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The development of fibre composites in recent years has been remarkably strong, owing to their high perfor-
mance and durability. Various advancements in fibre composites are emerging because of their increased use in a
myriad of applications. One of the popular processing methods is additive manufacturing (AM), however,
polymer-fibre composites manufactured through AM have a significantly lower strength compared to the con-
ventional manufacturing processes, for instance, injection moulding. This article is a comprehensive review of
the mechanical testing and performance analysis of polymer-fibre composites fabricated through AM, in
particular fused deposition modelling (FDM). The review highlights the effect of the various processing pa-
rameters, involved in the FDM of polymer-fibre composites, on the observed mechanical properties. In addition,
the thermal properties of FDM based fibre composites are also briefly reviewed. Overall, the review article has
been structured to provide an impetus for researchers in the concerned engineering domain to gain an insight
into the mechanical properties of fibre-reinforced polymeric composites manufactured through AM.

1. Introduction manufacturing methods [4-6]. The low cost and versatility in devel-

oping complex designs have increased the utilisation of AM in modern

Additive manufacturing (AM) is a novel manufacturing process,
generally known as 3D printing, which has been utilised for the pro-
cessing of metals and polymers [1-3]. Products produced through AM
are developed by adding layer-by-layer of material, whereas, in tradi-
tional methods, products are developed through subtractive
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applications [7] such as product development in the automotive in-
dustry, aerospace/biomedical applications, the development of arts and
designs, architecture, etc. [8,9]. The development of AM has evolved
vigorously after 2013 owing to their increased use in the aforemen-
tioned applications, and the number of academic publications has
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increased markedly over the last five years [10]. At present, AM tech-
nology is widely used in aerospace, electronics, and biomedical appli-
cations [11-13]. AM is a flexible manufacturing process that develops
the product directly from the design file, thereby reducing product lead
time and material waste, and a complex design can also be developed
economically [14]. However, there are few drawbacks in the AM pro-
cess, such as slow mass production and limited material use, which
restrict it in a number of applications. In particular, AM has very se-
lective material applications [15-17], since the additive manufactured
materials are largely found only as a prototype model [18]. In this re-
gard, the multiple printing head technique has been developed where
composite material can be created using controlled material combina-
tions and properties [11]. The development of fibre composites is a more
challenging approach for the AM process. Several aspects need to be
considered for the development of fibre composites, including fibre/-
matrix weight percentage, fibre/matrix interactions, fibre length, fibre
orientation, and fibre type [19,20]. Five main AM fabrication techniques
for polymeric materials are stereolithography (SLA), laminated object
manufacturing (LOM), fused deposition modelling (FDM), selective laser
sintering (SLS), and multi-jet fusion (MJF) [21,22].

Polymers are the most widely used materials in many applications
due to their high performance, ease of production, and low cost. In AM,
polymers are used in a variety of forms, such as reactive, liquid, and
thermoplastic melts [23]. Filled polymers have been developed in recent
years through the AM process, and commonly used fillers are carbon
fibres, carbon nanotubes, nanoparticles, nanoparticles/nanofillers, and
various synthetic fibres [24]. The addition of these fillers improves the
mechanical properties of the composites manufactured through AM
[25]. The development of fibre/filler reinforced polymers provides a
synergistic effect in terms of improved performance and polymer char-
acteristics [26,27]. This could also benefit other AM processes in the
development of fibre/filled composites. The addition of fibre to the
material could reduce the bending and warping during deposition [20].
Some changes need to be made to the AM process for the development of
filled polymers. Short and discontinuous fibres are preferred in AM due
to the complexity linked to the use of long and continuous fibres.
Through AM, fibre composites can be produced cost-effectively. How-
ever, AM of fibre composites is still at its infancy where some critical
issues need to be resolved.

Fused deposition modelling (FDM) is one of the versatile additive
manufacturing techniques (AM) used for 3D printing of polymers and
their composites. In this process, successive layers of material are
deposited using a computer-machine interface to create a 3D object.
FDM-based polymer research has increased in recent years due to its
flexibility in the production of polymer and fibre-based composites.
FDM-based polymers have the potential to be used in different appli-
cations, Fig. 1 shows the scope of FDM based polymers in various
applications.

Relatively few review articles are available on FDM-based polymer
[28-30] and the real interest in 3D printing of polymers in the
contemporary research is to achieve enhanced strength. The available
review articles advocate the need for the development of 3D printed
polymers and composites. However, there is a dearth of a dedicated and
comprehensive review article explaining the mechanical and thermal
properties of FDM-based reinforced fibre composites. In this light, the
current article discusses the state of the art of FDM-based fibre com-
posite performance by considering various constraints and challenges.
The implications of layer bonding, fibre matrix characteristics, fibre
matrix interface and FDM printing variables on the mechanical and
thermal performance of FDM fibre composites have been critically
reviewed and discussed to meet the research needs of developing
high-strength fibre composites through FDM-AM.

1.1. Steps involved in AM

AM involves a series of processes, from design development to final
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Fig. 1. Scope of FDM based polymers/composites in various applications.

product manufacturing, which varies depending on the type of
manufacturing method used [31]. These primary processes are common
and remain the same for any type of manufacturing, whether it is a
prototype or a functional product. The steps involved in the AM process
are shown in Fig. 2.

1.1.1. Production of the digital model

Initially, the digital model of the part is designed through CAD
software in this process. Reverse engineering and 3D scanning are also
used to develop a digital model [32].

1.1.2. STL conversion

Secondly, the digital model is converted into the Standard Triangle
Language (.STL) or Standard Tessellation Language file [33-36]. The.
STL file stores information on model surface geometry [37-40].

1.1.3. Slicing

After conversion, the.STL file is fed to the slicer program [41]. Slicing
is crucial in determining the quality of the printed parts [42]. The slicer
is used to generate G-codes based on the information in the.STL file
[43-45]. The G-code produced is similar to the CNC machine codes and
it defines the movement of the extruder and the platform direction
during printing [46-48].

1.1.4. Printing

After converting the.STL file to G-codes, the 3D printer is ready to
print the design. The printing varies depending on the type of AM pro-
cess involved. In FDM, the nozzle moves and deposits the molten fila-
ment layer by layer, based on the G-code instructions [48]. The
movement of the extruding nozzle, the amount of the material extruded,
and the extrusion time are controlled by the G-code. When the entire

0 2) © 0 )

Layer by layer 3D printed
printing of 3D-model model

Creation of digital Conversion of
model digital model to
.STL file

Slicing of layers
using slicing
software

digital model

Fig. 2. Steps in AM - digital model to 3D model.
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model printing is completed, some post-processing needs to be done to
achieve a proper product finish [49]. Post-processing methods vary ac-
cording to the material and manufacturing methods used [50,51].

2. AM of fibre-reinforced polymers

The strength of polymer composites can be significantly improved
through fibre reinforcement. Fibre-reinforced polymers manufactured
using AM techniques could have a significant impact on AM of polymers.
Fibre matrix interactions and void formation are the two important
considerations to be addressed in AM of fibre composites. Various
techniques such as FDM, LOM, SLS, and SLA are involved in AM of fibre
composites. Compared to all these techniques, FDM is the most preferred
method for the production of fibre composites due to its scalability,
material flexibility, and precision.

2.1. Fused deposition modelling

FDM is the preferred method for the manufacturing of polymers due
to a simple process, which is also more economical than other tech-
niques. FDM is part of the material extrusion manufacturing process
used to process thermoplastic polymers [52,53]. Some common ther-
moplastic filaments used in FDM are acrylonitrile butadiene styrene
(ABS), polypropylene (PP), polylactide (PLA), polyether-ether-ketone
(PEEK), and polyamides (PA), like PA6, PA12 [54]. The properties of
these matrices are shown in Table 1. In FDM, the polymers are extruded
and deposited in a layer by layer method for product development.
Compared to other AM methods, FDM-manufactured polymers exhibit
acceptable mechanical performance, good surface finish, and durability
at low cost. The matrix material used in the FDM process is in the form of
long wires or filament wound on to the spool. The diameter of the fila-
ment material varies from 1.75 to 2.85 mm depending on the nozzle
used in the machine. The filament is initially fed into the melt head that
is heated above the glass transition temperature and is converted to a
plastic melt. The plastic melt is then passed to the nozzle and extruded
out. The nozzle moves in XY-direction according to the design model fed
to the control system. Fig. 3 shows a schematic representation of the 3D
printer used in FDM. The extruded filament from the nozzle is added
layer by layer over the build platform until the entire design is
completed. After the completion of a single layer, the build platform
moves in the Z-direction downward and the next layer is deposited and
bonded to the previous layer. The distance moved by the build platform
is known as the layer height, and generally, the height of the layer varies
from 100 to 300 pm. A reduction in the layer height produces fine layers.
At present, it is possible to print at a height as low as 25 pm.

In FDM there are different possibilities to introduce fibre reinforce-
ment in the thermoplastic matrix [18,24,56]:

1. Direct reinforcement — here, two injectors are needed. One for
injecting the matrix filament and the other for the fibre filament.
These are mixed at the part after injection.

2. The fibre and the matrix are mixed before the injection.

3. Fibre and matrix are mixed before injection as a pre-impregnated
filament. This method is preferred for fibre composite fabrication.

Table 1
Properties of polymer matrices used in fibre composite fabrication in FDM [10,
55].

Matrix  Density Tensile Tensile Flexural Printing
(g/cm®) strength modulus modulus temperature
(MPa) (GPa) (GPa) (9]
ABS 1.04 22-37 0.998 1.9 210-250
PA 1.1 34-68 0.94 0.84 235-260
PLA 1.25 37-46 2.02 2.39 190-210
PEEK 1.3 48-265 3.5-3.9 3.7-4 360-450
PP 0.92 20-40 1.1-1.6 1.2-1.6 230-260
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Fig. 3. 3D printer schematic representation.

Research on printing variables in terms of mechanical properties is
increasing to develop high strength 3D printing models. In FDM, over-
hanging models are supported by structures that are water-soluble or
can be dissolved. Melt temperature, thermal conductivity, heat capacity,
cooling rate, viscosity, raster width, raster angle, printing orientation,
air gap, and layer height are some important variables in FDM-3D
polymer printing [57]. The bonding of each layer is crucial to the
development of high strength polymers through FDM. Variation in the
raster angle changes the mechanical properties of the composite since it
alters the load transfer within layers [58]. Variation in print orientation
may induce anisotropic properties in the printed part [59]. Mohamed
et al. [60] reported that the process parameters involved in the pro-
duct/prototype development through FDM account for the quality and
mechanical performance. The control factors to be considered during
the processing of AM are shown in Fig. 4(a) and the factors affecting the
3D printed part quality and mechanical performance are shown in Fig. 4
(b).

Anitha et al. [61] reported that the layer thickness has a significant
influence on the surface roughness of the fabricated part, where 50% of
layer thickness contributed to affecting the surface roughness of the
FDM printed component. A reduction in layer thickness allows for a
lower surface roughness [62-64]. Since FDM based 3D printing is a
relatively new technique, it is essential to compare the strength of parts
produced by conventional manufacturing processes such as injection
moulding, compression moulding and so on. In this view, Carneiro et al.
[65] reported that the FDM printed PP samples showed lower tensile
strength and modulus compared to the compression moulded samples,
although adequate tensile strength and modulus of the printed products
were achieved by controlling the FDM process variables. The bonding
between the successive layers and voids is a major concern in the FDM
parts and these factors govern the mechanical strength of the parts.
Bellehumeur et al. [66] quantitatively assessed the bonding quality of
the printed material by analysing the degree of wetting or the size of the
neck formed between successive filaments. The results indicated that the
extrusion temperature had a significant impact on the neck growth of
the bonding region compared to the environment temperature. Riddick
et al. [67] used scanning electron microscope (SEM) images to investi-
gate the effects of build directions (horizontal, side, and vertical di-
rections) and raster orientation (4+45°, 0°, 90°, and 0°/90°) on the
tensile properties and failure mechanism of FDM printed ABS material.
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Fig. 4. (a) FDM process parameters, (b) Factors affecting FDM part quality and
mechanical performance.

It has been observed that the raster orientation and the build direction
have an impact on the tensile strength, modulus, and the
elongation-at-break of the ABS material. The maximum tensile strength
of 34 MPa was recorded for the sample printed at 0° raster orientation
with side build direction and the lowest was recorded on the 90° raster
orientation with vertical build direction. The maximum elongation at
break was 1.5% for the sample printed at a raster orientation of 45° with
horizontal build direction. Therefore, optimisation of printing parame-
ters is necessary to improve the printing quality [68,69]. Tekinalp et al.
[70] found high amounts of triangle-shaped voids on the ABS/carbon
fibre composite fabricated through FDM, formed mainly because of the
gaps between the beads deposited during printing. Kalita et al. [71]
developed PP composite with tricalcium phosphate (TCP) ceramic
reinforcement at varying volume % of porosity (36%, 48%, and 52%)
through FDM. Porosity is the function of FDM printing variables as well
as the properties of the polymer and reinforcing material [72]. Air pores
in the FDM parts can be reduced by printing at a high nozzle tempera-
ture due to better material fluidity at high nozzle temperature [73].

2.2. Bond formation between layers in FDM

In AM, bonding between the layers is a crucial factor for governing
the mechanical strength of the part or of the composite. During printing,
the bond formation between the layers does not involve any externally
applied force/pressure, bonding occurs because of the high temperature
in the newly deposited layer [74]. Several researchers have reported the
importance of inter-layer bonding in FDM, which occurs through local
"welding" of adjacent layers. The final 3D printed parts’ meso-structural
characteristics and the degree of inter-layer bonding significantly affect
the strength since, under loading, the weakly bonded layer fails first. The
mesostructure of the 3D printed part describes the growth of the neck
between the layer lines, as well as the formation of bonds and voids
between the layers. Variation in the bonding and formation of voids
creates inhomogeneity in the printed parts that directly affect the me-
chanical performance of the part [75,76]. It is important to understand
the relationship between process parameters and part performance to
optimise the quality of 3D printed components [25]. However, the
number of investigations on inter-layer bonding in FDM is rather
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limited. Developing models for predicting and analysing layer bonding
and for evaluating their impact on mechanical performance and fracture
resistance would improve knowledge of 3D printed part performance. In
FDM, printing speed and complexity of temperature variation are crit-
ical, making it difficult to achieve consistency in bonding strength and
molecular diffusion [77]. Aliheidari et al. [76] investigated the inter-
layer bonding characteristics of ABS material regarding the softening
temperature, bed temperature, layer height, and layer width. Improve-
ment in bonding was noted at increased layer width, owing to the in-
crease in the area of adhesion. This reduced the formation of voids since
the total number of layers in the crack plane decreased; correspondingly
the mechanical performance was also increased.

The interlayer bonding strength of FDM printed polymer is the
function of FDM printing parameters [78] such as temperature, viscos-
ity, and surface energy of the thermoplastic melt [79,80]. The inter-layer
bond formation in the ABS polymer was analysed by Bellehumeur et al.
[66] through the Newtonian polymer sintering model developed by
Pokluda et al. [81]. Bond formation between adjacent layers begins with
the growth of a neck. Sun et al. [82] reported that the mechanical per-
formance of the part is closely related to the variation in the cooling
temperature and critical sintering temperature. Fig. 5 explains the
mechanism of neck formation between adjacent layers. The formation of
the neck depends on the viscosity of the matrix. During the necking
process, the polymer molecules in the separate layers inter-diffuse and
form the bond. As the temperature decreases the matrix viscosity in-
creases, which slowly reduces the neck formation as well as the diffusion
process. This process depends on the polymer viscosity, thermal con-
ductivity, heat capacity, and cooling rate. The layer bond can be
increased at high temperature but at a significantly high temperature,
polymer degradation may occur, which produces poor surface finish and
dimensional inaccuracies [80]. Li et al. [83] reported that the neck
growth between the adjacent beads develops when the temperature is
above the critical sintering temperature. The deposited layer solidifi-
cation time should be short to achieve rapid bonding, and after solidi-
fication, the part should be free of internal stress to achieve good
mechanical properties [19]. Torrado et al. [84] elaborated on the
importance of layer bonding on 3D printed material properties. The
results exemplify the relationship between the complex viscosity and
anisotropy. The anisotropic properties of the composite can be reduced
by printing at a lower viscosity and a temperature above the glass
transition. This would increase the layer contact area and correspond-
ingly increase the layer bonding.

Thomas and Rodriguez [85] developed a model to predict the ther-
mal effect at the rectangular bead interface. The model showed that
parts produced at a lower cooling rate exhibit good strength. Costa et al.
[86] proposed a transient heat transfer analysis model to quantify the
bonding strength of FDM parts. The model was based on the melt tem-
perature and bonding between the filaments. Rodriguez et al. [87]

(a) Surface contact (b) Neck formation

(c) Diffusion and neck growth ) Randomization

Fig. 5. Mechanism behind layer bonding.
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analysed the ABS material bonding strength and reported the influence
of printing parameters on the bonding strength. At low raster angle and
high nozzle temperature, as well as high environment temperature, it is
possible to produce well-bonded ABS parts. Aliheidari et al. [88] re-
ported that the interfacial bonding between the layers of ABS material
increases the fracture resistance of the material, and furthermore it is
possible to obtain good bonding at high printing temperature. Samples
printed at a nozzle temperature of 240 °C exhibited good bonding be-
tween the layers and increased fracture resistance. Young et al. [89]
fabricated ABS composites with carbon fibre reinforcement through
compression moulding and 3D printing. The 3D printed composite
exhibited poor mechanical performance owing to inadequate layer
adhesion. Compared to fibre-reinforced bio-polyethylene composite,
pure bio-polyethylene exhibited poor bonding between the layers. Poor
bonding was the reason behind increasing amounts of cracks and pores
in the bio-polyethylene surface [90]. Levenhagen and Dadmun [91]
reported that the addition of a bimodal blend to PLA reduced the
anisotropic properties and also enhanced the mechanical strength of the
3D-printed PLA material.

Hart et al. [77] investigated the interlayer bonding of ABS thermo-
plastic material at four stages:

(1) Interface heating, enabling local polymer flow and molecular
mobility;

(2) Intimate contact, or close physical association of the two
adherent surfaces;

(3) Molecular diffusion across the interface; and

(4) Cooling of the interface to below the glass transition temperature.

The finding of the Hart et al. [77] emphasised the post-treatment of
polymer to achieve enhanced inter-laminar toughness. Annealing tech-
niques have been used to improve the inter-layer bonding [77] (Fig. 6).
During the process of annealing, diffusion of polymer chains occurs
through the layer interface, which shifts the material fracture behaviour
from unstable to stable. It is reported that the interface can be healed by
annealing at the lower glass transition temperature, while the higher
glass transition temperature provides geometric stability in order to
retain the shape of the part outside the annealing fixture. Wach et al.
[92] reported that annealing in FDM printed PLA increased its crystal-
linity, leading to an increase of flexural stress from 11 to 17%. These
results suggest the annealing of FDM printed parts as an effective tech-
nique to enhance the layer bonding, which could lead to an increase in
mechanical strength.

3. Fibre orientation’s influence in FDM part performance

In AM it is possible to change the fibre orientation during the
fabrication of the composite by varying the layering pattern and raster

Printing Annealing
B e Additively
o " A?diEZp Manufactured Part
anufactured Part With Continuous
== With Discrete Layers Structure
= N + Heat e
\ .
+Time

Build Plate
N

JALAAAARRRRRRAAAARNRRRRAAY

e

Low Toughness
Low Strength

High Toughness
High Strength

Fig. 6. Annealing process after printing, reproduced with permission
from Ref. [77].
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orientation. Analysing the fibre orientation is important for under-
standing the fibre composite characteristics, however it is challenging
[93] since the fibres cannot be aligned uniformly through FDM. Sporek
et al. [94] studied the significance of flow-induced fibre orientation on
the mechanical and thermal properties of a PP/carbon fibre composite.
Morphological analysis showed a preferential fibre alignment along the
printing direction. The fibre-fibre interactions, as well as fibre-matrix
interaction, were found to be better in the developed composite. When
the new layer was extruded over the pre-deposited layer, the
pre-deposited layer surface started re-melting, which developed an
interconnection between fibre in the two layers. This resulted in inter-
connected orientation of longitudinally- and orthogonally-oriented fi-
bres [95]. The melt flow field influenced by the melt flow
characteristics, such as the flow in the nozzle convergence and the
extruded swell, may affect the orientation of the fibre, resulting in
changes in the extruded polymer strength [96]. Zhang et al. [97]
investigated the mechanical performance of a carbon fibre composite
with curved and unidirectional fibre reinforcement. Finite element
analysis was performed to understand the direction of the principal
stress. The result of the investigation showed that the curved fibre
placement followed the principal stress direction enhancing the me-
chanical properties of the carbon fibre composite since the curved fibre
placement reduced the stress concentration and increased the stiffness.
Safonov [98] developed an algorithm to analyse 3D printed fibre com-
posite density and fibre reinforcement structure. The proposed method
successfully identified the optimal distribution of material density and
distribution of fibre orientation vectors for 2D beam, 3D cube, and 3D
cantilever beam. However, the method did not use all of the shell ele-
ments commonly utilised in traditional composite structures analysis.
Therefore, it is not possible to find the exact material density and fibre
distribution for all 3D printed composites by this method. A modelling
approach was developed by Heller et al. [99] to analyse the fibre
orientation in the part developed through FDM. The model was devel-
oped based on the converging flow in the nozzle, fluid expansion caused
by the extruded swell, and nozzle exit shape. Mohammadizadeh et al.
[100] observed variations in the tensile strength of composite samples
prepared in the same way and with the same content of fibres and
explained it as being due to variations in the fibre orientation. Addi-
tionally, the authors observed that the part with the most uniform fibre
orientation in the loading direction exhibited the best mechanical per-
formance. Papon and Haque [101] investigated the fracture strength of
short fibre reinforced PLA composites at varying orientation. From the
experimental results, it was found that the composite with 5% carbon
fibre printed at 45°/—45° orientation withstands the maximum fracture
energy of 6.6 kJ/m?. Pertuz et al. [102] fabricated a PA composite with
carbon, kevlar, and glass fibre reinforcements. The composites were
printed at varying orientations 0, 45, and 60°. The fibre orientation was
varied by changing the layering direction. Fig. 7 shows the fibre layer
orientation. The composite with 0° fibre orientation exhibited better
mechanical performance than the 45° and 60° fibre oriented composites.
In particular, carbon fibre composites with 0° fibre orientation displayed
a maximum tensile strength of 165 MPa.

UL

Fig. 7. Fibre orientation 0°, 45°, and 60° for different test specimens, repro-
duced with permission from Ref. [102].
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4. Fibre matrix interface and its significance in FDM part
performance

The characteristics and properties of the fibre composites in AM not
only depend on the printing parameters and materials used but also on
the interfacial bonding developed between fibre and matrix. The inter-
action between the fibre and the matrix is crucial for the efficient
transfer of load and stress. The interfacial bonding characteristics can be
varied by changing the fibre orientation, by varying fibre content, and
by introducing fibre treatments. Parandoush et al. [103] developed a
laser-assisted AM method, whereby an excellent interfacial bonding was
developed between the glass fibre and PP. The tensile properties of the
samples printed by the proposed method were higher than those of the
traditional FDM printed short fibre composites with 300% and 150%
increase in tensile strength and modulus, respectively. Liu et al. [104]
studied the sizing effect on a carbon fibre composite. The sizing method
was done using a water-based polyamide solid dispersion emulsion
sizing agent PA845H. Sized carbon fibre improved the interfacial
bonding between the fibre and matrix, which improved the flexural
strength by 82%, flexural modulus by 246%, and interlaminate strength
by 42.2%. Fig. 8 shows the mechanism behind the enhanced fibre matrix
interface due to the sizing treatment. In another study, the addition of
glass fibre to PP filament increased the adhesion of the layers, which
reduced the shrinkage and bend as compared to pure PP material [105].
Bonding between successive layers and voids are the major concerns in
FDM prototypes and these factors are directly integrated with the me-
chanical strength of the parts.

Yao et al. [106] investigated the tensile and flexural properties of
continuous carbon fibre reinforced PLA composites. Composites were
printed with 20% infill density and varying carbon fibre filaments (3 K,
6 K, and 12 K filaments). Carbon fibre composites showed a higher
tensile and flexural strength than that of the pure PLA. However, the
author found that the lack of adhesion between the fibre and the matrix
resulted in carbon fibre debonding from the matrix leading to reduced
tensile and flexural strength. This was due to the lack of chemical
bonding between PLA and carbon fibre. In order to improve the chem-
ical bonding between the matrix and the fibre, the author recommended
surface modification of carbon fibre. Interfacial adhesion is a critical
factor in affecting the modulus of carbon fibre PP composite [107].
Weak bonding in the carbon and wood fibre reinforced PLA composites
reduced the load-carrying ability of the PLA that correspondingly
reduced the tensile modulus and strength [108]. To achieve enhanced
performance in the FDM printed biocomposite, it is necessary to tailor
the interfacial bond strength as well as the choice of fibre and matrix
material [109].

Through variation in the fibre direction, it is possible to increase the
fibre-matrix interaction [110]. Ning et al. [111] reported that bonding
between the layers was reduced when increasing the printing layer
thickness above 0.25 mm.

CF/PA6 specimen

:carbon fiber bundle
:PA6 matrix

:single carbon fiber

:epoxy sizing
mm :PA845H sizing

Impregnation
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Li et al. [112] designed a nozzle for uniform reinforcement of carbon
fibre in PLA matrix during FDM printing. Pre-processed carbon fibre
with a PLA sizing agent effectively increased the interfacial strength
between carbon fibre and PLA. It is observed that the modified carbon
fibre reinforced composites showed higher tensile and flexural strength,
which was 14% and 164% higher, respectively than the unmodified
carbon fibre reinforced composite. The short carbon fibre reinforcement
restricted the flow of ABS matrix during FDM, consequently developing
voids and pores in the composite, which reduced the interfacial adhesion
between fibre and matrix [113]. Tian et al. [114] developed continuous
carbon fibre/PLA composites printed through FDM process and found
that the layer thickness of 0.4-0.6 mm and the hatch spacing of 0.6 mm
are capable of producing guaranteed bonding between the printed
layers. Specifically, the layer thickness of 0.5 mm exhibited homoge-
neous bonding between the deposited layers, which increased the fibre
matrix interface accordingly. Fibre treatment with a silane coupling
agent is an efficient way to develop enhanced bonding between basalt
fibre and PLA matrix [115]. Zhu et al. [116] used random
terpolymer-copolymer of styrene, acrylonitrile, and glycidyl methacry-
late as a compatibiliser to make ABS short carbon fibre composites.
Compatibiliser was added with varying weight percentages of 0, 1, 3, 5,
and 7 wt %. The addition of the compatibiliser had shown a significant
improvement in the interfacial characteristics. Due to the increased
bonding of the compatibiliser added composites, the tensile and flexural
strength was observed to be higher than that of the composite without
the compatibiliser. The strong interface between carbon fibre and the
compatibiliser was the result of chemical bonding between glycidyl
methacrylate in the compatibiliser and hydroxyl-carboxyl groups in the
carbon fibre. The compatibiliser had a molecular structure similar to
that of the styrene-acrylonitrile copolymer in ABS, thus achieving good
physical compatibility between ABS and the compatibiliser.
Heidari-Rarani et al. [117] observed delamination on carbon PLA
composite fractured surface owing to the poor permeability of the
molten PLA into the carbon fibre bundle. In order to increase the
permeability of PLA to the carbon bundle, the author recommended
surface treatment of the fibre. Chacén et al. [118] found extensive car-
bon fibre pull-out on tensile fractured carbon/PA composites due to poor
interfacial bonding between PA-matrix and fibre. Internal fibres were
barely infiltrated by the PA-matrix and only a limited number of external
fibres were found to be in contact with the PA-matrix, which was the
main reason for poor bonding. It can be understood from the available
literature that the variation in the fibre structure and length, fibre
treatment, and addition of compatibiliser and coupling agents could
improve the fibre-matrix bonding. Moreover, no modelling work was
found to be performed on the fibre-matrix bonding in FDM of AM. In this
view, it is necessary to develop models to understand the fibre-matrix
bonding in FDM parts/composites, through which the physical proper-
ties of the composites can be easily predicted.

i 7 matrix

g4
\_ epoxy sizing layer /
g matrix

PABASH sizing layer

Adhesion

Fig. 8. Interface enhancement mechanism due to sizing treatment, reproduced with permission from Ref. [104].
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5. Mechanical testing and performance
5.1. Standards for FDM polymer/composite testing

ASTM and ISO testing methods are used to test the properties of AM
polymers. Two organisations have been involved in setting standards
and testing procedures for AM polymers. F42 Committee and its sub-
committee F42.05 in ASTM have the authority over AM materials and
TC261 for ISO standards [119]. These two groups are currently engaged
in setting mechanical testing standards for AM products and parts
through comparison with existing specifications. In 2014, ISO has
published standard methods and test techniques for AM parts, indicating
the fundamental quality attributes of the parts, specifying the suitable
test methodology, and specifying the scope and content of the test and
supply agreements [120]. Standards followed for conducting tensile,
flexural, impact, and compression tests on FDM based polymers and
composites are shown in Table 2. The tensile test can be performed on
both the dumbbell-shaped and the flat/straight bar-shaped specimens.
For the impact test, both notched and un-notched specimens can be
used, however, there is no clear indication whether the notch should be
made during or after printing.

5.2. Tensile properties of fibre composites fabricated through the FDM
process

In many industries, AM process utilisation is expanding rapidly
owing to its flexibility in manufacturing complex designs. The recent
development of fibre composites through FDM process broadens the
research options in this field. Factors such as fibre reinforcement, fibre
content, and printing parameters significantly affect the tensile prop-
erties of the composite. The tensile strength of the FDM printed com-
posite is the function of fibre reinforcement percentage and fibre
orientation [121]. The FDM printed fibre composite exhibit anisotropic
mechanical properties due to the variation in bonding between layers.
The anisotropic mechanical properties of the printed fibre composites
affect the final component output [122]. To increase the application of
these composites, it is necessary to understand the composites’ tensile
behaviour, which enables identification of optimum features in the
manufacturing of fibre composites and consequently develop a guideline
to design 3D printed fibre composites. There are several studies that
conducted tensile test on the FDM manufactured fibre composites.
Zhong et al. [19] suggested reinforcement of short fibre to the ABS
matrix to increase the tensile strength of FDM printed composites. Ning
et al. [123] studied ABS composite reinforced with carbon fibre at
varying weight percentages (3%, 5%, 7.5%, 10%, and 15%). The carbon
fibre was reinforced in two different sizes of 150 and 100 pm. The
addition of carbon fibre improved the tensile strength by 20-30%. The
maximum tensile strength (42 MPa at 5 wt% carbon fibre content) and

Table 2
The testing standard followed for testing FDM based polymers [119,120].
S.No Test Standard
1 Tensile ASTM D638 (P)
1SO 527-2 (P)
ASTM D3039 (C)
1SO 527-4 (C)
2 Flexural ASTM D790 (P/C)
1SO 178 (P/C)
ASTM D7264 (C)
3 Impact Charpy Impact (Notched) ASTM D6110, ISO 179 (P/C)
1zod Impact (Notched) ASTM D256, 1SO 180 (P/C)
1zod Impact (Unnotched) ASTM D4812, ISO 180 (P/C)
4 Compression ASTM D695 (P)

ISO 604 (P)
ASTM D3410 (C)
ISO 14126 (C)

P — polymer, C- composite.
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Young’s modulus (2.5 GPa at 7.5 wt% carbon fibre content) were noted
for the composite with 150 pm carbon fibre reinforcement. This inves-
tigation provides a clear view of the short fibre reinforcement effect on
the tensile properties of ABS composite, although the fracture mecha-
nism has not been compared between the two different fibre lengths.
Liao et al. [124] investigated the tensile properties of short carbon fibre
(15-20 mm in length) reinforced PA12 composite fabricated with the
different mass fractions of carbon fibre (2, 4, 6, 8, and 10 wt%). Carbon
fibre reinforcement at 10 wt% showed superior tensile strength, which is
over 100% higher than the pure PA12. Li et al. [125] fabricated PLA
composite with short carbon fibre (100-150 pm) by varying layers. The
composite with one layer of pure PLA and other layers of carbon fibre
PLA showed a maximum tensile strength of 56 MPa, which was 1.16
times higher than the pure PLA polymer. Overall, these investigations
show the efficacy of short fibre reinforcement in FDM printed compos-
ites. However, in all these investigations, the length of the fibre was not
varied in an effective way to analyse the influence of the fibre length on
tensile properties. Thus, more investigations are necessary that could
lead to the finding of an optimum short fibre length in order to achieve
maximum tensile strength and modulus.

Tekinalp et al. [70] investigated ABS composite fabricated through
FDM and compression moulding method. The short carbon fibre of
length 0.2-0.4 nm was used for reinforcement. The tensile strength of
the ABS composite was found to be low for the composite fabricated
through FDM. In FDM composites, the formation of voids and pores is
higher than the traditional manufacturing methods, and the reduction of
such voids and pores can produce comparable results between FDM
printed and traditional manufactured composites. In such a view, Keles
et al. [126] manufactured the short carbon fibre reinforced ABS com-
posite through a vibration-assisted FDM method. Inducing vibration in
the extrusion head during fabrication reduced the formation of voids
and pores, which correspondingly increased the modulus and strength.
Shofner et al. [127] reported that the addition of short carbon fibre (100
pm) to ABS polymers changed the properties of the ABS material from
ductile to brittle due to non-homogeneous bonding between layers as
well as between fibre and matrix. The tensile fracture characteristics
exemplify the increased stiffness of the composites developed by the
reinforcement of the fibre. Fibre reinforcement inhibits the mobility of
the polymer chain, thus increasing the stiffness of the composite.
Moreover, the authors recommended the treatment of fibre to enhance
the mechanical properties of 3D printed composites. Zhang et al. [113]
reported that matrix fracture, fibre debonding, fibre pull out and weak
fibre-matrix interface were found to be the dominant tensile failure
modes of short carbon fibre composite. Mori et al. [128] successfully
fabricated sandwiched ABS composite having 1.4 vol% of long carbon
fibre (70 mm) reinforcement. The composite exhibited the maximum
tensile strength of 43 MPa, which was 3-4 times higher than the pure
ABS material. However, the fracture mechanism involved in the failure
of long fibre composites was not disclosed in this study. Long fibre
reinforced composites are expected to provide increased tensile strength
than short fibre composites due to a higher area of interfacial interac-
tion. In order to prove this, it is necessary to carry out a comparative
study that would provide insight into the aforementioned fact. Magri
et al. [129] investigated the effect of FDM printing parameters on the
tensile properties of short fibre PLA composites. Composite printed at
nozzle temperature of 230 °C and infill line orientation of 0°/15°/-15°
showed a maximum tensile strength of 36 MPa. This study demonstrated
the influence of the nozzle temperature and the infill line orientation on
the tensile strength, however, these parameters have not yet been
optimised for maximum tensile strength and modulus. Other parame-
ters, such as infill density, raster angle, and layer thickness, are also
expected to have a significant effect on tensile properties. To prove this,
Ning et al. [111] investigated the tensile characteristics of carbon fibre
composites with respect to varying printing parameters, raster angle,
infill speed, nozzle temperature, and layer thickness. Composite printed
at a raster angle of 0°/90° showed maximum tensile strength whereas
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maximum modulus was noted at a raster angle of —45°/45°. Infill speed
of 25 mm/s led to increased tensile strength, modulus and yield
strength. Lower nozzle temperature was recommended to achieve strong
bonding of the layer and increased tensile strength.

Continuous fibre is the most effective reinforcement for fabricating
high strength fibre reinforced thermoplastic composite through FDM
[130,131]. The maximum tensile strength and modulus of FDM printed
continuous fibre composites reported in different literature are as fol-
lows. Compared to pure PLA, PLA composite with 6.6% of continuous
carbon fibre reinforcement shows 599% and 435% increment in the
tensile modulus and strength, respectively [132]. Hao et al. [133]
fabricated continuous carbon fibre reinforced epoxy composite through
FDM. The tensile strength of the carbon epoxy composite was 792.8
MPa, which was higher than the thermoplastic PLA carbon fibre com-
posite. Addition of 9.5 wt% of continuous aramid fibre in PLA polymer
increased the tensile strength and modulus by 499 and 186%, respec-
tively [110]. Yao et al. [106] fabricated PLA composite with 3 K, 6 K,
and 12 K continuous carbon fibre reinforcement. The tensile strength
was found to be improved by 38.68%, 58.86%, and 70.02% for 3 K, 6 K,
and 12 K carbon fibre composite, respectively. Der Klift et al. [134]
studied the effect of continuous carbon fibre reinforcement in the PA
matrix. The composite was fabricated with varying fibre volume per-
centages. The composite with 6.9% of fibre exhibited maximum tensile
strength (464 MPa) and modulus (35.7 GPa). ABS composite with 10 wt
% continuous carbon fibre exhibited improved tensile strength of 147
MPa when compared to the pure ABS polymer [135]. From these results,
continuous fibre reinforcement of 5 wt% to 10 wt% in FDM polymers
showed improved tensile strength and modulus. However, when the
loading amount of fibre increases, the brittleness of the composite
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filament increases too, making printing difficult. In order to increase the
flexibility of the filaments, Sodeifian et al. [105] added maleic anhy-
dride polyolefin (POE-g-MA) at varying weight percentages (10, 20, and
30 wt%) to PP composite filaments having 30 wt% of glass fibre rein-
forcement and composites were subsequently printed. The tensile test
results of the printed PP/glass fibre/POE-g-MA composites are shown in
Fig. 9. The addition of glass fibre to the PP filament increased the
modulus of the composite as well as the elongation at break. The addi-
tion of POE-g-MA to glass fibre composite reduced the tensile strength.
The addition of 10 wt% and 2 wt% of POE-g-MA increased the flexibility
of the composites, but POE-g-MA at 30 wt% showed reduced flexibility,
compared to the PP/GF specimen without POE-g-MA. Table 3 presents
the tensile strength of some FDM fabricated fibre composites.

To understand the stress concentration effect on the FDM printed
continuous fibre composites, Pyl et al. [140] conducted an open-hole
tensile test on the carbon PA composite printed in rectangular as well
as dumbbell shape. Four specimens were studied, namely, dumbbell and
rectangular specimens with printed hole and dumbbell and rectangular
specimens with drilled hole. High-stress concentrations were observed
in all the specimens near the ‘hole’ area during tensile loading. Under
increasing load, cracks and fibre damage from the stress-concentrated
points propagated leading to failure. FDM printed parts have sharp
edges and corners, which may increase stress concentration. Thus,
necessary modelling tools need to be developed to predict stress con-
centration that could reduce the chances of failure due to stress con-
centration. Fig. 10 compares the tensile strength of FDM printed
composites tested at different strain rates.

Dong et al. [141] studied the kevlar fibre reinforcement effect in the
PA matrix. The fibre was reinforced at different layering patterns and
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Fig. 9. Tensile test results of PP/glass fibre/POE-g-MA composites, reproduced under the. terms of the Creative Commons Attribution (CC-BY) license from
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Table 3
Tensile and flexural propertiesof FDM fabricated fibre composites.
Matrix Reinforcement Material Tensile Properties Flexural Properties Reference

Max. % of Max. Elongation at Max. flexural Max. flexural
tensile Enhancement tensile break compared flexural strength flexural modulus
strength compared to modulus to pure resin strength compared to modulus compared
(MPa) @  pure resin (GPa) (MPa) @  pure resin (GPa) to pure
wt.% @wt.% wt.% @wt.% resin

PLA Modified-CCF  The novel Extrusion 91 13.8% higher - - 156 164% higher - - [112]
nozzle and path than original than original
control methods were CCF/PLA CCF/PLA
designed to print curved composites composites
CCF/PLA composite.

PLA Basalt fibre KH550-treated basalt 72 @ 20 33% 5.55 @ 20 Continuously 131 @ 20 Increased 5.08 @ 20 Increased [115]
fibre (KBF) reinforced wt% of wt% of decreased wt% wt%

PLA composite KBF KBF
Carbon fibre CF reinforced PLA 69 @ 10 27% 7.18 @ 20 117 @5 Decreased - Increased
(CF) composite wt% of CF wt% of CF wt%
ABS Short carbon  SAG compatibiliser 73.3@5 15.4% higher - Increased up to  18.7% improved flexural 3.2% improved flexural [116]
fibre added short carbon fibre wt% of than 0 wt% of 5 wt% SAG strength @ 3 wt% of SAG modulus @ 3 wt% of SAG
(SCF)/ABS composites SAG SAG addition addition than 0 wt% of addition than 0 wt% of
(23.8%) and SAG SAG
then decreased

PLA CCF An innovative extruder 61.4 37% 8.28 Reduced 152.1 109% 13.42 368% [117]
is designed and increased increased
manufactured for FDM
3D printers to produce
CCF reinforced PLA
composites.

ABS CF Different content and 42 @ 5wt 23% 25@75 - 11.82% improved flexural 16.82% improved [136]
length of CF added ABS % of CF wt% of CF strength @ 5 wt% of CF  flexural modulus @ 5 wt
composites reinforcement than pure % of CF reinforcement

ABS than pure ABS

PA12 CF Different content of CF 93.8 @ 10 102.2% 3.58 @ 10 Continuously 1249 @ 251.1% 5.25 @10 346% [124]

added ABS composites ~ wt% of CF wt% of CF  decreased 10 wt% of increased wt% of CF increased
CF

ABS CCF 10 wt% of CCF/ABS 147 @ 10 5 times higher 4.18 @ 10 2 times higher 127 @ 10 2 times 7.72 @ 10 3.9 times [135]
composites and wt% of wt% of wt% of higher wt% of higher
compared with CCF CCF CCF CCF
Injection moulded
samples

PLA Glass fibre In-melt continuous glass 478 @ 50 - 29.4 @50 - - - - - [131]

(GF) fibre yarn embedded vol% of GF vol% of GF
PLA composites and
theoretical validation

PLA CF CF/PLA composites with 54.64 @ 5 12.4% - - - - - - [101]
different content and wt% of CF
two bead lay-up

PLA CCF Recycling and 256 @ 10 4 times higher 20.6 @ 10 - 263 @ 10 ~2.6 times 13.3 @ 10 =3 times [137]
remanufacturing of 3D wt% of CF wt% of CF wt% of CF  higher wt% of CF  higher
printed
CCF/PLA composites

r-PP hemp Composite filaments 34 @ 54% 2.16 @ 30 Reduced - - - - [138]

fibres comprising of pre- 30 wt% of wt% of
consumer recycled PP hemp hemp
with varying contents of
hemp
fibres were extruded
PEEK - The influence of layer 56.6 @ 108% higher - - 56.2 @ 15% higher 1.6 - [139]

and thickness and raster 300 pm of than ABS 300 pm of than ABS

ABS angle on the mechanical layer layer
properties of 3D-printed thickness thickness

PEEK and compared
with ABS

Note: SAG: styrene, acrylonitrile, and glycidyl methacrylate; CCF: Continuous Carbon Fibre; Bold: the novelty of the work.

infill angles. The investigation reported a maximum elastic modulus of
27 GPa and strength of 333 Mpa for the composite fabricated at 0° infill
angle and 18 layers of fibre. The variation in the infill angle did not show
any significant effect on the modulus.

Various researchers have also studied the tensile properties of nat-
ural fibre reinforced FDM composites. Milosevic et al. [138] investigated
30 wt% hemp fibre reinforcement effect in the PP matrix. The composite
exhibited 50% and 143% improvement in the tensile strength and
modulus, respectively when compared to the pure PP. In another work,

Stoof et al. [142] investigated harakeke fibre reinforced PLA compos-
ite’s tensile strength. Composites were printed at different fibre weight
percentages. The composite with 20 wt% harakeke fibre reinforcement
showed maximum tensile strength, which was 5.4% higher than the
pure PLA polymer. Matsuzak et al. [132] made a comparison on the
tensile characteristics of PLA composite reinforced with jute fibre and
carbon fibre. Compared to PLA, carbon fibre composite exhibited 425%
and 599% increase in the tensile strength and modulus, respectively
whereas the jute fibre composite showed 157% and 134% increment for
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Fig. 10. Tensile strength of FDM printed composites tested at different strain
rates. (CF - carbon fibre, CCF - continuous carbon fibre, SCF - short car-
bon fibre).

the same properties. Duigou et al. [143] investigated flax
fibre-reinforced PLA composite with 30% fibre volume content and
suggested continuous reinforcement of natural fibre for enhancing me-
chanical performance. The tensile properties exhibited by FDM printed
natural fibre composites are satisfactory and enhanced research in this
area could increase the application of natural fibres in 3D printing
technology. A few researches have also been conducted on the area of
hybridised composites manufactured by FDM. Oztan et al. [144]
investigated kevlar and carbon fibre reinforced PA composite’s tensile
property. The composites exhibited linear-elastic behaviour under the
tensile loading. During loading, the failure of the composite occurred
within 1.4-2.5% of strain. Sang et al. [115] compared the tensile
strength of the carbon fibre/PLA composite and silane treated basalt
fibre/PLA composite. Both carbon fibre and basalt fibre were loaded in
three varying weight percentages of 5, 10, and 20%. Silane-treated
basalt fibre composite showed a tensile strength comparable to that of
carbon fibre composite. 20% basalt fibre composite had a maximum
tensile strength of 72 MPa, which is approximately 33% higher than the
pure PLA (54.2 MPa). These results demonstrate the possibility of
developing high-strength hybrid composites through FDM.

5.3. Flexural properties of fibre composites fabricated through the FDM
process

In FDM manufactured fibre composites, the interlaminar shear
strength is compromised, which directly affects the flexural strength of
the composites. The anisotropic properties of the FDM fabricated fibre
composite under bending cause variation in the strain rate, which in-
creases the shear stress between the layers leading to the separation of
the layers and eventual failure. Interlaminar shear strength is a critical
component to be focused on improving the flexural character of FDM
fibre composite. Flexural properties of FDM printed fibre composites are
shown in Table 3. Li et al. [125] explored the impact of short-carbon
fibre reinforcement on the PLA composite. The length of the fibre was
maintained between 100 and 150 pm and the volume of reinforcement
was 15 vol%. The maximum flexural strength and modulus of the PLA
carbon fibre composite was 74 MPa and 21 GPa, respectively. A uniform
distribution of flexural load from PLA to carbon fibre was observed,
which is the key explanation for increased flexural strength. However,
the influence of varying fibre percentages was not disclosed by the au-
thors, which could aid in finding the optimum level of fibre percentage
for maximum bending strength. In this regard, Gavali et al. [145] found
an increment in the flexural strength of the chopped carbon fibre PLA
composite owing to the increment in carbon fibre reinforcement. The
PLA exhibited flexural strength of 66 MPa and on reinforcing 10 wt% of
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carbon fibre, the strength increased to 67 MPa. When the weight per-
centage increased to 15%, the flexural strength was ca. about 78 MPa.

Goh et al. [146] investigated PA composite reinforced with contin-
uous glass and carbon fibre. Compared to the glass fibre composite,
carbon fibre composite exhibited maximum flexural strength (430 MPa)
and flexural modulus (38.1 GPa). The maximum flexural strength and
flexural modulus reported for glass fibre composite were 149 MPa and
14.7 GPa, respectively, approximately 40% of the strength and modulus
of carbon fibre composite. Yao et al. [106] analysed the flexural strength
of the carbon fibre PLA composites having carbon fibre with varying tow
(3K, 6 K, and 12 K). The increase in the carbon fibre tow increases the
flexural strength and modulus of the PLA and carbon fibre composites.
Maximum flexural strength of 68 MPa was noted for the 12 K carbon
fibre/PLA composite, for 3 K and 6 K it was 60 and 66 MPa respectively.

Tian et al. [114] studied the flexural characteristics of the continuous
carbon fibre reinforced PLA composite. Composites were printed with
varying FDM-printing parameters of layer thickness, liquefier tempera-
ture, filament feed rate, hatch spacing, and printing speed. Interestingly,
flexural strength and modulus increased steadily when the liquefier
temperature increased from 180 to 240 °C. When the liquefier temper-
ature was 240 °C, the maximum flexural strength (335 MPa) and the
modulus (30 GPa) were recorded. However, the increasing trend in layer
thickness and hatch spacing reduced the flexural modulus and strength.
There is no significant variation in flexural strength and modulus at
varying printing speeds. This investigation demonstrated the influence
of printing parameters on the flexural properties of FDM composites,
however, the orientation of the fibre was not considered in the investi-
gation. Variation in fibre orientation affects the bending nature of FDM
composites. In this view, Araya-Calvo et al. [158] investigated contin-
uous carbon fibre PA composite and found significant variation in the
flexural properties of the composites on varying print orientation and
reinforcement type. In another work, Chacén et al. [118] investigated
the influence of build orientation on the flexural strength of FDM
composites. Fig. 11 shows the flexural stress-strain curves of the PA
composites having glass, kevlar, and carbon fibre reinforcement fabri-
cated with different build orientations. These results showed that flat
build orientation maximised the flexural property of all the composites.
Compared to Kevlar and glass fibre reinforcement, carbon fibre com-
posite showed maximum flexural strength. The maximum flexural
strength of 424 MPa and the flexural modulus of 39 GPa was reported for
carbon fibre composites with a flat orientation. Fig. 12 compares the
flexural strength of FDM printed composites tested at different strain
rates. Hu et al. [147] examined the variation in flexural property of the
PLA carbon fibre composite at varying layer thickness, printing speed,
and printing temperature. The results reveal the influence of layer
thickness on the flexural modulus and strength. The maximum strength
of 610 MPa and modulus of 40 GPa was obtained at a combination of
high printing temperature, low layer thickness, and low printing speed.
Overall, these studies highlight the importance of optimising the FDM
variables for the bending properties of fibre composites. However, FDM
involves a number of variables, along with fibre and polymer properties,
making optimisation challenging. In the case of short fibre composites,
Spoerk et al. [94] observed variations in flexural properties of 250
pm-short carbon fibre composite with respect to variation in the fibre
orientation. Variation in fibre orientation significantly improved the
flexural strength and modulus of PP and short carbon fibre composites
by 150% and 400%, respectively. Maximum flexural strength of 51 MPa
was noted on the composite printed at 0°/90° orientation and the cor-
responding flexural modulus was 3385 MPa. In addition, the authors
recommended the addition of compatibilisers for PP-based composites
in order to achieve uniform dispersion of the fibre as well as enhanced
fibre matrix bonding that would increase the bending strength. Surface
modification of fibre could also increase the fibre matrix interfacial
bonding. Sang et al. [115] reported that the silane treated basalt PLA
composite exhibited enhanced flexural properties compared to the car-
bon fibre composite. The carbon fibre reinforcement increased the
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matrix viscosity, which reduced the printing flow-ability and bonding
between the adjacent layers, consequently reducing the flexural strength
of the composite. The silane-treated 20 wt% basalt fibre composite
exhibited the highest flexural strength of 131 MPa and flexural modulus
of 5.08 GPa.

5.4. Impact properties of fibre composites fabricated through the FDM
process

Fibre composite impact strength is critical to address the stiffness and
strength of composites against impact loads in applications such as au-
tomobiles. A sudden impact on the fibre composite could produce fibre-
matrix debonding, fibre delamination, and fibre breakage, which could
lead to failure in load transmission. In 3D printed fibre composites, the
impact strength depends on the interfacial bonding as well as the fibre
content. Most of the literature in the 3D fibre composites investigated
the composite’s tensile and flexural properties but the impact behaviour
of the 3D printed fibre composites remains to be investigated system-
atically. Only limited studies have reported the impact characteristics of
the fibre composites fabricated through the FDM process. Knowledge of
the impact strength of 3D printed composites would expand their
application in the automobile sector.

Chacon et al. [118] investigated the tensile and flexural properties of
the 3D printed PA composites with continuous carbon, glass, and Kevlar
reinforcement and stated that investigating the impact performance of
the 3D printed fibre composite would bring possibilities for their usage
in various applications. Caminero et al. [148] investigated the impact
strength behaviour of PA composites with continuous glass, kevlar, and
carbon fibre. Composites were printed at flat and on-edge orientations.
The carbon fibre composite exhibited poor impact strength owing to the
increased brittleness of carbon fibre whereas the glass fibre composite
exhibited maximum impact strength. However, when increasing the
carbon fibre content, the composite impact strength was increased
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Fig. 12. Flexural strength of FDM printed composites tested at different strain
rates. (CF - carbon fibre, CCF - continuous carbon fibre, SCF - short car-
bon fibre)

considerably. The maximum impact strength was noted for on-edge
printed composites with 34 vol% of fibre, i.e. compared to flat orien-
tation printed composites, on-edge printed PA composites with carbon
fibre showed a 43% increase in impact strength, 47% for Kevlar fibre
and only 4% for glass fibre reinforcement. Tian et al. [137] investigated
the impact strength of the PLA composite with 10 wt% of continuous
carbon fibre. The pure PLA and carbon fibre reinforced PLA exhibited
impact strengths of 20 kJ/m? and 35 kJ/m?, respectively. The author
claimed the variation in the impact strength was not a multifold
improvement. The limited increase in the strength was attributed due to
the lower strain of the carbon fibre. On impact, the carbon fibre was
found to be fractured and pulled out of the matrix. Liao et al. [124]
analysed PA12/long carbon fibre (15-20 mm) composite impact
strength behaviour at the varying fibre contents (2, 4, 6, 8, and 10 wt%).
From 2 to 8 wt% carbon fibre reinforcement, the impact strength was
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lower than the pure PA material owing to the penetration of stress
concentration at the end of the fibre, which leads to crack initiation
during impact. At 8 and 10% carbon fibre reinforcement, the composite
developed crack resistance ability. The maximum impact strength was
noted for the 10 wt% carbon fibre composite, which was 10% higher
than the pure PA12 material. Except for the 10 wt% carbon fibre rein-
forced composites, the other composites displayed lower impact
strength than the pure PA12. These results indicate that the type and
amount of reinforcement is important for enhancing impact strength and
carbon fibre composites have a low impact strength due to the brittle
nature of the carbon fibre. Similarly, in another study, short carbon fibre
reinforcement increased the brittleness of the PP matrix, which led to
brittle fracture under impact load. 10% carbon fibre reinforced com-
posite exhibited two to four times lower impact strength than the PP
material [94]. However, Ashori et al. [107] have achieved improved
impact strength in short carbon fibre/PP composites by coating carbon
fibre with exfoliated graphene nanoplatelets (xGnP). Carbon fibre was
reinforced at 15 wt% and coating was made at three different percent-
ages (0.5, 1, and 3 wt%). The maximum impact strength was noted for
the 1 wt% xGnP coated composite, which was 7% higher than the un-
coated composite. During impact, the xGnP coating minimised the
chances of crack initiation and propagation. The impact strength of cork
granules reinforced PLA composite was investigated by Daver et al.
[149]. Composite was fabricated with varying percentages of cork
granules reinforcement. The addition of cork granules in PLA material
reduced the impact strength of the composite. The impact strength was
found to be low at all weight percentages, but the addition of the plas-
ticiser in the form of tributyl citrate to the cork PLA composite signifi-
cantly increased the impact strength compared to the pure PLA material.
Overall, it is understood that the impact strength of FDM printed fibre
composites is low, and this shortcoming can limit the application of FDM
printed parts in automobile sectors. In order to address this, research in
this field should be expanded in a different approach to optimise the
FDM parameters and base material as well as the reinforcement prop-
erties. The impact strengths of various FDM printed fibre composites is
shown in Table 4.

5.5. Compression properties of FDM fibre composites fabricated through
the FDM process

FDM manufactured fibre composites exhibit poor compressive
strength due to their anisotropic and brittle nature making it is necessary
to study resistance to compressive load behaviour. The layer of the FDM
printed material debonds and undergoes plastic deformation under
compression load. The compressive loading of the FDM parts may cause
layer separation and increased buckling [18]. Justo et al. [56] observed
the failure mechanism for PA composites with glass and carbon fibre
reinforcement. Carbon fibre failed before the buckling of the composite,
however, the failure of the glass fibre was noted after the buckling of the
composite. Material buckling is categorised as the main failure mode of
3D printed fibre composites under the compression load [154]. Hou
et al. [155] investigated continuous kevlar fibre reinforced PLA com-
posite at varying fibre percentages and reported that 11.5% of fibre
reinforcement produced an increased compressive strength of 17 MPa in
the PLA matrix. The authors observed that during compression loading,
the composite experienced elastic buckling and plastic deformation.
Using FDM 3D printing techniques, two different sandwich composites
were manufactured with vertical pillar corrugated sine wave (VPSC)
structure and vertical pillar corrugated trapezoidal (VPTC) structure,
made of PA/glass fibre and photopolymers (80% rigid-ABS, 20%
Flexible-Rubber) [154]. Composite with the VPSC structure showed
good compressive strength compared to the VPTC structure. It is un-
derstood that, due to their anisotropic nature, fibre composite materials
are more likely to buckle under compression loading and eventually lead
to greater deformation or even crippling of the material. However,
reinforcement of continuous fibre in FDM polymers is observed to
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significantly reduce buckling during compression loading conditions.
The SEM morphology of the sample tested for compression showed
buckling and separation of layers as major failure modes during loading
(Fig. 13). De-bonding of layers under compressive load is another failure
mode. De-bonding affects the general stress-strain behaviour of the
composite resulting in poor compressive strength. Proper amendment of
process parameters (optimised process parameters) during the
manufacturing of fibre reinforced composites significantly influences
the layer bonding, which correspondingly improves the compressive
strength of the composites.

Kaur et al. [156] investigated the compressive strength of 3D truss
structure made of polymeric materials PA618, PLA, and carbon fibre
reinforced PLA by the FDM 3D printing process. In the uniaxial
compression test, the stress-stress curve showed significant stretch
dominance behaviour for polymeric materials at different strain rates.
Carbon fibre PLA composite showed promising mechanical stability
compared to pure PA618 and PLA. In another work, compressive
properties of aramid fibre reinforced PLA were compared to pure PLA by
Bettini et al. [110]. The results showed an 87% increase in compressive
strength when reinforcing PLA with aramid fibre. Improper feeding of
fibre in accordance with the speed of extrusion during the FDM process
breaks the fibre and results in homogeneous extrusion and clogging. In
the case of continuous fibre reinforcement FDM, variable extrusion
speed plays a vital role in the printed composite compression perfor-
mance under loading conditions.

In order to achieve maximum compressive strength in ABS-P400
[157], FDM process parameters of layer thickness, raster angle, raster
width, orientation, and air gap were analysed. The Quantum-behaved
particle swarm optimisation (QPSO) technique was used to optimise
the process parameters. The maximum compressive stress of 17.48 MPa
was achieved under printing conditions of 0.254 mm layer thickness,
0.036° orientation, 59.44° raster angle, 0.422 mm raster width, and
0.00026 mm air gap. Araya-Calvo et al. [158] investigated the
compression strength of the PA6 composite made of continuous carbon
fibre reinforcement. The compression strength was analysed at different
fibre percentages, which varied according to the type of reinforcement
(isotropic and concentric), reinforcement orientation, and print orien-
tation (parallel and perpendicular to the direction of force). A significant
influence of the reinforcement distribution and the reinforcement type
on the compression response was noted from the investigation. The
maximum compressive response was observed at 0.25 carbon fibre
volume ratio, resulting in a compressive modulus of 2.102 GPa and
compressive stress at a proportional limit of 53.3 MPa. The distribution
of reinforcement material has a significant role to play in achieving a
decent compressive strength for reinforced fibre composites. Usually,
three distributions of fibre reinforcement are followed during the
manufacturing of continuous fibre reinforced composites, i.e. borders
only, borders & centre and equidistant. Enhanced compressive resis-
tance can be achieved for composites manufactured using the FDM
method when the reinforcement distribution is equidistant. When
continuous fibre is used as a reinforcement material, the reinforcement
type and the reinforcement orientation play a significant role in the
compressive strength of the composite manufactured using the FDM
process.

Han et al. [159] manufactured a PEEK biocompatible carbon fibre
reinforced composite suitable for orthopedic and dental applications.
Both the compressive strength and the compressive modulus were
analysed for the samples produced. It was also noted that PEEK rein-
forced carbon fibre composite (137 MPa) exhibited similar compressive
strength compared to the pure PEEK material (138 MPa), although the
modulus for pure PEEK was 2.7 GPa and for the composite, it was 3.5
GPa. This investigation suggested FDM printed PEEK and its composites
for achieving better compressive properties. Kain et al. [160] investi-
gated the effect of the infill orientation (0°, 15° crossed, 30° crossed, 45°
crossed, 60° crossed, 75° crossed and 90° crossed) and the fibre content
(15 and 25 wt %) on the compressive strength of the wood
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Table 4

Impact strength of various FDM fabricated fibre composites.

% of
reinforcement

Matrix

Notch
condition

Max.
Impact
Strength

Remarks Ref.

34.3 vol% of
GF

Nylon

PA-12

10 wt% of CF

PLA 8.9 wt% of CF

PP 15 wt% of SCF

coated with 1
wt% of xGnPs

PP 10 wt% of CF

PEEK 5 wt% of GF

2 wt% aramid
short fibres

Nylon

ASA 20 wt% of CF

Notched

Unnotched

Unnotched

Notched

Notched

Unnotched

Unnotched

280.95
kJ/m?

24.8 kJ/

m2

38.7 kJ/

m2

38.1J/

40 kJ/

30.2kJ/

m2

0.637
MJ/m?

18 kJ/

GF composites
displayed the best
impact
performance
compared to CF,
leading to more

[148]

brittle behaviour.
When the CF
content increased

[124]

to some extent
such as 8 wt%,
the effect of
preventing crack
propagation
dominated the
impact process,
which
contributed to the
enhancement of
the impact
strength.

No fibre pull-out
was observed and
only fibre
breakage
occurred on the
sample after the
impact test.
Increase in the
impact strength
was a result of the
composites
requiring more
impact energy to
pull out the
xXGnP-SCFs from
the matrix owing
to the rough
surface of SCFs in
the presence of
xGnP.

Pure PP displayed
plastic

[137]

[107]

[94]

deformation on
the fracture
surface visible as
elongated fibrils
in large
magnifications.
The matrix of PP/
CF10 appeared
smooth and
showed no plastic
deformation due
to brittle fracture.
Strong interfacial
bonding among
GF and PEEK
compared to CF
and PEEK was
observed and this
made it difficult
to pull-out GF
from PEEK.
Experimental
results were

[150]

[151]

interpreted with
the Taguchi
Technique

The impact test
resulted in a
significant

[152]
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Table 4 (continued)

Notch Remarks Ref.

condition

% of
reinforcement

Max.
Impact
Strength

Matrix

reduction of the
absorbed energy
(87%) by the 20
wt% CF
composite as
compared to the
pure ASA.

6.11kJ/  Increment of

m? impact strength
was observed
when the CF
content increased
from 15 wt% to
20 wt%.

PLA 20 wt% of CF Notched [153]

xGnPs: exfoliated graphene nanoplatelets, SCFs: Short Carbon Fibres; ASA:
Acrylonitrile styrene acrylate.

Fig. 13. SEM image of compression failed ABS composite (a) failure due to
buckling and (b) de-bonding between layers, reproduced under the terms of the
Creative Commons Attribution (CC-BY) license from Ref. [157].

fibre-reinforced PLA composite. The infill orientation had a direct effect
on the compression strength of the PLA composite. The increase in the
fibre content increased the compression strength of the composite. The
maximum compression strength of 70 N/mm? was noted for 25 wt% of
wood fibre composite printed with 15° infill orientation. In another
study, Yang et al. [161] investigated the effect of the extrusion tem-
perature on the compression strength of the FDM 3D unidirectional
wood fibre-reinforced PLA composite. When the extrusion temperature
was increased from 200 to 230 °C, the compressive strength of the
composite was increased by 15%, while the other mechanical properties,
i.e. the tensile and flexural properties, decreased. This was due to a
decrease in the viscosity of the polymer at higher extrusion temperature,
which tightly packed the fibre between the layers leading to an increase
in the composite density that improved the compression strength.

Short carbon fibre reinforced PA6 composite was manufactured
using FDM and polymer injection moulding (PIM) methods and the
compression strength of the composite was investigated [162]. FDM
printed composite showed a 4% reduction in compression strength
compared to the injection moulded composite. However, 3D printed
specimens exhibited higher rigidity than the injection moulded speci-
mens. The compression modulus of the FDM printed fibre composite and
injection moulded composite was 3931 MPa and 1950 MPa, respectively
[162]. There is a dearth of studies reporting the compression modulus of
FDM printed fibre composites. It is surprising to observe a high variation
in the FDM printed composite modulus when compared to the injection
moulded composite, although the FDM printed composite compression
strength was 4% lower than the injection moulded composite. However,
the rationale behind this phenomenon has not been properly addressed
and further investigations into the compression modulus of FDM printed
parts are warranted.
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6. Thermal properties of FDM fibre composites fabricated
through the FDM process

In addition to mechanical properties, FDM manufactured fibre
composites were also investigated for their thermal behaviour, albeit the
number of studies is few in number. Additive manufacturing involves
repeated heating and cooling process, which could produce residual
stress in the manufactured parts. The presence of residual stress may
affect mechanical performance and also results in the bending of part
and dimensional inaccuracies [163]. The thermal diffusivity and the
thermal conductivity of carbon fibre reinforced PEEK composite fabri-
cated from the FDM technique was compared with the composite
fabricated by traditional casting [164]. Compared to composite fabri-
cated with traditional casting, the composite fabricated with FDM 3D
print technique showed a 25%-30% decrease in the thermal diffusivity
and conductivity. The thermal diffusivity of the fibre composite was
influenced by the fibre alignment formed during the melt flow. The
PEEK carbon fibre composite’s thermal diffusivity increased signifi-
cantly with carbon fibre reinforcement. 30 wt% carbon fibre reinforce-
ment exhibited high thermal diffusivity of 0.5 mm? and for 20 wt%
reinforced composite it was 0.22 mm?. Kaur et al. [156] studied the
thermal properties of the FDM fabricated polymeric materials of PA618,
PLA, and carbon fibre reinforced PLA. The thermal behaviour of these
polymeric materials was analysed using differential scanning calorim-
etry (DSC) with the test temperature ranging from 25 to 270 °C at a
heating rate of about 10 °C/min in a nitrogen atmosphere. 3D printed
carbon-based PLA exhibited better thermal behaviour compared to the
other polymeric materials under investigation. This is because the
presence of carbon fibre accelerated the nucleation of PLA. Thermal
variation in the printed PLA and carbon fibre reinforced PLA analysed in
DSC at a heating rate of 10 °C/min is shown in Fig. 14. The printed PLA
has a glass transition temperature of 57.07 °C, however, for the carbon
fibre reinforced PLA, the glass transition temperature increased to
59.23 °C.

Composite printed at different build plate temperatures exhibited
similar crystallisation peaks on the DSC test. These results concluded
that the thermal variation in the printing environment does not influ-
ence the properties of the printed part and composite [162]. Yang et al.
[161] reported that the increase in the extrusion temperature has a
significant effect on the mechanical properties of wood-PLA composite.
Composite fabricated at high extrusion temperature exhibited maximum
tensile and flexural properties. The internal bonding strength was
increased by up to 24% at 200 °C of extrusion temperature. Kain et al.
[160] found similar thermal properties between wood fibre PLA com-
posite and PLA material. It is because the thermal stability of the natural
fibre composite largely depends on the thermoplastic polymers. Else-
where, in a different study, the addition of carbon fibre to PA12 com-
posite reduced the thermal degradation of the composite [124]. When
increasing the fibre content, the onset of degradation temperature was
also increased, fostering thermal stability in the composite. Carbon fibre
reinforcement acted as a thermal stabiliser that protected the matrix
through a shielding effect. The thermal conductivity along the print
direction increased drastically to 278% compared to the pure PA12. In
another study, De Toro et al. [165] investigated the thermal properties
of 20 wt% carbon fibre reinforced PA composite, through DSC and
thermogravimetry-differential thermal analysis. The composites showed
a glass transition temperature of 50 °C, a melting point of 220 °C, and
maximum degradation was observed at 450 °C.

Wang et al. [150] investigated the thermal stability of PEEK com-
posites reinforced with short carbon fibre (average length of 205 pm)
and glass fibre (average length of 96 pm). Composites were manufac-
tured with varying fibre reinforcements of 5, 10, and 15 wt%. Glass fibre
composites exhibited better thermal stability than the carbon fibre
composites due to enhanced interfacial bonding. A minimum weight loss
of 43% was noted for 10 wt% glass fibre composite, while for 10 wt%
carbon fibre composite the same was 47%. An increase in the melting
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point, thermal decomposition temperature, and crystallisation temper-
ature was noted on the composites when increasing the fibre content.
Similar results were reported by Vinyas et al. [166] for 30 wt% glass
fibre reinforced PLA composite. The degradation temperature of the
glass fibre PLA composite was 442 °C, which was 25% higher than that
of the pure PLA. From these results, it is identified that fibre reinforce-
ment in FDM-printed polymer could provide enhanced thermal stability.
The fibre reinforcement limits the movement of the polymer molecular
chains leading to higher thermal stability than the pure polymer.

Li et al. [112] investigated the dynamic mechanical properties of
FDM printed continuous carbon fibre PLA composites. The composites
were made with carbon fibre and with fibre having a modified surface.
Surface modification was performed using aqueous solution containing
methylene dichloride and PLA particles. The glass transition tempera-
ture and the storage modulus of modified carbon fibre composite were
higher than the pure and original carbon fibre composite. The storage
modulus of the modified carbon fibre reinforced PLA composites was
3.25 GPa, which was 166% and 351% higher than the pure PLA and the
original carbon fibre reinforced composites, respectively. In another
study, Zhang et al. [58] examined the influence of the raster angle on the
dynamic mechanical properties of FDM-printed aluminium fibre com-
posites. Composites were printed at varying raster orientations of 0°,
90°, 45°, 0°/90° and +45° with PLA/aluminium fibre composite fila-
ment having 6.95 wt% of aluminium fibre. The increased stiffness due to
the addition of aluminium fibre increased the storage modulus of the
composites. A maximum storage modulus of 3.87 GPa was observed for
the composite printed at 0° raster angle, however, a maximum glass
transition temperature of 72.34 °C was noted for the composite printed
at 90° raster angle. Nevertheless, it was found that literature reporting
the influence of the FDM parameter on the thermal properties of printed
composites is limited. Investigating the influence of FDM parameters on
the thermal properties of FDM-based fibre composites could lead to
interesting new findings.

7. Summary and future research scopes

The present review article summarises the performance of the fibre-
reinforced composites manufactured through AM, in particular the FDM
method. In recent years, the FDM process has achieved significant
improvement in developing fibre composites. The review investigated
both the short and continuous fibre-reinforced composites. Most of the
literature is concentrated on the effect of carbon fibre reinforcement in
FDM fabricated composites and future research should be focused on
different synthetic and natural fibre reinforcements. In FDM, the effect
of natural fibre is studied by only a few researches, which provides an
impetus for the development of natural fibre composites through FDM.
The fibre and matrix interaction could be increased through fibre
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treatment and other processing methods that can also aid in avoiding the
formation of voids. The void formation was found to be a more common
printing defect in FDM of fibre composites. Variation in fibre content,
fibre orientation, and fibre-matrix bonding was found to be the crucial
parameters deciding the part performance. The increase in fibre rein-
forcement content and fibre length contributed to increased strength.
Regarding mechanical performance, although a number of literatures
reported the tensile characteristics, only a limited study examined the
flexural behaviour of the composite while there are even fewer studies
relating to the compression strength and impact strength. To understand
the AM fibre composites’ strength, the mechanical properties should be
investigated in more detail concerning fracture mechanics. Under-
standing of FDM process parameters is important to enhance the part
performance. It is therefore essential to optimise the FDM process pa-
rameters. Modelling should be developed to comprehend the signifi-
cance of the parameters on part performance. Moreover, to establish
FDM as a viable process for developing fibre composites, research on the
development of a modelling tool to predict the process and its conse-
quences are important. Furthermore, the rheological properties of
polymer matrix/filament and morphology should be studied when
reinforced with fibres. Only a few thermoset based 3D printed fibre
composites performance were reported and development in this area can
enable high-performance composites. In AM, composites’ defect for-
mation chances are high leading to reduced strength. Hence, investi-
gating the defect formation mechanism could reduce the possibility of
the defect and consequently increase the performance properties. More
detailed and fundamental research on FDM-based fibre composites’
performance is required to warrant their foray into modern applications.
The FDM method is found to be the most potential and promising
method for the development of fibre composites, which can reduce the
composite processing time and cost.
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