When relatively longer fibres, such as 2.8 mm long fibres, were used 
in screw-extrusion (see Fig. 2d), the peak frequency of fibre length was 
shifted to the domain of [300,700] in the filament, with noticeable 
distributions in the domains of [700,1400] and [1400,2800]. The dis-
tributions showed that the majority of the fibres experienced severe 
breakage, with only about 21.1% and 3.6% of fibres preserving the 
initial fibre length of 1.4 mm and 2.8 mm, respectively. The fibre length 
was further reduced after FFF printing, leading to a more narrowed 
distribution centred at [100,300] for the 1.4 mm case and [300,700] for 
the 2.8 mm case. It should be noted that in the case of 2.8 mm initial 
fibre length, a substantial amount (~39.6%) of fibres preserved a length 
between 100 µm and 300 µm, and 45.1% fibres have a length between 
300 µm and 700 µm. The average fibre lengths for printed coupons were 
145 µm, 248 µm, 324 µm and 433 µm, respectively. 

Fig. 3 shows the evolution of average fibre length, from flakes 
through filaments to the final coupon, for the case of 1.4 mm initial fibre 
length as an example. It can be seen that the average fibre lengths in the 
flake were very close to the initial length. Although the carbon fibres 
were hot pressed with PA6 and chopped into flakes with similar sizes 
before feeding to the screw extruder, the fibre lengths were still reduced 
during the extrusion processing, resulting in a lower average fibre length 
in the filament (i.e.,750 µm). The average fibre length was further 

Fig. 2. Evolution of fibre length distribution in filaments and coupons.  
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reduced to 324 µm after printing. With the same printing conditions 
(1 mm nozzle and 0.3 nozzle height), compared to short fibre breakage 
during FFF processing (81 µm fibre length in filament reduced to 76 µm 
during FFF) [34], longer fibre breakage appears to more severe (750 µm 
fibre length in filament reduced to 324 µm during FFF). In order to 
better identify the reason for fibre breakage in the FFF printing process, 
the fibre length of the extruded bead above the printer bed was also 
measured, i.e., 471 µm. This confirmed that fibre breakage occurred in 
the printer nozzle during extrusion, due to the interaction between fibres 
as well as the collision between the fibres and the nozzle internal wall 
surface [9,13,33,43]. Unlike short fibre breakage during the deposition 
stage [34,38], it was identified (by extracting the filament from the 
nozzle and examining it by SEM in Fig. 3f) that the long fibres already 
experienced severe breakage. This indicates that the fibre breakage 
during the FFF process occurs in two stages. The first stage is caused by 
the extrusion pressure in the nozzle. After the breakage, if the reduced 
fibre length after stage 1 is printable with the printing parameters (for 
example, the reduced fibre lengths after the first stage can be printed 
successfully with a 1 mm nozzle diameter and 0.3 mm nozzle height in 
this experiment), the polymer and fibres will enter the second deposition 
stage and suffer another breakage. The second-stage fracture may be 
influenced by the ratio of layer height to fibre length in the printing 
process. In this study, the majority of fibre lengths were significantly 
greater than the printing layer height. And it is indicated that under the 
same fibre length, reducing the layer height can result in more severe 
fibre fracture [34]. This can explain why the nozzle is more prone to 
clogging at lower nozzle heights, as the fibre length after the first stage 
of breakage may not satisfy the conditions for lower nozzle heights. 

4.2. Morphological analysis 

Fig. 4a, b, c and d depict images of the longitudinal section of rCF/ 
PA6 filaments. It is evident that when the fibre length is under 1.4 mm, 
the filament exhibits better geometric shape and fibre alignment. Spe-
cifically, the diameter of filaments with an initial fibre length over 
1.4 mm exhibits poorer uniformity, as shown in Fig. 4c and d. For fila-
ment with an initial fibre length of 2.8 mm, the diameter substantially 
varies in a big range between 0.99 mm and 1.3 mm. Furthermore, the 
fibre alignment in Fig. 4c and d is worse compared to Fig. 4a and b. This 
finding aligns with the work by Sam-Daliri et al. [44] that the aspect 
ratio of the fibres can influence the uniformity of filament diameter. The 
printed coupons exhibit a similar trend in Fig. 4e, f, g and h. In coupons 
with an initial length of 0.1 and 0.7 mm (Fig. 4e and f), the fibre dis-
tribution is uniform. However, as the fibre length increases, the distri-
bution of fibres becomes more uneven, and the alignment becomes more 
disordered, as shown in Fig. 4g and h. Some of carbon fibres are pull out 
during polishing process, as shown in Fig. 4h. This may be attributed to 
poor fibre alignment and weak fibre/matrix interfacial bonding. Addi-
tionally, there are more visible voids in coupons with an initial fibre 
length over 1.4 mm, as shown in Fig. 4g and h compared to coupons 
with an initial fibre length under 1.4 mm (Fig. 4e and f). This is in 
agreement with what has been reported by Sam-Daliri et al., [44] that a 
higher aspect ratio can result in reduced flow rates and increased 
porosity due to nozzle clogging. 

4.3. Evolution of fibre orientation 

The fibre orientations are represented as B-spline curves in Fig. 5. It 
was reported in our previous work that the fibres are generally well 
aligned in the filament with a fibre length of 118 µm, however, after FFF 

Fig. 3. Microscopic images of fibre length of (a) flakes, (b) filaments and (c) bead and (d) coupons of 1.4 mm initial fibre length samples, (e) evolution of average 
fibre length in the case with an initial fibre length of 1.4 mm, (f-h) SEM image showing obvious reduction of displayed fibre length in printer nozzle during 
extrusion processing. 
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Fig. 4. SEM images of longitudinal section of filaments (a-d) and microscopic images of longitudinal section of coupons (e-h).  
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printing fibre orientation becomes more disordered [33]. Fig. 5 showed 
the evolution of fibre orientation in filament and coupon with different 
fibre lengths. It can be clearly observed that the fibre orientation in the 
filaments (with the same diameter) was slightly decrease with the 
increasing fibre length, with similar Gaussian distributions as shown in 
Fig. 5a. This may be attributed to a decrease of the filament uniformity 
as shown in Fig. 4d. After FFF printing, composite coupons showed 
much more disordered fibre orientation, especially for the case with an 
initial fibre length of 2.8 mm, where the printed composite became 
highly anisotropic (see Fig. 5b). 

4.4. Evolution of porosity 

Fig. 6 illustrates that the porosity increased with the fibre length and 
fraction in the filaments. This was due to the fact that carbon fibres 
increase the viscosity and reduce the flow-ability of the polymer [39, 
45], impeding the melt flowing and the degassed air caused the 
increasing porosity during the extrusion process [39]. It has also been 
reported that an increase in the length of fibres increases the loss 
modulus of polymers, indicating that longer fibres result in increased 
viscosity and slower flow [46]. Similarly, the porosity also increased as 
fibre length increaseed in the FFF printed coupons. It has been reported 
that FFF printing could reduce the voids inside the raster and enhance 
the bonding interface between the fibre and the matrix when printing 
very short fibres, e.g. 118 µm [33]. However, as a constant 1 mm 

diameter nozzle was used in this study at a relatively high nozzle height 
of 0.3 mm to allow the printing of longer fibre composites (e.g. the case 
with 2.8 mm initial fibre length), the printing parameters were not 
intentionally optimised and thus tended to cause more voids between 
each raster. As a result, there appeared to be very high porosity in the 
printed composites with initial fibre lengths 1.4 mm (17.77%) and 
2.8 mm (17.11%), which consequently would negatively affect their 
tensile properties. It is worth noting that as the initial length increased 
from 0.1 mm to 0.7 mm, the porosity showed a reduction for filaments. 
The process of manufacturing filaments using a screw-based extruder is 
complex and is influenced by factors such as the temperature distribu-
tion within the heating barrel, extrusion speed and other environmental 
factors. During the experimental process, there may be variations in the 
actual operating conditions of the extruder, and the distribution of voids 
within the filaments is more random, leading to disparities between the 
actual porosity and the expected results. However, when considering the 
porosity results of both the filaments and the coupons, the porosity 
values for 0.1 mm and 0.7 mm are close, and they exhibit significant 
differences compared to the 1.4 mm and 2.8 mm groups. Therefore, this 
does not affect the conclusion that fibre length influences porosity. 

4.5. Mechanical property loss 

The fibre length, fibre fraction, fibre orientation as well as porosity 
collectively determines the mechanical properties of the FFF printed 
composites. To theoretically calculate the tensile strength and modulus 
of the FFF printed composites using different lengths of fibres, the 
experimentally measured porosity and fibre orientation of the printed 
composites, which were summarised and plotted in Fig. 7a, and fibre 
orientation was used in Eq. 3 and Eq. 5, assuming the perfect fibre/ 
matrix interfacial bonding and zero air voids. 

The experimentally measured tensile strength and tensile modulus of 
the FFF printed composites were plotted in Fig. 7b. A representative 
stress-strain curve for each case was also plotted in Fig. 7c (see the 
insert), which shows the elongation (failure strain) was reduced with the 
increased fibre length. As expected, the longer fibres gave rise to both 
the tensile strength and tensile modulus. The FFF printed composites 
with very short, 145 µm fibres reached a tensile strength of 92 MPa and 
tensile modulus of 3.94 GPa. The printed composites with a measured 
average fibre length of 433 µm (corresponding to the initial fibre length 
of 2.8 mm) reached the highest tensile strength of 126 MPa and tensile 
modulus of 6.43 GPa. However, these were still lower than the theo-
retical values (152 MPa) due to the presence of printing defects, 
including porosity, anisotropic fibre orientation (as shown in Fig. 7a) 
and possible weak fibre/matrix interfacial bonding. According to the 

Fig. 5. Evolution of fibre orientation in (a) filaments and (b) coupons.  

Fig. 6. Evolution of porosity in filaments and coupons.  
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modified Tsai-Hill theoretical model, the tensile strength of FFF printed 
20 wt% rCF/PA6 composites with an initial fibre length of 2.8 mm still 
have room of 20.6% for improvement. Generally, the experimental re-
sults showed a very similar trend with the theoretical predictions. As the 
maximum fibre length (433 µm) was still below the critical fibre length, 
there was not a clear transition point for the tensile properties to 
converge. 

The fracture surface images after the tensile test were shown in  
Fig. 8. The samples with 1.4 mm and 2.8 mm initial fibre lengths clearly 
showed much more anisotropic fibre orientation and fibre length than 
samples with 0.1 mm and 0.7 mm initial fibre lengths. In addition, in the 
cases of 0.1 mm and 0.7 mm initial fibre lengths, there appeared to be a 
large amount of fibre pulling-out events. In contrast, there were more 
unimpregnated carbon fibres in the longer fibre reinforced coupons 
(Fig. 8c and Fig. 8d). This could be one of the factors causing the tensile 
properties lower than theoretical predictions. Since no surface treatment 
was adopted in this study for the recycled carbon fibres in all cases, the 
fibre/matrix interfacial strength would be weaker than the matrix 
strength [47]. It has also been reported that the FFF printing process can 
weaken the fibre/matrix interface [23,48]. Therefore, fibre/matrix 
debonding and fibre pulling-out would tend to occur rather than fibre 
breaking, this is caused by the interfacial shear stress at the fibre end 
[49], noting that the maximum fibre length is smaller than the critical 
fibre length. Therefore, improving the fibre orientation and fibre/matrix 
interfacial bonding would reduce the mechanical property loss in FFF 
printing of rCF/PA6 composites. 

FFF printed composites with an initial fibre length of 1.4 mm were 

hot pressed to remove the printing-induced porosity as much as possible 
and identify the contribution of porosity to the mechanical property loss.  
Fig. 9 shows the porosity in the printed composites after hot press 
treatment was reduced to 8.9%, from an initial value of 17.77% (as seen 
in Fig. 6). And Fig. 9 shows the tensile strength was substantially 
improved by 23.6% after hot press because of the porosity reduction. 
After hot press processing, the tensile strength of coupons got closer to 
the theoretical strength, confirming that the void content caused the 
mechanical properties loss as presented in Fig. 9. The mechanical loss for 
this part can be readily avoided by adjusting the printing parameters, as 
the porosity level of 8.9% in this condition falls within the acceptable 
range of porosity for commonly printed discontinuous fibre composites. 
However, it still existed improvement room compared to the theoretical 
strength, caused by the existing 8.9% porosity and weak interfacial 
shear strength. 

The virgin filament with an initial fibre length of 1.4 mm was also 
hot pressed to investigate how much space for improvement in tensile 
strength in the most ideal state. The tensile strength of the hot-pressed 
filament was found to be 166 MPa, which is 26% higher than that of 
the printed composites after hot pressing. As measured before, the 
average fibre length was reduced from 750 µm in the virgin filament to 
324 µm in the printed composites (see Fig. 3) and porosity is reduced to 
1.9%. However, addressing the loss in this part may require further 
improvements in the printing process or change printing technique to 
avoid. Due to the fibre breakage occurs during two stages, they can be 
considered separately. In the first stage, fibre breakage occurs due to 
back pressure exerted on the fibres. This can be achieved by reducing the 

Fig. 7. (a) Experimentally measured average microstructural properties, (b) experimentally measured and theoretically predicted tensile strength and modulus, and 
(c) stress-strain curve of printed coupons with different (measured) fibre lengths. 
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internal pressure within the nozzle. For instance, modifying the internal 
shape of the nozzle to change flow channel which has been theoretically 
validated in our previous work through a CFD-FEM model [22]. Alter-
natively, increasing the internal space or outlet of the nozzle is also an 
option [32], however it will make fibre disorder. The second stage of 

fibre breakage is a result of shearing and bending experienced by the 
fibres as they exit the nozzle and contact with the bed. To address this, 
increasing the layer height can be beneficial, as demonstrated by Yang 
et al. [32]. In conclusion, minimizing the resistance to the polymer flow 
during the printing process is pivotal to enhancing the printing of 

Fig. 8. Fracture surface morphology of FFF printed rCF/PA6 composites.  

Fig. 9. The porosity (a) and tensile strength (b) of coupons and filaments after hot pressing.  
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discontinuous fibre composites. The generation of voids and the sub-
optimal CF/matrix interface are mainly influenced by the increased 
viscosity of the polymer. This can be improved by adjusting the printing 
parameters, such as reducing the printing speed and increasing the bed 
temperature. Additionally, a significant improvement to this issue has 
been proposed by Zhang et al. through a laser-assisted 3D printing 
process, which holds considerable promise [50]. 

Totally, the hot-pressed filaments have a 55.6% improvement in 
tensile strength compared to the strength of the printed coupons. This 
enhancement can be attributed to the fact that the fibres in the hot- 
pressed filaments retain optimal state and the porosity is minimized. 
Therefore, it is discovered that the tensile strength of the FFF printed 
20 wt% rCF/PA6 composite can be potentially leveraged by 55.6% by 
maintaining the fibre length (i.e., 750 µm fibre length which is above the 
critical length of 700 µm and better fibre orientation) and removing the 
air voids. 

5. Conclusions 

In this study, recycled carbon fibres reinforced PA6 flakes were 
fabricated into filaments for material extrusion FFF 3D printing. With a 
fibre fraction of 20 wt%, the composite flakes containing recycled car-
bon fibres from 100 µm to 2.8 mm were extruded, printed, tested and 
characterised to investigate how the material microstructures evolve 
and identify how such changes contribute to the mechanical property 
loss of the printed composites. Fibre length, fibre orientation, as well as 
porosity during the screw-based extrusion and FFF printing processes, 
were quantified and analysed. The research serves a necessary pre-
liminary exploration for achieving additive manufacturing of long fibre 
reinforced composites. Follow conclusions are drawn.  

• The mechanical properties of the FFF printed rCF/PA6 composites 
are apparently affected by the fibre length, especially the tensile 

strength and tensile modulus of the printed composites are signifi-
cantly enhanced with the increase of fibre length.  

• There are limitations in the current FFF printing of discontinuous 
fibre reinforced composites. It led to shortened fibre length, weak 
fibre/matrix interface and anisotropic fibre orientation. These de-
fects are magnified as the fibre length increases.  

• The tensile strength of FFF printed discontinuous CF/PA6 composites 
with a 20 wt% fibre fraction and an original fibre length in filaments 
of 750 µm could be improved up to 55.6%, indicating the signifi-
cance for further developing the additive manufacturing technique. 

Further research will be required in future to improve the material 
extrusion additive manufacturing process to better preserve fibre effi-
ciency and reduce air voids. 
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Appendix A. Fibre orientation and length measurement 

As Fig. A1a shows, since it is hard to ensure that the initial build orientation of filaments and coupons is parallel to the image direction, it is 
necessary to determine the initial direction of coupons and filaments in images. Thus, the average angle (θ) between fibre orientation and image 
direction was considered to be the initial build orientation (See Fig. A1b). 

θ =
Σn
ⅈ=1θi

n
(A1)  

Fig. A1. Definition of initial build orientation for fibre orientation measurement: (a) initial build orientation and image direction are inconsistent, thus (b) θ of each 
fibre was highlighted to define the initial build orientation.  
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Fig. A2. SEM images of coupons for fibre orientation measurement.  

Fig. A3. Microscopic images of coupons for fibre length measurement.  
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