E% University of
OPEN (2" ACCESS BRISTOL

Krajangsawasdi, N., Blok, L. G., Hamerton, |., Longana, M. L., Woods,
B. K. S., & lvanov, D. (2021). Fused Deposition Modelling of Fibre
Reinforced Polymer Composites: A Parametric Review. Journal of
Composites Science, 5(1), [29]. https://doi.org/10.3390/jcs5010029

Publisher's PDF, also known as Version of record

License (if available):
CCBY

Link to published version (if available):
10.3390/jcs5010029

Link to publication record in Explore Bristol Research
PDF-document

This is the final published version of the article (version of record). It first appeared online via MDPI at
https://doi.org/10.3390/jcs5010029 .Please refer to any applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the

published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/


https://doi.org/10.3390/jcs5010029
https://doi.org/10.3390/jcs5010029
https://research-information.bris.ac.uk/en/publications/2891545b-911e-4988-bf44-7423ce07885b
https://research-information.bris.ac.uk/en/publications/2891545b-911e-4988-bf44-7423ce07885b

'LI:LI::.!
gttty
e

o

Journal of

M

T
&
L.

o Composites Science

Review

Fused Deposition Modelling of Fibre Reinforced Polymer
Composites: A Parametric Review

Narongkorn Krajangsawasdi *©, Lourens G. Blok
and Dmitry S. Ivanov

Benjamin K. S. Woods

check for

updates
Citation: Krajangsawasdi, N.; Blok,
L.G.; Hamerton, I.; Longana, M.L.;
Woods, B.K.S.; Ivanov, D.S. Fused
Deposition Modelling of Fibre
Reinforced Polymer Composites: A
Parametric Review. J. Compos. Sci.
2021, 5, 29. https://doi.org/
10.3390/jcs5010029

Received: 9 December 2020
Accepted: 12 January 2021
Published: 16 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional clai-
ms in published maps and institutio-

nal affiliations.

Copyright: ©2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ian Hamerton "/, Marco L. Longana ',

Department of Aerospace Engineering, Bristol Composites Institute (ACCIS), Queen’s Building, University of
Bristol, University Walk, Bristol BS8 1TR, UK; lourens.blok@bristol.ac.uk (L.G.B.);

ian.hamerton@bristol.ac.uk (I.H.); m.l.longana@bristol.ac.uk (M.L.L.); ben.k.s.woods@bristol.ac.uk (B.K.S.W.);
dmitry.ivanov@bristol.ac.uk (D.S.I1.)

* Correspondence: ih18506@bristol.ac.uk

Abstract: Fused deposition modelling (FDM) is a widely used additive layer manufacturing process
that deposits thermoplastic material layer-by-layer to produce complex geometries within a short
time. Increasingly, fibres are being used to reinforce thermoplastic filaments to improve mechanical
performance. This paper reviews the available literature on fibre reinforced FDM to investigate
how the mechanical, physical, and thermal properties of 3D-printed fibre reinforced thermoplastic
composite materials are affected by printing parameters (e.g., printing speed, temperature, building
principle, etc.) and constitutive materials properties, i.e., polymeric matrices, reinforcements, and
additional materials. In particular, the reinforcement fibres are categorized in this review considering
the different available types (e.g., carbon, glass, aramid, and natural), and obtainable architectures
divided accordingly to the fibre length (nano, short, and continuous). The review attempts to
distil the optimum processing parameters that could be deduced from across different studies by
presenting graphically the relationship between process parameters and properties. This publication
benefits the material developer who is investigating the process parameters to optimize the printing
parameters of novel materials or looking for a good constituent combination to produce composite
FDM filaments, thus helping to reduce material wastage and experimental time.

Keywords: fused deposition modelling; thermoplastics; fibre reinforced thermoplastic; paramet-
ric study

1. Introduction

Additive layer manufacturing (ALM) fabricates objects from a three-dimensional
(3D), computer-aided design (CAD) model by stacking material in a layer-by-layer ar-
rangement [1]. ALM, as a layer-based manufacturing method, allows to fabricate complex
geometries within a short time compared to conventional subtractive manufacturing meth-
ods, so it is also known as rapid prototyping [2,3]. The reduction in design limitations
shortens the design and manufacturing cycle whilst speeds up the development process
that leads to high-efficiency products, especially for mass-customized items [4,5]. ALM
is also cost-effective as it minimises additional expenses such as those associated with
tooling or moulds. The higher degree of automation of ALM can reduce human error
and increase product accuracy. After the invention of the first ALM methods, laser-based
and photochemical stereolithography (SLA) [2], various other approaches based on layer
manufacturing were developed, for instance, selective laser sintering (SLS), powder bed
and inkjet head 3D printing (3DP), etc. [6,7].

Among the several ALM methods, one of the most widespread [8,9], is a polymer fused
deposition technique also known as variably as Fused Deposition Modelling (FDM) [7],
Fused Filament Fabrication (FFF) [10], Solid Filament Freeform (SFF) [6,11], or Material
Extrusion Additive Manufacturing (MEAM) [12]. In this paper, it will be referred to as
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FDM or 3D printing. The reasons for its popularity compared to other ALM methods
are immediate: ease of use [13] and no extra equipment required (e.g., mould, oven, or
tools) [2,14,15], leading to low costs of machines and processes. Typically, raw materials for
FDM are thermoplastics in the form of solid feedstock, which are of low toxicity and are
easy and safe to handle during processing [16,17]. Besides, the nature of thermoplastics,
which can be heated and reshaped, allows the products to be recyclable [18,19]. FDM was
first developed by S. Scott Crump, co-founder of Stratasys, in 1988 [20-23] and generally,
the process starts with generating a 3D CAD model and transforming it into a generic
geometry file (typically an STL file). This geometry file is then “sliced” using one of the
many open-source or proprietary slicing software, which cut the geometry into a series of
layers and encode the machine commands (position, temperature, etc.) into a G-code file
readable by the FDM machine [20,21,24].

In the machine, a thermoplastic feedstock is fed into a melt pool where it is heated
until it reaches a melted state above its glass transition temperature (Tg) [25], it is finally
extruded through a fine tip nozzle [12,16,25]. The deposited filaments, called rasters
(roads lines or beads), are placed side by side in the horizontal (XY) plane to build a layer.
When the first layer is built on the printed bed, the material is deposited on top of the
previous raster in the through-thickness direction. The relative movement of the extrusion
head and printing bed is defined by computer numeric controls (CNC) [2,24]. The adjacent
deposited rasters fuse together and become a solid part after cooling down [26]. Sometimes,
overhung sections of the geometry need support structures, which are usually made from
removable materials (via a second nozzle) or perforated junctions [27]. The nature of
layer-by-layer and plastic fusion makes the part highly anisotropic [26-28]. Hence, the
strength depends mainly on the process parameters to achieve good raster fusion and the
mechanical performance of the thermoplastic material itself. The defects, such as the voids
between rasters, can be minimized by optimising the printing parameters and the fusion
of the deposition can be strengthened [21,29]; moreover, the dimensional accuracy can be
maximized by decreasing die swelling or edge shrinking [8,16,30].

The process is restricted only to those thermoplastics, of which the most common are
listed below, that can be processed in at easily achievable temperatures, i.e., below 300 °C.
Most of the commonly used thermoplastics in the FDM are low-end thermoplastics with low
thermal properties, i.e., low Tg, melting temperature (Tm), high tendency to shrink during
solidification, etc., and low mechanical performance compared to thermosetting polymers
or metals. This usually limits the use of the product to only prototypes. Examples of
low-end FDM thermoplastics are polypropylene (PP), poly(acrylonitrile-butadiene-styrene)
(ABS), poly(lactic acid) (PLA), polycarbonate (PC), polyamide (PA, nylon) which have low
to intermediate thermal and mechanical properties for general applications [12,25,31,32].
To increase the mechanical performance for manufacturing of functional products, high-
end thermoplastics such as poly(ether ether ketone) (PEEK) or polyetherimide (PEI, UL-
TEM1000) can be selected but they require higher process temperature, i.e., up to 350 °C,
achievable only with special high-temperature machines, high performance heater and
heat protection [16,17,33].

To improve the low material properties of the common thermoplastics, the composite
concept, i.e., the reinforcement of the polymeric feedstock with a second phase, was in-
troduced to FDM [1,15,19,29]. Various types of fillers have been blended to the polymeric
matrix to improve both mechanical and thermal properties. The first application capable
of exploiting the high mechanical performance and manufacturability offered by fibre
reinforced FDM was the manufacturing of an aerofoil for an aircraft wing building feasi-
bility study [34,35]. Subsequently, more complex structures, which are time-consuming
with conventional manufacturing processes, such as a truss structure for airframe fuselage
of a drone [36] or honeycomb structure [19,37], were experimentally studied. Among
the studies of the fibre reinforcement in FDM, the critical fibre length, which strongly
affects the strength of short fibre composite, has not been considered extensively in the
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available literature. In addition, the different filament-forming methods for different fibre
architectures have rarely been reviewed.

As an attempt to expand the application of the FDM product, printing procedures to
strengthen the product or novel FDM materials, especially fibre reinforced thermoplastics,
have been invented and studied to improve performance of the available FDM products.
This paper gathers articles relating with FDM process, mainly experimental based study,
and then describes the effect of printing and material parameters on the mechanical,
physical, and thermal properties of FDM manufactured parts by dividing into two sections.
Section 2 describes the FDM process parameters that relate to the setup values during
G-code generation. The relationship between process parameters and the mechanical
performance is shown graphically to provide a guideline to optimize the process parameters
that can reduce trial and error iteration for the material developer resulting in faster R&D
and less material wastage. Section 3 is the material parameter part that describes the
various types of thermoplastics, reinforcements focusing on various types, e.g., carbon fibre
(CF), glass fibre (GF), and para-aramid fibre (Kevlar fibre, KF), and architectures divided
accordingly to the fibre length, e.g., nano, short, and continuous, of fibres, and additional
materials. Then, the FDM composite performance will be analysed at different structure
scale from microstructure (i.e., fibre, matrix, and their interactions) to mesostructured (the
sintering between the printed rasters, inter-raster bonding) and then the overall structure
(i.e., the finished part) in order to determine the composite performance and understand
the optimum solution to reinforce the FDM thermoplastic. Parameters and properties
achieved, considered in this review, are illustrated in Figure 1. The overall study of printing
and material parameters in the quoted articles are shown in Tables A1-A3 in Appendix A
which is organised according to the composition of the filament: neat thermoplastic,
short/discontinuous fibre, and continuous fibre, respectively. The main examined property,
i.e, tensile stiffness and strength of each study are illustrated in Tables A1-A3.

Printing parameters

- Printing speed
- Material feed rate

- Matrix materials
- Reinforcement materials
- Fibre length

- Nozzle temperature

- Bed temperature - Fibre content

- Building orientation - Additional materials

- Rasterangle - Sizing agents

- Raster distance - Plasticizers

- Raster thickness - Compatibilizers

- Infill volume - Surface modification

- Contours number

Me chanical properties

- Stiffness and strength

3 - Tensile Physical properties
'E - Flexural Thermal properties . .
o - CloiaEsss - Dimension accuracy
& Shearr’ - Crystallinity - Surface finishing
E - Impact resistance = Pr.oces.s temperature - Flb.re alignment
- Viscosity - Voids
- Thermal conductivity - Warpage
- Fracture mechanics . : .
- Storage and loss modulus - Electrical conductivity

- Inter-raster strength

Figure 1. Investigated parameters and properties of the fused deposition modelling (FDM) process.
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2. Printing Parameters

This section describes the adjustable parameters in the FDM process and their in-
fluence on mechanical, thermal, and physical properties, as detailed in Figure 1. Tensile
strength, the main study property, is shown graphically as a function of several indepen-
dent printing parameters. Furthermore, other dependent variables, e.g., viscosity and
crystallinity, are described to give an idea of the optimum printing parameters. The main
focus is on the fibre reinforced thermoplastic FDM products. In some printing parameters,
there are a few studies on fibre reinforced thermoplastics. Thus, the neat polymer studies
are also mentioned to understand the FDM process and products behaviour that can be
applied to develop FDM with fibre reinforced plastics.

2.1. Printing Speed

Printing speed is the velocity of the nozzle in the XY plane to fill the sliced layer and
in the vertical (Z) direction when finishing a layer. In most of the commercially available
devices, it is controlled by a series of stepper motors connected to screws or conveyor belts.
The speed can be assigned in the G-code, its unit usually is mm/min. The printing speed
affects the part strength, manufacturing time, and part appearance [23]. It influences the
neat polymer printed part internal structure i.e., internal porosity and interlayer bonding.

At high printing speeds, the inter-raster bonding period is limited resulting in a weak
interlayer bonding and porosity. Moreover, for thermoplastic reinforced fibre materials,
high printing speed shortens the fibre-matrix impregnation time resulting in poor fibre—
matrix interaction [38]. Consequently, printing at high speed causes lower tensile, flexural
and shear properties than printing at the low speed [4,27,35,39]. Moreover, the high speed
shortens the cooling time before deposition of the next layer and leave a high amount of
material at a high temperature. The high temperature material may help the raster fusion
but leaving the thermoplastic at high temperature for a long period can cause sagging of
the material due to gravity. The sagging changes the printed part dimension and so it can
hinder the continuous printing process as detailed by Brenken et al. [40]. The printing
speed also affects the dimensional accuracy of a part. A low printing speed slowly moves
the nozzle, so the deposited rasters are steadily placed on top of the previous layer, allowing
for more ordered raster and higher accuracy [23]. The pressure drop that controls the melt
flow is affected by the speed described in Geng et al. [16] study on PEEK 3D printing. The
too low speed (<65 mm/min) caused insufficient pressure-drop to spread the melt flow
material and too high printing speed (>400 mm/min) resulted in material slippage. Both
cases reduced the raster width.

In some G-code generators, the printing speed of the first layer, i.e., the one in contact
with the printing bed, can be assigned differently from other layers and the first layer
speed is normally set to be lower than the rest. This can be justified by the fact that a lower
printing speed for the first layer may improve adhesion of the material to the bed, due
to the higher time for compaction, i.e., the pressure applied by the nozzle to the material.
To reduce the printing time, the printing speed can be increased for printing the plastic
on to plastic, in the following layers, that can fuse together more easily than plastic to
bed [12,19,41].

Figure 2 shows the influence of speed used in various publications with a wide
array of materials on the tensile strength (M, *, and A refer to neat thermoplastic, short
and continuous fibre reinforced plastic, respectively). It is obvious that the continuous
fibre reinforcement materials used lower speed (<600 mm/min) while the short fibre
reinforcement and neat thermoplastic materials were deposited at higher speeds (up to
3600 mm/min). Comparing the speed in the same studies, shown as data points linked by
a continuous line in Figure 2, the higher printing speed slightly reduces the tensile strength,
but the printing speed has a limited effect compared to the tensile strength of different
materials used.



J. Compos. Sci. 2021, 5, 29 5 of 38
250 EVA [8] - PLA[83]
-~ PLA 45° [43] = PLAO0°[43]
= PLA[21] = PLA [23]
200 kA ABS T0.2 [27] - ABS T0.25[27]
ABS T0.3 [27] -m— PP[53]
- —%~ PP/S.GF [23] —%— ABS/S.CF [41]
B e L g =%~ ABS/S.CF [39] ABS/S.CF [47]
= e ABS/S Jute [25] —%— PLA/S.CF [21]
§) s \ — PLA/S.BF [19] —— PLA/S.CF [19]
2 —&— PLA/C.CF[76] —&— PLA/C.Jute [76]
100 | 4~ PLA/C.CF [35] —&— PLA/C.CF[61]
% A + PLA/C.CF[37] —4— ABS/C.CF [5]
= A P‘ﬁ
50 A n u
X X\_*/_;\*‘* u |
= ——
0 . . . : : . : .
0 500 1000 1500 2000 2500 3000 3500 4000

Printing speed (mm/min)

Figure 2. Tensile strength at different speed of different materials (the information gathered from several studies shown in
Appendix A Tables A1-A3).

2.2. Material Feed Rate or Extrusion Rate

The feed rate or extrusion rate is the velocity at which the solid filament is fed to the
heated nozzle; it is controlled by a stepper motor connected to a roller with a grooved,
toothed, or gear-like surface that grips the filament by friction and pushes it to the hot-end.
This velocity controls the amount of material in the heated nozzle that controls the pressure
drop, reduction pressure along with the convergence printing nozzle following Bernoulli’s
principle, pushing the melted material out from the nozzle. The feed rate needs to match
with the Tg and Tp, to achieve the proper melting and extrusion. The feed rate (FR) can be
calculated from the material flow rate (Q) and the expected dimension of the printed raster
(width (W) and height (H)) or the angular velocity of the feeder motor (w) and the feeder
roller radius (Ry) using Equation (1)

__Q _
FR = o= = wRy )

The maximum force (Fyqy) to drive the filament to the nozzle is limited by buckling of
the filament according to critical force (P.) in Euler’s bucking equation (Equation (2))

n*ED?

1617 @

f

where E is the elastic modulus of the filament, D is the solid filament diameter, and Lsis the
filament length from the rollers to the entrance of the liquefier. At high feed rate, the high
amount of material fed to the liquefier leads to high melted pressure and high pressure
drop [42]. This reduces expansion and bubble generation in the material, so the surface
defects are minimized [16,42]. However, the too high feed rate, over 80 mm/min observed
by Geng et al. [16], may cause an excessive melting pressure resulting in insufficient power
and the melt flows upward along the gap between the nozzle wall and the convergence zone
in the nozzle, blocking the nozzle. The print speed and feed rate need to be synchronized
to avoid unstable dimensions of the printed part. The printing speed (PS) and feed rate
have a relationship following Equation (3):

2
5-(3)

Fmax = Pcr =
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where d is the diameter of the nozzle [16]. For continuous fibre reinforced plastics, formed
using a co-extrusion method, the synchronisation between the feed rate and deposition
speed is the key control of the fibre content especially in the separate fibre and matrix
printing systems (described below in Section 3.2.1).

For pre-impregnated continuous fibre reinforced plastic, the feed rate of fibre and
deposition speed of the printed composite should be set at the same value. If the printing
speed is higher than the feed rate, the fibre will be pulled causing residual tensile stress in
the fibre and it may cause them to be torn apart or broken. By contrast, a printing speed
lower than the feed rate is expected to result in the fibre wrinkle or nozzle clogging by the
excessive material.

2.3. Nozzle Temperature

This is the material extrusion temperature driven by an active response heater com-
manded with the printer controller. The temperature relates to the Tg and Tr, of the printing
materials. It usually set above the Ty to allow the material to soften and fuse to the previ-
ously deposited rasters, but below the degradation temperature (Ts¢,) to avoid property
changing. The nozzle temperature affects the chemical structure of polymers. A high
nozzle temperature increases the crystallinity of the printed rasters, this can increase the
tensile strength [8,43]. A series of research [39,40,43], suggested that the high temperature
also heated the previously deposited material, this, in combination with the residual heat of
the currently deposited raster enhanced the raster fusion as seen in the raster temperature
distribution in Figure 3a. A better fusion and low viscosity at high temperature allow the
adjacent deposited rasters to sinter to each other. When the rasters are completely welded,
the polymer chains are intermingled and they form a randomized chain in the fusion
structure (the process is shown in Figure 3b—e) reflecting into good inter-raster-bonding
strength of the part [44].

(a) I (b) Surface contact (¢) Neck formation o
] wig =
A ] 3
Notr N £
@,\D\J vﬂ,\c\; S
(d) Chain diffusion (¢) Randomization g
VN\-EN;&A’ Cold

Figure 3. (a) Temperature distribution of the printed rasters from the highest temperature (red) of the
current printing to cold raster (blue) away from the nozzle; Raster fusion formation after deposition
from (b) initial surface contacting of rasters; (c) heat dissipation from the current deposition and neck
growth; (d) molecular chain diffusion between rasters; (e) chain randomization and cold rasters.

In contrast, the low printing temperature cannot reduce the viscosity of the polymer, so
the polymer chains have low mobility, causing a poor inter-raster-bonding [40]. However,
the highest temperature achievable without causing degradation is not always the best
printing temperature. Tian et al. [35] found that excessive temperature decreased surface
accuracy when testing with continuous carbon fibre reinforced PLA. Moreover, heating
the material to the completely melted state while printing could induce pores in the inner
structure of the printed part, which reduces the strength [39]. From a manufacturing
perspective, a high nozzle temperature causes edge warping of the part, as seen in the
study reported by Nazan et al. [30]. According to their findings, the optimum temperature
should be high enough to allow the molten material to flow and fuse, but not too high to
completely melt the polymer.

The bar chart in Figure 4 shows the range of the temperature used by several papers
to achieve a proper printed part with different types of polymers. It can be seen that the
low-end polymers (low mechanical performance thermoplastic e.g., ABS, PLA, etc.) can
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be fabricated at lower processing temperature than the high-end polymers (PEI, PEEK).
The amorphous thermoplastics, such as ABS or PP, have a wide processing temperature
range because of the difference in the crystallinity structure. Comparing the neat polymers
to fibre reinforced samples, the short fibre reinforced plastics and the neat polymers can
be printed using similar nozzle temperature. Yet, for continuous fibre reinforced plastics,
different level of temperature is used, e.g., PLA reinforced with continuous fibre is printed
at a higher temperature than neat PLA, while commercial continuous fibre reinforced
plastic produced by Markforged are printed at a lower nozzle temperature than neat nylon.

400 ~  S.fibre = short fibre reinforcement i.e. CF, GF, and nanofibres
C.fibre = continuous fibre reinforcement i.e. CF, GF, and nanofibres

(95
i
=]

T
L

[3e}

N

<
T

Printing temperature (°C)

.
=

(3]

[=3

(=}
T

150
Q & 2 < <) & < S > (@]
Q \%{{@ Q\X' {;@‘ Cﬁ@ Yﬁb \%%\o'\ .@ﬂ @\o\ %@@ Qo*%@ < Q@@%’
& T TF e T
] vy S

Figure 4. Printing temperature ranges using for different polymers and composite materials (the
information gathered from several studies shown in Tables A1-A3).

2.4. Bed Temperature and Environmental Control

FDM can operate at room temperature and “standard” environmental conditions but
environmental control can improve the performance of the printed part. The heated bed
is one of the main environmental control methods. The temperature of the heater plate
attached to the printing bed is usually set below the glass transition temperature of the
printed filament. This heat prevents rapid cooling of the thermoplastic and improves
inter-raster bonding [5]. Improper temperature control and rapid cooling can reduce the
crystallinity of printed thermoplastic. General thermoplastics have low nucleation and
crystallinity rates, so they cannot form a crystalline structure in a short time, this can
reduce the part strength when printing without heated bed [12,43]. The heated bed could
reduce the voids between rasters by improving raster fusion [18]. It has been observed that,
because of the short distance from the heated bed, the raster fusion at the bottom layers is
better than the higher layers [4]. The correct bed temperature also enhances the adhesion
on the platform and the edge warpage can be eliminated. The environmental control can
also be achieved by encasing the printer in a closed envelop that stabilizes the overall
temperature and minimizes any disturbance. The trend of the selected bed temperature
for neat thermoplastic filament (in Figure 5) is similar to the nozzle temperature as low-
performance polymers need low bed temperature. There is no specific study for the heated
bed temperature in the fibre reinforced plastic 3D printing process. However, the bed
temperature of composite 3D printing was adopted from the neat polymer bed temperature
with some increment as can be seen in the pre-defined bed temperature of PLA and ABS
with short fibre reinforcement in Figure 5.



J. Compos. Sci. 2021, 5, 29

8 of 38

160
140
120

Bed temperature (°C)
N N =)
O O O O O O

IIH]IH]

PLA PLA/S.CF PLA/C.CF ABS ABS/S.CF  Nylon/S.CF PC

Figure 5. Bed temperature ranges using for different polymers and composite materials (the information gathered from
several studies shown in Tables A1-A3).

2.5. Building Orientation

In this paper, building orientation, referring to part building principle, is categorized
into three types: (a) “flat”, (b) “on-edge”, and (c) “upright”. Figure 6 shows the different
building orientations [45]. Considering dumbbell-shape 3D printed tensile testing specimen
geometry, the “flat” and “on-edge” orientation deposit rasters mainly in tensile load
direction (X); the “flat” (Figure 6a) builds a larger surface on the XY plane while the
“on-edge” (Figure 6b) builds a smaller edge on the XY plane. By contrast, the “upright”
orientation stacks layers in the Z direction (Figure 6c¢), so the tensile load might be applied
to the Z direction accordingly to the figure axes. It can be implied that tensile strength of
the “flat” and “on-edge” sample depends mainly on the strength of the material, but in
the “upright” depends on the inter-raster bonding strength which is controlled by fusion
between the adjacent rasters [40]. Thus, the “upright” building parts are always weaker
than the others [24,28,43,45,46], the inter-raster bonding strength is always lower than the
material strength.

(@)

Z
%Y
X

Figure 6. Building orientation definition (a) “flat”; (b) “on-edge”; (c) “upright”. Reproduced from
Smith et al. [45] with permission from Elsevier.

Comparing “flat” and “on-edge” samples of neat polymer printing, both have similar
strength as a result of the same number of longitudinal rasters [46]. The difference in the
strength of “on-edge” and “flat” samples have been investigated in a number of research
studies. Durgan and Ertan [46] found that the “on-edge” ABS samples showed higher
strength than the “flat” samples. This may be because the number of outer rasters (contour),
which needs to print to be an outer shell of the 3D printed part, of “on-edge” is greater than
the “flat”. Another reason is that “on-edge” prints more contours in the Z direction that
offers better compaction by pressure for nozzle and weight of the deposition in Z direction
compared to a few layers built in the Z direction of the “flat” printing. For shear sample
([45°] raster angle) of neat ABS and PC, in the internal structure of the “on-edge” there is
a smaller contact area between crisscrossing rasters, than in the “flat”, leading to a weaker
through-thickness bonding of layers [24].
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Considering short fibre reinforcement, the fibre reduces the flexibility of the matrix, so
the softened /melted material has a high surface tension that holds the melted rasters in
a circular shape. This reduces the contact area between rasters, creates inter-raster voids,
and decrease interlayer strength. This leads to lower tensile strength in the “upright”
direction of the short fibre reinforced sample compared to the “up-right” orientation of
neat polymers [47-49]. The weakness of “up-right” orientation of chopped CF/PLA was
compared to the “flat” by Ding et al. [50]. The tensile strength of the “flat” and “up-right”
orientation in the article is approximately 52 MPa and 35 MPa, respectively. Wang et al. [51]
compared flexural properties of the “flat” and “on-edge” printing with ABS reinforced
with different short fibre types; CF, GE, KE. The author claimed that the “on-edge” shows
higher energy absorption than the “flat” referring to higher flexural strength and stiffness
than the “flat” specimen by 19% and 24%, respectively [51]. According to the printing of
[0°/90°] raster angle with “flat” and “on-edge” in Figure 7a,b, the rasters in “on-edge”
printing act as short columns resisting the bending load rather than the long beam raster in
the “flat”. This may be implied to the higher bending load bearing.

- — onle dirant: \
\ \ Crack direction Crack direction \\\
\ Weak interfilament interface

Strong barrier

Weak interfilament interface \
Strong batrier

Figure 7. Different printing orientation: (a) “flat”; (b) “on-edge”, printing with [0°/90°] raster angle
under bending load. Reproduced from Wang et al. [51] with permission from MDPI AG.

For Markforged nylon reinforced continuous fibre, Chacon et al. [52] claimed that
the “flat” building orientation shows higher fibre volume fraction than the “on-edge” by
the printing principle designed by Markforged, so the “flat” has higher strength than
the “on-edge”. There is a comparison of impact resistance between “flat” and “on-edge”
orientation of Markforged continuous fibres using Charpy impact tests. The notch was
manufactured by the print path of Markforged printer. The “on-edge” shows higher impact
strength than the “flat” in any types of fibre: CF, GE, KF. This relates to a difference of fibre
volume content when printing with “flat” and “on-edge” orientation using Markforged
printing scheme that requires neat polymer in the first and last layer. Hence, the “on-edge”
orientation builds more fibre layers, in the Z direction, compared to the “flat” that deposits
fibre in XY plane [53]. Figure 8 shows the tensile strength of different building orientations,
raster angle, and material of each orientation are divided by filling pattern and colour (blue
for PC, orange for ABS, and yellow for short fibre reinforced ABS). Overall, the strength of
“flat” and “on-edge” are the same and they are higher than the “upright”.

80 PC [+45°] [24] 3 PC[0°/90°] [24]
20 b ABS [+45°] [24] ABS [0°/90°] [24]
s ABS [+45°] [46] ABS [0°/90°] [46]
60 | ABS [£45°] [28] ABS/S.CF [47]
ot “ ABS/S.CF [49
ot / [49]
(él)
£40 |
g
s 30 F
220
=
10 +
0 i
"Flat" "On-edge" "Upright"

Figure 8. Tensile strength of different building orientation (the information gathered from several
studies shown in Tables A1-A3). The [+45°] and [0° /90°] are the printing raster pattern described in
the raster angle section (Section 2.6). The short fibre samples (ABS/S.CF) print and test mainly in the
longitudinal direction.
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The difference in building orientation also affects to fracture mechanic under tensile
load. In neat polymer samples, the “flat” and “on-edge” have ductile behaviour (plastic
dominated failure) [24]. The crack runs transversely the rasters and fail perpendicular to
load direction after yielding [45,46]. By contrast, the “upright” has brittle behaviour (raster
bonding dominant). Various studies observed that the crack between deposition lines or
interfacial crack could leave a smooth failure surface [28,45,46]. For short jute reinforced
thermoplastic printing in “upright” direction, the failure is the trans-filament fracture, due
to the presence of voids [25].

The surface roughness of the different building orientation was studied in [46], print-
ing with neat PC polymer. The “on-edge” and “upright” samples showed high surface
roughness in the layer stacking direction (Z-direction) while the “flat” sample had similar
surface roughness in Z and Y direction when the main printing direction along X-axis
according to Figure 6a [46].

In the manufacturing process, “upright” and “on-edge” samples are more difficult
to build compared to “flat” because of low attachment area to the printing bed and high
stacking layers away from the heated bed that has low temperature to fuse the raster after
printing [45].

2.6. Raster Angle

In this paper, raster angle is the deposition direction on an XY plane (Figure 9). The
X-axis is parallel to the tensile load direction, referred to as low raster angle (0°), the
Y-axis is perpendicular to the load direction, referred to as high raster angle (90°). Raster
angle is a significant factor to define the strength of the printed part [4]. The building
of a component usually follows two principles: a single raster angle for all layers or
layer-by-layer crisscrossing raster angles.

Figure 9. Description of printing parameters from top view including air gaps, raster width, number
of contours, and raster width. Reproduced from Gebisa et al. [33] with permission from Elsevier.

For a single raster angle in neat polymers, the ideal angle for the tensile strength
is 0°, i.e., aligned to the tensile load direction. The mechanical performance decreases
when there is an increase in the raster angle as the load-bearing capabilities of the printed
structure decreases [14,17,23,33,54]. For angles higher than 45°, the tensile modulus stays
constant when the raster angle increases [54]. This may be caused by the fact that the
component stiffness is dictated by the stiffness of the inter-raster welding, rather than the
material stiffness. However, some researchers suggested different results. Song et al. [43]
minimized the contour effect of PLA by cutting only the inner structure of the printed part
and performed the tensile testing. They found that the 0° samples had a stress drop after
yielding while the 45° had no stress drop before breakage. Onwubolu and Rayegani [26]
found that the high porosity in 0° samples decreased the tensile strength, that was lower
than that of 45°. Carneiro et al. [55] used a new printing procedure by printing only inner
filling (infill structure described in Section 2.10) to various angles without contour, the
tensile test of the new printing path shows that the 90° sample has higher mechanical
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performance than 45° because of the poor fusion at the extremity of the 45° part which
has no closing contour. Under tensile load, Hill and Haghi [54] found that the raster angle
between 45° to 60° failed by shear of the inter-raster bonding, but the small raster angle
(15° to 30°) had unpredictable failures as 15° failed at bonding following perpendicular to
load failure and 30° showed interfacial failure without material failure. Figure 10 shows a
generalised decrease in the tensile strength when the raster angle increases in specimens
printed with a single angle. There are some cases, shown with dashed lines, which have a
fluctuation in their trend.

90 —#i— PLA 4 contours [23] PLA 5 contours [23]
--m-- PLA [43] —#— PEI [33]
80 —@— PEEK [17] ABS [26]

—B—  ABS [4]
ABS/S.CF [4]

Tensile strength (MPa)

0 45 90
Raster angle (degree)

Figure 10. Tensile strength of single raster angle, normally the strength decreases as an increase in

the raster angle from 0° to 90°, but there are some fluctuations shown as a dashed line that strength

increases when the raster angle increases (the information gathered from several studies shown in
Tables A1-A3).

In the flexural test, parts printed with a raster angle of 0° have higher bending strength
and stiffness than printed with 45° or 90°, as found in Durgun and Ertan [46] study, so
the low printing angle increases the flexural strength of the part. Under bending load,
the 0° fails by material failure and the crack grows transverse to load direction while the
90° also fails mainly by delamination or interfacial failure according to the low bonding
strength [4,54].

Considering crisscrossing raster in neat polymers, the crisscrossing is commonly used
in commercial G-code generators because of their ability to distribute the stress. The
balanced [£45°] is expected to be the strongest angle because of an even load distribution
and the [0°/90°] crisscrossing is expected to be the weakest angle because of the loss of
all material strength along the 90° angle which inter-raster-bonding dominates the tensile
strength [56]. The [£45°] angle shows more uniform strain thanks to the balance in load
distribution, but [0°/90°] angle shows a bi-modal strain which has a high strain in the
individual 0° and 90° raster as mentioned by Cantrell et al. [24], this should cause the
[0°/90°] to be weaker than [£45°]. Nevertheless, there are some deviation trends found
by Carneiro et al. [55] and Cantrell et al. [24], the less effective raster angle was the [£45°]
that showed lower performance than the [0°/90°]. In the PC sample, Hossian et al. [57]
found a slight difference in strength between different raster angles, the highest ultimate
strength was recorded in the [30°/60°] sample. By investigating inter-raster void, the
[£45°] samples have diamond-shaped voids but the [0°/90°] have triangular voids. The
triangular void has more contact area (~75%) than diamond-shaped voids, which generates
a lower void content and a better interfacial strength [47,58]. Figure 11 shows the tensile
strength when printing with different crisscrossing angle. Overall, a fluctuating trend can
be observed, as mention above.
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Figure 11. Tensile strength of crisscrossing raster angle of neat thermoplastic printing and composite
printing (the information gathered from several studies shown in Tables A1-A3).

For fibre reinforcement samples, the fibre is supposed to be the main load-bearing
component, so the alignment of the fibres in the load direction is the most efficient way to
strengthen the part. Angle printing may reduce the performance of the fibre reinforcement
as seen in the research conducted by Ning et al. [39] with short, approximately 0.15 mm,
carbon fibre reinforcement. They found that the raster angle of [0° /90°] had better mechani-
cal performance, i.e., higher tensile strength and stiffness, than [+45°]. Load transferring in
the fibre until fibre rupture was observed in [0°/90°] samples, but fibre pull-out failure was
observed in [£45°] samples. It can be inferred that the load is partially transferred to fibre,
so the residual load remains in the fibre-matrix interface causing the interfacial breakage.

Zhang et al. [4] compared the difference between [£45°] crisscrossing and purely 0°
or 90° printing. For neat polymer fabrication, the [£45°] raster angle has lower porosity
and achieves better interface than the only one angle. With the introduction of fibre filler,
the one angle printed (0° or 90°) have lower voids and show better mechanical properties
than the crisscrossing.

Some studies show the relationship between the raster angle appearance and printing
speed and extrusion rate using flow simulation [59,60]. The synchronized printing speed,
federate and a smooth tool path (Figure 12a) can present a smoother turning radius
compared to a stop-and-turn trajectory using in the conventional path (Figure 12b). This
printing principle can be applied to the smaller angle printing to achieve smoother turning.
In the continuous fibre printing, the Markforged continuous fibre is printed with a different
aspect from the conventional printing that deposited material as a close loop from the
outer to inner shown in Figure 9. The Markforged placed the fibre filament as a spiral
without stopping from the outer edge to avoid cutting the continuous fibre. This refers to
the smaller turning radius at the inner raster that difficult to fill with the stiff fibre showing
weak spot as fibreless area and may resulting in unfinished printing as seen in Figure 12c.

(b) (c)

Figure 12. (a) Smooth radius printing path; (b) stop-and-turn trajectory path. Reproduced from Comminal et al. [59]; (c)
printing of continuous fibre with the spiral printing path. Reproduced from Blok et al. [29] with permission from Elsevier.
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2.7. Raster Distance (Raster Width and Air Gap)

Raster width and air gap can be adjusted by the same action. They related to the
movement of the nozzle on the XY plane. The amount of material fed to the nozzle limits
the raster width while the spacing between raster is called an air gap. The air gap influences
part density. For “negative” air gaps, an overlap of rasters can compact them together and
allows them to achieve a good interface, high part density and good flexural strength. A
small gap size increases raster fusion that achieves proper polymer chain diffusion creating
a good bonding interface. By contrast, for “positive” gap there is no touching between
adjacent rasters being a predefined space expected for perfect raster fusion. However,
an improper raster spacing leads to an imperfect bonding that causes inter-raster voids
and reduces the density of the part. This results in a reduction in tensile and flexural
properties. From a manufacturing perspective, the small gap consumes more material and
increases the time required to finish a part compared to the larger gap, however it offers
higher printing resolution. A large gap, that leaves voids, decreases part resolution and
accuracy [54,56,61].

The effect of the assigned raster width on the strength was investigated by several
researchers. Tian et al. [35] found that the high width created an overlap region that
disrupted the printing process. Hill and Haghi [54] suggested that high width slowed
down the movement of the printing head leading to longer manufacturing time and
requiring more materials to build the part. Moreover, it also showed a poor surface finish.
The high level of inter-raster bonding reduces the overall part strength because of the lower
strength compared to the polymer strength. Thus, a large raster width, reducing the level
of bonding, is beneficial to the tensile strength.

2.8. Raster Thickness

Raster thickness is defined by the distance from the nozzle outlet to the printing bed
or the previous layer. The thickness is related directly to the interaction of the layers that
reflects the tensile strength. Current research findings can be categorized into two groups.
The first group found that a high number of interfaces reduces tensile strength. Thus,
the high raster thickness decreased the number of layers minimising the interface and
improving the strength. The effect is limited to only neat polymers, as shown in [14,23,55].
By contrast, another group claimed that a low raster thickness could compress layers
together. Hence, achieving good compaction reduces porosity between raster and increases
the interlayer bonding strength. This increases the mechanical properties, not only the
tensile strength but also the flexural and shear strength. The effect can be widely seen in
neat thermoplastics, short and continuous fibre reinforced thermoplastics as mentioned
in [4,17,27,35,37,39,43,52]. In continuous fibre reinforcement, produced by feeding the
fibres to the polymeric matrix melted pool in the nozzle (the co-extrusion method for
continuous fibre reinforcement printing described in Section 3.2.1), high raster thickness
produces a reduction in the fibre content by an increase in the matrix covering a fibre
that leads to a decrease in strength [37]. Figure 13 shows the relationship between tensile
strength and raster thickness (the solid line represents neat polymer, and the dash-dot line
is the short fibre reinforced thermoplastic). There are both upwards and downwards trends;
however, the average trend is a decrease in tensile strength when the thickness increases.

From a manufacturing point of view, a high thickness produces a better temperature
gradient which reduces the part distortion [14,23] whilst low thickness can cause edge
warping [30]. The high thickness exhibited a rough “staircase-like” pattern surface because
of the imperfect fusion, this decreases overall finished sample accuracy [17,62]. The raster
thickness relates to manufacturing efficiency, setting low thickness uses more material and
time, increasing the cost of products. Normally, the first layer thickness is defined to be
slightly lower than the other layers, in order to apply high compaction force and ensure
good bed adhesion.
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Figure 13. Tensile strength at the various thickness of neat thermoplastics and short fibre reinforced
thermoplastics; most of the findings show a reduction in strength when the thickness increases (the
information gathered from several studies shown in Appendix A Tables A1-A3).

2.9. Contours Numbers

By default, commercial FDM machines always generate outer shells (Figure 9) to
ensure good surface finishing and reduce stress concentration at the end of the raster.
The contour always runs concentrically around the part, so part of the contour always
lies in the load direction despite any pre-defined (inner structure) raster angle. It can be
implied that the number of contours affects tensile properties. A high number of contours
increases the material laid in the load direction, increasing the tensile strength and stiffness
but decreasing the elongation of the raster [8,23,33]. The number of contour lines (NC)
can be defined as the product of two times the number of longitudinal raster per layer
(2n,.), to take into account both specimen edges, and the number of layers (1), as shown
in Equation (4) [63].

NC = 2n.n 4)

According to this, the contour has a high influence on the tensile properties compared
to other printing parameters, e.g., printing orientation (“flat” and “on-edge”) or small
different raster angle. Samples with the same number of contours, but different orientations
or raster angles show similar tensile properties.

2.10. Infill Volume (%Infill)

This parameter refers to the amount of material used to fill space inside the contours.
The infill material is deposed within the outer contour accordingly to various patterns,
e.g., rectangular, triangle, honeycomb, zigzag, or line with several raster angles, described
in Section 2.6. The G-code generator can adjust the volume content of the infill from
20-100% (solid part) to change the amount of material used in the inner structure. The
high %infill increases the amount of material in the part and consequently its density.
Carneiro et al. [55] suggested that denser parts always have high tensile strength and
stiffness because a high amount of material available to carry the load. De toro et al. [64]
confirmed the state by printing nylon reinforced with 20 wt% S.CF with 100% and 60% infill
and testing their properties. The 100% infill shows approximately 3 times improvement in
the tensile strength and stiffness from 60%. Yasa and Ersoy [65] investigated that the change
of infill percentage from 50% to 75% of the commercial Markforged chopped fibre (Onyx)
increases the tensile stiffness about 6%. They continued to study on the infill percentage
on toughness and found that the increase in infill from 75% to 100% resulted in a two-fold
toughness improvement, but the improvement is insignificant when the shift from 50% to
70% infill [66]. However, the high amount of infill requires a high amount of material and
time to complete the part, causing high manufacturing cost [23,67]. In contrast, low %infill
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benefits the part accuracy. Nazan et al. [30] found that at low %infill, the rasters showed
better heat diffusion than the high-density part, reducing the warping of the part.

2.11. Nozzle Geometry

Typically, the nozzle tip diameter for commercial neat thermoplastic 3D printing
filament (1.5-2.85 mm in diameter) is 0.4 mm. The available diameters range from 0.1 to
0.5 mm depending on the accuracy required to the printed part and material viscosity. The
continuous fibre reinforced nylon filament by Markforged, 0.35 mm filament diameter, is
printed by a 0.9 mm nozzle diameter with a filleted outlet edge. The edge fillet is expected to
guide the continuous fibre and promote their placement on the bed. The difference between
neat thermoplastic and continuous fibre reinforced thermoplastic filament produced by
Markforged is shown in Figure 14.

Figure 14. Markforged produced 3D printing nozzle for (a) neat thermoplastic 0.35 mm diameter
nozzle; (b) nylon continuous fibre 0.9 mm diameter nozzle [68].

For normal convergent nozzle with three stages (Figure 15a), the pressure drop
depends on the dimension of the large inlet section, of the conical section, and of the
small outlet section. A test of feeding PLA filament through a convergent nozzle by
Sukindar et al. [69] detected a large pressure drop at the small outlet diameter that causes
a poor surface finish of the printed part. Yet, the high pressure drop offered a consistent
material flow that increased the accuracy of the printing. The printed geometric error, cal-
culated from conical angular and outlet diameters (Figure 15b) using Equation (5), showed
that the larger nozzle diameter created higher geometric error than the smaller nozzle
diameter. The nozzle diameter also links to extrusion time or fabrication time calculated
with the combination of FR, the part volume (V), and total layer thickness (XL) using
Equation (6). According to this, the small diameter requires longer times to complete
the part. Sukindar et al. [69] also claimed that the optimum nozzle diameter, providing
an appropriated pressure drop to maximize accuracy and minimize geometrical error,
was 0.3 mm. To ensure the consistency of the printed part, Geng et al. [16] suggested
that printing with a small nozzle diameter at a high speed and feed rate could maintain
the same amount of deposited materials during the printing. The effect of nozzle outlet
geometry was investigated also by Papon et al. [58] using carbon nanofibre/PLA polymer.
Three nozzle outlet shapes with the same cross section area of 0.1257 mm? were studied in
this research: square, star, and circle. According to the simulation, the star-shaped nozzle
was predicted to deposit a smooth velocity gradient that reduced the swelling effect and
provided a rectangular deposited raster cross section. This could reduce the void formation
from circular raster cross section that has small contact between rasters. Figure 16 shows
the different nozzle outlet geometry in the study reported by Papon et al. [58] and the
simulated shape of the deposition at the different outlet geometry. Hence, nozzle shape
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and size should be considered for different materials to achieve good product properties as
they cause different flow behaviour.
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Figure 15. (a) Conical shape 3D printing nozzle dimension and area of pressure drop from zone A
(large inlet area), B (convergence area), and C (small outlet area); (b) parameters for error calculation
of circular nozzle, in Equation (5), where R is the radius of the extrusion orifice and B is the angle of
the modelled conical nozzle geometry using in the simulation. Reproduced from Sukindar et al. [69],
with permission from Jurnal Teknologi.
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Figure 16. Investigation of the different nozzle outlet geometry: circular; square; star on the deposi-

tion geometry at the outlet using ANSYS fluent computational fluid dynamic modelling studied by
Papon et al. [58].

3. Material Parameters

This section describes three types of materials used in the FDM process: thermoplastic
polymers as a matrix, fibres as a reinforcement, and additional materials as a sizing agent.

3.1. Matrix

In general, the FDM process uses thermoplastic polymers that can melt at relatively
low temperatures and be re-shaped in a short time. Several thermoplastics, from the low
performing (e.g., PLA, ABS, and PP) to the high performing (e.g., PEEK and PEI) accord-
ingly to their mechanical properties, as detailed in the introduction (Section 1), have been
used with the FDM process. Among those materials, the most common thermoplastic used
in FDM is PLA because of its low processing temperature, low shrinkage, and relatively
high mechanical performance to cost ratio. Another “generic use” thermoplastic is ABS that
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has better thermal conductivity than PLA, but its high viscosity hinders the fusion of the
printed raster and leads to porosity in the structure [43,70]. Different classes of polyamide
(e.g., PA6, PA12, PA66, etc.), also known as nylon, have a high strength compared to the first
two thermoplastics, but it has poor layer adhesion and moisture absorption issues. PC is
one of the best high performance among the thermoplastics, e.g., high strength, toughness,
and hardness. Yet, it has high heat resistance that required high printing temperature and
makes it difficult to print [71]. PEEK and PEI are the high-end thermoplastics which have
high mechanical performance and require high process temperatures.

3D Matter [72] proposed a comparison of six low to medium performance thermo-
plastics: PLA, ABS, poly(ethylene terephthalate) (PET), nylon, thermoplastic polyurethane
(TPU, rubber-like material), and PC, for FDM process, shown in Figure 17a, considering
the printability, visual quality, strength, elongation at break, impact resistance, layer ad-
hesion and heat resistance. It can be implied that the optimum thermoplastic in term
of manufacturability and mechanical performance is PLA which shows relatively high
mechanical performance and high printability with good visual quality, although it has a
low heat resistance leading to some issues in high-temperature applications and warping
on the printing bed. Another full review of the possible thermoplastics used for highly
aligned discontinuous fibre thermoplastic composite FDM technology can be found in
Blok et al. [70] study. This trade-off study considered several parameters, including process
temperature, moulding temperature, cost, glass transition temperature, coefficient thermal
expansion, thermal conductivity, shrinkage, printing ability, interfacial properties with
carbon fibre, specific heat capacity, density, crystallinity, and strength. Each parameter
has its weight score according to its suitability to produce composite FDM filament and
then fabricate 3D printed products from the filament. Figure 17b shows that ABS is the
most suitable matrix to combine with the highly aligned discontinuous fibre followed by
poly(ethylene terephthalate glycol) (PETG) and PLA. This study procedure would benefit
composite material developers to find a proper combination of polymer and reinforcement.
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Figure 17. (a) Six polymers for 3D printer benchmarks according to a study from 3D Matter [72]; (b) sensitivity study of

different thermoplastics for producing highly aligned discontinuous fibre thermoplastic 3D printing filament. Reproduced
from Blok et al. [70], with permission from MDPI AG.

Focusing on the tensile strength and stiffness of polymers, the 3D printed parts (in
the chequered pattern), gathered from the research papers shown Table A1, always have
lower strength and stiffness than the bulk polymers filament, before printing (bulk colour),
gathered from various sources in Table A4, as seen in Figure 18. This may be because of the
instinct layer-by-layer manufacturing that leaves porosities, poor inter-raster bonding and
rough surface finishing in the printed structure.
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Figure 18. Range of (a) tensile strength; (b) tensile stiffness of thermoplastics as a filament (bulk) according to the information
and their reference in Table A4 and as printed (checkered pattern) from Table Al.

3.2. Reinforcement

This section considers fibre reinforcement categorized accordingly to the length in-
cluding nano, short, discontinuous, and continuous. Nanofibres are defined as fibre with a
diameter that is less than 1 um and an aspect ratio (the ratio between length and width)
greater than 50 [73]. Critical fibre length, defined as the length that allows full load transfer
from matrix to fibre, is used to classify short and discontinuous fibre. For lengths below
the critical fibre length, the fibres are defined short: the load cannot be fully transferred
between the fibres through the matrix, and the failure is usually fibre pull-out or matrix
failure. While length above the critical length, the fibres are here defined “discontinuous”
and the composite material fails for fibre breakage. The main types of fibre reinforcement;
GE, CF, and KF are mainly considered in this review.

The following subsections will discuss the process to add the reinforcement to the
polymeric filament and describe the effects of fibre reinforcement on the polymeric filament
and the printed part. Finally, the effects of reinforcement parameters, amount of fibre and
fibre length, on the part mechanical properties will be reviewed.

3.2.1. Reinforced Filament Production

Most of the research in 3D printing used commercial fibre reinforced filament pro-
duced by commercial manufacturers, e.g., Markforged, MakerBot [25] or Lulzbot TAZ [29],
which have a fixed composition of each filament. Some researchers have produced their
customized composite 3D printing filament so that the composition in the filament, i.e.,
matrix type, fibre type, fibre architecture, fibre length, the amount of fibre and sizing
agents, can be changed. To produce the customized composite filament, various filament
forming processes were designed. This paper divides the processes according to the fibre
architecture, i.e., nano-, short, and continuous fibre mentioned above.

For nanofibre reinforcement, Shofner et al. [22] produced vapour grown carbon fibres
(VGCFs) reinforced ABS by mixing both substrates with a high shear rate in a Banbury
mixer. Next, the melted composite was heated and pressed to form a sheet, then the sheet
was granulated. Finally, the granules were melted and extruded using a single screw
extruder and spooled manually to store the 1.7 mm constant diameter filament.

For short and discontinuous fibre, the fibre is combined with the polymeric matrix
using a similar method as the nanofibers: mixing and extrusion. Before the fibre-matrix
mixing process, it might be necessary to chop commercial produced continuous fibre to
an appropriate length for the mixing machine, typically between 1 to 3 mm, as described
in [38,41,49]. The short or chopped fibres are usually blended with melted thermoplastic
in a high shear rate mixing machine or twin-screw extruder at high temperature [11,31].
The melted composite could be cooled down and chopped to pellets ready to be fed to the
final extrusion [11,19], or fed directly to the final extrusion, usually a single screw extruder
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with a small circular die [38,49]. The final round-shaped filament diameters, range from
1.5 to 2 mm, depends on the die size. After the extrusion, the filament is cooled down at
room temperature naturally or forcibly, e.g., using a cooling bath [19]. Finally, the constant
cross section diameter filaments are spooled in a suitable feedstock format at temperatures
around 50 °C to soften the polymer [19]. The short or discontinuous fibre reinforced
matrix filament feedstock can be printed using a general FDM machine without any extra
equipment. An example of a brief procedure is shown in Figure 19. Fibre breakage always
occurs during the mixing and extrusion, using screw extruder, because of the high shear
stress during the compound process. For example, Sang et al. [19] showed fibre breakage
from the initial 1-3 mm to an average of 0.13 mm after the process. Moreover, the similar
process studied by Tekinalp et al. [38] and Love et al. [49] underlined the fibre breakage
from the chopped 3.2 mm to less than 0.4 mm when using Brabender Intelli-Torque Plasti-
Corder prep-mixer at speed of 60 rpm for 13 min and extruding to a plunger-type batch
extrusion unit to make 1.75 mm diameter filament.

gl;;t pellet_s Second extrusion
Blender | Extruder
—

Ll —=

Carbon fiber %{’
I

.

Filament

Figure 19. Short fibre FDM filament processing by mixing and extrusion. Reproduced from
Ning et al. [41], with permission from Elsevier.

For continuous fibre reinforcement, there are two well-known methods to fabricate
continuous fibre reinforcement. Markforged developed a pre-impregnated continuous fibre
feedstock using nylon and various types of continuous fibres [29,52,74,75]. The filament is
fabricated by applying tension to the fibre while passing them through a melted matrix pool.
Then, the composite filament, 0.9 mm in diameter, is spooled to be stored, similarly to neat
polymeric filament feedstock. This filament can be printed via normal FDM machine with
some modifications: a fibre cutter to finish the fibre extrusion and a specific filleted edge
nozzle as shown in Figure 14b. The fibre cutter is attached to the Markforged 3D printing
machine away from the printing head to avoid adding the weight of the moving part.
The second procedure to print continuous fibre is the customized method developed by
many researchers [34,35,61]. The main concept of the customized continuous fibre printing
is a co-extrusion method that feeds continuous dry fibre bundle to mix with the melted
thermoplastic filament in the hot nozzle bath. The composite is extruded by the pressure
difference between the inlet and outlet of the nozzle. The matrix used in the method is
usually a normal neat thermoplastic 3D printing spool. Figure 20 shows the customized
continuous 3D printer with the co-extrusion method using dry fibre and thermoplastic
spool feeding to the hot nozzle and their deposition. The fibre content in the composite
printing with this method depends on the fibre and matrix feed rate and printing speed
e.g., feeding fibre at a higher speed than the matrix results in high fibre content, but poor
fibre—matrix interface [34,35,61,76]. Obviously, the latter method, compared to the former
commercial pre-impregnation, shows worse surface impregnation because of the lack of
quality control after impregnation.
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Figure 20. Customized co-extrusion, continuous FDM process feeding fibre to the melted matrix in
the melted pool. Reproduced from Tian et al. [35], with permission from Elsevier.

3.2.2. Effect of Reinforcement on Microstructure

Adding fibres to the 3D printing feedstock causes the formation of voids within the
filament, caused by improper fibre-matrix adhesion. Zhang et al. [4] compared the filament
cross section of ABS, ABS/CNT (carbon nanotube reinforced ABS) and ABS/S.CF using
scanning electron microscopy (SEM) imaging, as seen in Figure 21. It is obvious that the
neat ABS filament (Figure 21a) has no inner void while voids are present in the composite
material filament. According to Figure 21, ABS/S.CF filament clearly shows the largest
void. The voids left in the initial filament may present as inner-raster voids in the printed
part. Inner-raster voids are also found in the printed part of the Markforged continuous
fibre filament because of the poor interfaces between fibre and matrix [74]. For natural fibre,
the degradation temperature of the natural fibre is relatively low compared with synthetic
fibres. Perez et al. [25] suggested that jute fibre degraded at the process temperature
(around 180 °C). The produced gas was trapped inside the composite structure and left
voids in the filament after the extrusion.

Figure 21. SEM images of the 3D printing filament with the different materials: (a) neat ABS; (b)
ABS/CNT; (c) ABS/S.CF; (d,e) enlarging of the last two filaments. Reproduced from Zhang et al. [4],
with permission from Elsevier.

3.2.3. Effect of Reinforcement on Mesostructured

Considering mesostructure of composite 3D printing parts, the fusion ability of the
deposition rasters, the reinforcement increases heat diffusion of the thermoplastic and
enhances the rasters fusion, causing a reduction in porosity between rasters, for example,
glass fibres improved thermal properties of poly(phenylene sulphide) (PPS) [47]. This result
was emphasized in a mesostructured study of ABS and ABS/S.CF by Tekinalp et al. [38].
Figure 22 shows polished cross section of ABS and ABS with different fibre content from
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10-30 wt% (chopped fibre length of 3.2 mm before filament production and broken to
around 0.2-0.35 mm after the mixing and extrusion depending on the fibre content). It
can be seen larger triangular voids in printed neat ABS (Figure 22a) than the ABS with
short CF parts Figure 22b-d. Tekinalp et al. [38] suggested that the fibres decrease die
swelling phenomena, so the deposited rasters show more rectangular liked shape rather
than circular shaped. The CF also increase thermal conductivity that helps raster fusion
and fulfils the rectangular voids.

Figure 22. Micrographs of polished cross section of FDM printed part using (a) neat ABS; (b)
ABS/10 wt% S.CF; (c) ABS/20 wt% S.CF; (d) ABS/30 wt% S.CF [33] with the presence of rectangular
inter-raster voids. Reproduced from Tekinalp et al. [38], with permission from Elsevier.

Other articles suggested different results. Ivey et al. [12] found that the presence
of the short CF in PLA (commercial filament produced by 3DXMax CFR Carbon Fiber
Reinforcement PLA Filament, 3DXTech, Wyoming, MI, USA with 15 wt% of CF) increased
the polymer viscosity and reduced melted flow flexibility. This hindered flowability of
the melted polymeric composite to fuse to the adjacent rasters, so the depositions were
imperfectly fused. It left inter-raster voids in the structure. They also commented that the
high viscosity at high fibre content might cause nozzle clogging and inconsistency melted
flow, so the deposition was unsteady causing large voids in structure. Duty et al. [48]
mentioned that the short fibre reinforcement changed the flow field of the melted polymer
and created a favourable nucleation site for bubble formation. Figure 23 shows the inter-
raster voids and the ability to fuse between raster of ABS, ABS/CNT, and ABS/S.CF printed
part when printing with 0° raster angle. It can be seen that the large inter-raster voids are
found in the fibre reinforced thermoplastic [4]. The inter-raster void depends directly on
the percentage of the fibre filler as concluded in Sang et al. [19] and Blok et al. [29].
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Figure 23. Cross section of printed parts from (a) ABS; (b) ABS/CNT; (c) ABS/S.CF with 0° raster
angle and the difference in the inter-raster void formation which shows larger voids in the fibre

reinforced specimen than neat ABS and nanofibre samples. Reproduced from Zhang et al. [4], with
permission from Elsevier.

The effect of fibre on the mesostructure of the FDM part is ambiguous (from
Figures 22 and 23). However, the latter effect, that the fibre reduces the raster fusion
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leading to inter-raster voids, were more extensively published than the improvement
in mesostructure when adding fibres. This may depend on several variables such as
fibre-matrix compatibility or sizing agent added to composites.

3.2.4. Effect of Reinforcement on Physical and Chemical Properties

The volume of crystalline structure within polymer increases with the addition of
fibre reinforcement. Sang et al. [19] stated that fibre reinforcement promoted the formation
of crystalline structures from the amorphous phase by decreasing crystalline temperature.
Liao et al. [31] suggested that the presence of carbon fibre in nylon reduced nucleation free
energy and allowed the molecular chain to arrange into a crystallized phased because the
fibre acted as an efficient nucleating agent for the crystallization.

The fibre reinforcement rises the degradation temperature of the polymer because it
performs like a thermal stabilizer that absorbs heat [31]. This, however, has a very small
influence on process temperatures especially Try and Tg [19,31].

The presence of fibres improves the heat conductivity of the composite and the capabil-
ities related directly with the fibre content [29]. The improvement in the heat conductivity
helps residual heat from the previously deposited raster to transfer to the recent deposition,
increasing the inter-raster bonding and part strength. The better heat transfer of fibre
reinforced filament than neat thermoplastics, caused by the presence of fibres, reduces
the thermal residual stress and local high temperature points, so the weak points are
eliminated [29,47]. Furthermore, the presence of fibres decreases the coefficient thermal
expansion (CTE), preventing warping during fabrication and improving dimension accu-
racy [29,77]. Owing to the random short fibre alignment in anisotropic fibre reinforced
thermoplastic, the direction and amount of conductivity cannot be controlled. To achieve a
controllable conductive direction of short fibre composite, the fibre alignment technology
was introduced [78].

Different fibre architectures show different effects on polymeric matrix viscosity. A
kind of nanofibres, VGCFs, have an insignificant effect on the viscosity, as suggested by
Shofner et al. [22]. Sang et al. [19] claimed that short fibres increased the complex viscosity
of the molten matrix proportionally to their content. Ivey et al. [12] suggested that a
large amount of short fibre reinforcement in the matrix might result in nozzle clogging,
caused not only by the fibre entanglement but also by the lack of backpressure to push the
melted filament through the nozzle. Considering short fibre reinforcement, the viscosity of
PLA/S.CF is higher than short basalt fibre (BF), so the PLA/S.BF has high printability than
carbon fibre [19]. Moreover, Zhang et al. [4] claimed that short carbon fibre restricted flow
during printing, thus the raster fusion was diminished, resulting in inter-raster voids.

3.2.5. Effect of Reinforcement on Mechanical Properties

Overall, the reinforcements aim to improve the mechanical performance of thermo-
plastics. Shofner et al. [22] investigated the effect of a nanofibre, VGCFs, on ABS static
tensile test, accordingly to ASTM D638, and dynamic properties, following a DMTA proce-
dure. The findings indicated that the VGCFs increased tensile properties, 40% in tensile
strength and 60% in tensile stiffness, and storage modulus of ABS. Gardner et al. [10] found
that CNT yarn improved the strength of PEI, but it had less effect on the stiffness and strain
to failure.

For short fibre, commercial short GF reinforced PP filament, e.g., Niroumand Polymer
Company (Iran) used by Sodeifian et al. [15] and SOFTER used by Carneiro et al. [55], shows
an improvement in strength and stiffness form neat PP. Short CF increases the mechanical
performance of thermoplastic, especially in the load direction. The stiffness of the CF com-
posite 3D printed parts clearly improves, as confirmed by many articles [12,21,41,47], for
example, 400% improvement from neat ABS when adding 13 wt% of CF with 3.2 mm long
chopped fibre (before mixing and it is expected to be broken during the filament produc-
tion) claimed by Love et al. [49]. The strength of the CF composite parts also increases, but
less significantly than the stiffness [13,41]. This might be because of the plastic dominated
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failure. As detailed in Ferreira et al. [21], PLA carried most of the stress in PLA /S.CF com-
posite (estimated fibre length of 60 pm after filament production and printing) at the failure
instead of the fibre reinforcement. The presence of fibre changes the material behaviour
from ductile to more brittle with a reduction in the failure strain [12,21]. By contrast, in
the through-thickness direction, the presence of short CF fibre, in Love et al. [49] study
mentioned above, diminishes through-thickness tensile strength. This is mainly because
the through-thickness mechanical properties depend on the raster bonding strength and
the fibre restricts interlayer bonding as mentioned above.

For continuous fibre reinforcement, the mechanical performance of the composite
substantially increases due to the continuous nature of the fibre that can transfer load
along the length. A good example is Matsuzaki et al. [76] who reported a continuous
CF-PLA co-extrusion 3D printed composite that showed a 600% improvement in tensile
strength. Brenken et al. [40] claimed that the mechanical improvement of the continuous
fibre reinforced thermoplastic materials had mechanical performance comparable to those
of aluminium grade material. The study of Zhou et al. [74] in flexural properties of the
continuous fibre reinforcement produced by Markforged also showed an 11-fold improve-
ment in flexural strength from neat nylon printed with the same procedure (395 MPa of
continuous fibre compared to 32 MPa for neat nylon). Some articles [61,75] applied the
rule of mixture to describe the mechanical behaviour of continuous fibre printed materials.
They mentioned that the mechanical properties of composite materials printed by FDM
technology did not comply with the rule, being always lower than the ones theoretically
predicted. This is because of poor fibre-matrix interface and porosity in the structure
instinct in the layer-by-layer technology. Comparing the different types of continuous
fibre including CF, GE and KF produced by Markforged, CF shows the higher mechanical
properties in the tensile and flexural tests [52]. Although the continuous fibre composite
material has high mechanical performance, the continuum of stiff fibre causes low flexi-
bility, this may result in manufacturing defects, i.e., fibre waviness. In the layer-by-layer
deposition: the low flexibility fibre cannot fill a small radius leading to the fibreless area
seen in Figure 24a, compared to nylon/S.CF printed sample as a square shape produced by
Lulzbot TAZ 6 printer (Figure 24b). The manufacturing defects, being weak areas, reduce
the full performance of continuous fibre [52].

Printed track
5 1 |5

(a) g

Figure 24. (a) Fibreless area inspected in continuous fibre printed parts; (b) small space between
raster of short fibre printed part. Reproduced from Blok et al. [29], with permission from Elsevier.

Figure 25 shows the improvement of tensile strength in longitudinal fibre direction in
different fibre reinforcement formations from neat polymers, nano-, short to continuous
fibre in ABS, PLA, and nylon. The nanofibre reinforcement strength is similar to that of
the neat polymers. Short fibre reinforcement shows a moderate improvement with an
obvious higher strength than the neat polymers. The continuous fibre reinforcement shows
a substantial increase in the tensile strength and the best reinforcement is the commercial
continuous CF-nylon produced by Markforged which is ten times stronger than neat nylon.
Others customized continuous fibre reinforcement produced by some researchers using
ABS and PLA show an increase between 2- and 3-fold in tensile strength because of the
poor interface and fibre wetting.
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Figure 25. Tensile strength of several reinforcement types: carbon fibre (CF), glass fibre (GF), and
para-aramid fibre (Kevlar fibre, KF), and architectures: nano-, short, and continuous, with ABS, PLA,
and nylon (the information was gathered from several studies shown in Tables A1-A3).

3.2.6. Effect of Reinforcement on Failure Mechanisms

Fibre reinforcement changes the failure mechanism of the thermoplastic filament from
ductile to brittle and causes the printed components to fail under various reasons. Most
of the nano and short fibre reinforcement composites show pull-out failure because of
the fibre length is below the critical length, and the load cannot fully transfer to fibres,
and because of the poor fibre-matrix interface [13,22,28]. The effect of poor adhesion
was emphasised by Hofstétter et al. [79]. They observed that the imperfectly round cross
section of fibre created gaps that were difficult to be filled by viscous matrix, leading to
the poor interface. In this study, 40% of the fibres in load direction were confirmed to have
undergone pull-out. Liao et al. [31] observed that short fibres (15-20 mm before feedstock
mixing and filament extrusion) act as a crack stopper, impeding the crack growth that
meets the fibres perpendicularly, even if intuitively that could have been considered a crack
nucleation point being foreign objects in neat polymers.

In continuous fibre, the tensile load parallel to the fibre direction is fully transferred
amongst fibres, until failure occurs, so the expected failure of continuous fibre is fibre
breakage. However, other failure modes were detected in 3D printed continuous fibre
especially for those manufactured with the customized co-extrusion printing method
(described in Section 3.2.1). A mixed-mode failure of fibre breakage and fibre pull-out,
due to imperfect wetting in the nozzle and poor interfacial bonding, occurred in various
continuous fibre specimens [5,34,61,76].

Even though the impregnation of fibre-matrix in commercial 3D printing continuous fi-
bre Markforged filament is expected to be better than the customized co-extrusion methods,
failures of CF Markforged 3D printed part under tensile load, observed by Chacén et al. [52],
were extensively fibre pull-out and minor fibre breakage due to improper coating and poor
interfacial bonding. They mentioned that the thermoplastic coated the outer surface of the
fibre bundle while the internal fibres were hardly infiltrated, so the fibre-matrix adhesion
was relatively low compared to vacuum assisted thermosetting fibre impregnation. The re-
search also found that a similar failure occurred in GF and KF, except that the CF specimen
broke perpendicular to the load direction, but the others broke at several locations, in the
centre of the specimen and close to end tabs, perpendicularly to the load direction and then
the crack ran parallel to the load. Figure 26 shows fracture surfaces of the tensile testing
specimen with different types of fibre reinforcement: CF, GF, and KF, from Chacon et al. [52]
article. Al Abadi et al. [75] conducted a failure prediction using a finite element software,
Abaqus, with Hashin’s damage initiation theory observing that the initial damage in CF
coupons was matrix tensile damage caused by tensile and shear stresses, while GF and KF
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initially failed by the fibre tensile damage. Those failure modes were confirmed by their
experiment. A poor fibre-matrix interface results in matrix failure, rather than fibre failure
common in conventual composites, leading to a reduction in strength, which in turn, leads
to low confidence in using thermoplastic 3D printing techniques for structural applications.
The improvement of the interfacial strength in thermoplastic composites should be studied
to increase the final product strength.

(b) (c)

Figure 26. SEM images showing details of the fracture surface of the tensile samples with dif-
ferent fibres: (a) carbon fibre; (b) Kevlar fibre; (c) glass fibre at 140x magnification. Reproduced
from Chacon et al. [52], with permission from Elsevier.

3.2.7. Effect of Fibre Length on Composite Performance

The critical fibre length is the length that determines load resistance ability. It can
be calculated using Equation (7) [80] where S is the critical fibre length aspect ratio, oy
is the tensile strength of fibre, 7; is the shear strength or the shear yielding stress of the
interface or the frictional shear stress at the interface, [, is the critical fibre length and df is
the fibre diameter.

S @)
T 21'1' - d f

A fibre length greater than the critical fibre length allows full load transfer causing a
fibre dominated failure. In contrast, if the length is below the critical length, the applied
load cannot be fully transferred through the matrix from fibres to fibre, leading to matrix
failure and fibre pull-out (slippage between fibre and matrix). Normally, for the carbon
fibre-epoxy case, the critical fibre length is 0.45 mm.

Ideally, the long fibre shows better mechanical performance than the short fibre [19,81].
Ning et al. [41] showed that a fibre length of 0.15 mm showed higher tensile strength
and stiffness than 0.1 mm. As detailed in Section 3.2.1, the short and discontinuous fibre
breakage during the filament forming process, i.e., fibre-matrix mixing and extrusion,
leads to a fibre length reduction in the produced feedstock. Sang et al. [19] observed
that the initial chopped 1 to 3 mm fibre can be broken down to less than 0.13 mm. The
fibre length in this process has a reverse relationship with the percentage of fibre in the
composite. The high percentage of fibre shows more fibre breakage that reduces the fibre
length. This is because of the higher contact between fibres at the high concentration during
mixing. Figure 27 shows the reduction in fibre when the fibre content increases obtaining
by Tekinalp et al. [38]. This can be implied that the highest percentage of fibre cannot
achieve the highest strength and the optimized fibre content of short fibre in thermoplastic
composite should obtain the best mechanical properties and minimum production cost.
Moreover, the fibre breakage was observed during the printing with a commercial short
fibre reinforced polyamide [64]. With extremely short fibres (60 pum), Ferreira et al. [21]
found a poor matrix adhesion that may result in low interfacial strength and reduce the
overall part strength.
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Figure 27. Fibre breakage at the high amount of fibre in the matrix resulting in minor strength improvement showing the

optimized CF volume fraction to reinforce in ABS matrix suggested by Tekinalp et al. [38].

3.2.8. Effect of Fibre Content

Differences in fibre content, fibre volume fraction, or the amount of fibre filler in a
composite, change the overall properties. A high fibre volume fraction is expected to
be beneficial to the properties. Nevertheless, a high fraction does not always reflect into
mechanical performance improvement. In the nano-reinforcement case, high content of
nanofibre causes them to aggregate, reducing the printability of the filament; moreover, this
has a double effect of creating a weak point in the matrix and subtracting reinforcement to
the remaining material volume, reducing the part strength [13]. A high volume fraction of
nanofibre increases the viscosity of the matrix causing a high surface tension of the raster,
so it leads to inter-raster voids [58].

The trend described above is also found in short fibre reinforcement cases: the maxi-
mum strength and stiffness are not achieved at the highest fibre fraction. Ning et al. [41]
suggested that the too high content of short CF leads to high porosity that diminished
the interfacial strength. Sang et al. [19] claimed that the too high fibre content also in-
creased viscosity, reducing the printability of the composite and causing nozzle clog-
ging. Tekinalp et al. [38] found a nozzle clogging when adding 40 wt% of CF fibre in ABS.
Figure 28a,b shows the tensile strength improvement from neat ABS and PLA when nano-
and short fibres are added, and the performance loss caused by very high fibre content.
The average 3D printed neat polymers strength (ABS and PLA), obtained from articles and
shown in Figure 18 in the previous section, is presented as a red dash line as a baseline.
In the through-thickness direction, the properties decrease with the fibre content, this is
because of an increase in the viscosity that induces interlayer porosity [47].

A study by Silva et al. [18] adjusted the fibre content by selecting different fibre yarn
types (1 K and 3 K) that changed the fibre volume fraction from 3.4% to 11.73%. With the
customized co-extrusion printing for continuous fibre described in Section 3.2.1, the fibre
content is adjusted by controlling the fibre and matrix feed rate, printing speed, raster
thickness and raster width. As detailed by Tian et al. [35], the fibre content decreased with
an increase in the feed rate of the polymeric filament to the melted pool, raster thickness,
and raster width. This is because the same amount of fibre is covered by a higher amount
of the matrix when increasing the mentioned printing parameters.
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Figure 28. Tensile strength of composite FDM parts with different percentage of short fibre reinforcements in (a) ABS; (b)
PLA with the average neat thermoplastics (as printed) strength shown in the red line (the information was gathered from
several studies shown in Tables A1-A3).

3.2.9. Fibre Alignment during the FDM Process

The printing path can be predefined to control fibre orientation [5]. Generally, the
short fibres are aligned in the nozzle moving direction with a few in the perpendicular
direction [13,21,38]. This effect can be seen in both straight-line and turning radius printing
paths [40]. Considering the streamline in the convergence zone of the nozzle shown in
Figure 15a, a velocity gradient is generated in the flow direction, resulting in higher shear
stress in the flow direction. The fibres are forced to align in the flow direction to reduce
the flow resistance [31]. Hence, the fibre orientation could be estimated from the velocity
and velocity gradient of the deposition using fibre orientation tensor [40,77,82]. During the
printing, the re-melting of the previously deposited raster due to the next raster deposition
changed the fibre orientation; the fibres were more oriented at the middle of the extrusion
line and show more random orientation at the outer surface [79]. It can be inferred that the
FDM process enhances fibre alignment, especially for short fibre reinforcement, along the
nozzle movement direction, so the relationship of the printing path and alignment should
be investigated further to improve the product performance.

3.3. Additional Materials

Additional material or sizing agents are chemical substrates added to matrix or fibre
to improve the performance of composite materials. The presence of hydrated magnesium
silicate (Talc, Mg3SisO10(OH);) in a PLA leads to an increase in melting and degradation
temperature while reducing Tg [83]. In the composite material, sizing agents aim mainly to
improve the interfacial strength between fibre and matrix. Linear low-density polyethylene
(LLDPE) was added to ABS/GF filament to increase the ductility of the composite and
hydrogenated Buna-N (an elastomer) was added to increase the compatibility of the
composite to LLDPE. Plasticizers and compatibilizers in the composite could improve
the strength of the part [11]. POE-g-MA was added to GF-PP composite to increase the
elasticity and flexibility of the brittle composite, but an increase in POE-g-MA led to a
decrease in tensile strength and more fibre pull-out failure, possibly because of degradation
in the interactions between the functional groups on MA and hydroxyl group on GF [15].
BF, a poor surface interface natural fibre, was treated with a silane coupling agent (3-
aminopropyl triethoxysilane) (KH550, NH,CH,CH,CH;Si(OC;Hs)3) Aladdin reagent to
improve the fibre/matrix adhesion [19]. In customized co-extrusion continuous carbon
fibre 3D printing, Li et al. [34] suggested a surface modification of the carbon fibre bundle
to improve interfacial strength according to the process shown in Figure 29. However,
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those examples of surface treatment methods and sizing agents are not always compatible
with all polymers and reinforcements, so the proper additional material and method need
to be investigated to achieve the best combination for specific composite materials.

/
- ™ T ™ [jJ_P -

Methylene Magnetic stirring Filtration High-speed shear Slowly add Infiltration of

dichloride

emulsification deionized water carbon fibers

Figure 29. Surface modification of continuous carbon fibre and PLA. Reproduced from Li et al. [34], with permission

from Elsevier.

4. Conclusions

In conclusion, the FDM, layer-by-layer manufacturing, allows to fabricate complex
geometries within a short time, but the part quality depends significantly on the exact
combination of printing parameters and the material used in the process. The printing
parameters focused on this review have shown that the highest tensile strength is generally
achieved by maximising the number of contours and percentage of infilled material while
minimising the printing speed and the raster distance (air gap) and optimizing the nozzle
and bed temperature. The material used in general FDM process is thermoplastics which
have low mechanical performance compared to thermosetting or metals, so the neat
thermoplastic FDM products are limited to the low performance applications. The fibre
reinforcement with different architectures and fibre content is a mechanical performance
improvement. Long and continuous fibre offers the highest performance improvement
because of its load transferring ability. The short fibre reinforcement shows a lower
mechanical performance improvement than the continuous, but it has high flexibility
and formability. Although the addition of fibres improves the overall performance, it
degrades the internal structure of the filament because of the poor fibre-matrix interface.
Moreover, the fibre hinders the printed raster fusion, leading to poor inter-raster bonding
and porous structure in the printed part. The microstructure interface can be solved by
surface treatment procedures such as adding sizing, and the poor inter-raster fusion can be
minimized by optimizing the printing parameters. Figure 30 proposes an overview of the
process, both printing and material, parameters, that allows achieving the highest tensile
strength and other properties improvement.

Among the gathered articles, using composite materials in the FDM process has
shown promising initial results, but there are several research gaps in the use of fibre as a
reinforcement to thermoplastic in FDM applications. Although the continuous fibre shows
the best strength improvement, it creates defects, i.e., fibre-free areas and fibre waviness,
because of their poor formability. To optimize the formability and mechanical properties,
discontinuous fibre, which is longer than the critical fibre length, should be considered
as a reinforcement. The available filament production processes may be inappropriate to
produce discontinuous fibre reinforced thermoplastic filaments because the mixing and
extrusion method breaks the fibres, and the discontinuous fibres cannot pultrude through
thermoplastic melting bath like the continuous fibres. A new method should be developed
to preserve an appropriate fibre length. Aligned discontinuous fibres represent the optimal
compromised between formability, that is optimal for short fibres and poor for continuous
fibres, and the mechanical performances, that are optimal for continuous fibres and poor
for short fibres. Not only fibre architecture but also fibre alignment defines the mechanical
performance of composite materials. Obviously, the FDM process offers better alignment
than other moulding technique, but a few publications studied the printing parameters
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Properties

Printing parameter

effects on the fibre alignment of short and discontinuous fibre in thermoplastic FDM process.
The possible parameters that may enhance the alignment would be printing speed and
material feed rate. To realise the aligned discontinuous fibre composite material for FDM
process, some works need to be done, e.g., an investigation of fibre alignment techniques
before filament processing, the FDM filament forming using the aligned discontinuous
fibre thermoplastic as the initial material and manufacturability of the produced filament.
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Figure 30. Printing and material parameters, that can be assigned to the FDM process to high tensile strength and the

outgrowths form the setting such as crystalline structure, low porosity, and surface finishing.
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Abbreviations
%infill  Infill volume PC Polycarbonate
ABS Poly(acrylonitrile-butadiene-styrene) PEEK Poly(ether ether ketone)
ALM  Additive layer manufacturing PEI Polyetherimide
BF Basalt fibre PET Poly(ethylene terephthalate)
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C. Continuous fibre
CF Carbon fibre
CNT Carbon nanotube
FDM Fused deposition modelling
FR Feed rate of filament
GF Glass fibre
KF Kevlar fibre, aramid fibre
LLDPE Linear low-density polyethylene
MWCNT  Multi-Walled Carbon Nanotubes
NC Number of contours
PA Polyamide, Nylon
Appendix A

Poly(ethylene terephthalate glycol)
Poly(lactic acid)

Polypropylene

Short fibre

Degradation temperature, 5% mass loss
Calculated composite density
Glass transition temperature
Melting temperature
Thermoplastic polyurethane
Vapour grown carbon fibres
Percentage by weight

The following tables gather parameters: printing and material used to produce the
testing specimens and the testing results. The graphs in this paper are plotted according to
this information.
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Table Al. Summary of parametric study in neat thermoplastic of the FDM process.

Material Parameters

Printing Parameters

Tensile Properties

Reinforcement
Study Build
Polymer Length Diamet ¢ i . i i i
. g iameter ontent Print Speed Nozzle Temp. o . . Raster Thickness Infill Volume . . Ultimate
Material (mm) (um) (by wt%) (mm/min) o Bed Temp. (°C) Orlenla;on EE, Raster Angle (degree) (mm) (%) Contour (Lines) Stiffness (GPa) Strength (MPa)
Carneiro et al. [55] PP 3600 165 room 45,0, 90, [+45], [0/90] 0.2,0.35 20, 60, 100 0.3-1.2 10-35
Sood et al. [14] ABS F 10790}, 11[51555]]/ 30760}, 0.127,0.178, 0.254 9.95-18.09
Onwubolu and ABS F 0, 45,90 0.127, 0.330 4.01-34.61
Rayegani [26]
Croccolo et al. [63] ABS FEE +45 0.25 1,4,7,10 1.81-2.11 23.9-29.7
Durgun and Ertan [46] ABS FE Z 0, 30, 45, 60, 90 0.253 19-25 19-37
Dawoud et al. [56] ABS 1800 250 120 107901, 30760}, [-43], 05 1 28-35
[75/15]
Cantrell et al. [24] ABS 235 105 EE Z [0/90], [£45] 0.1 1.96-2.05 30.0-32.8
Zhang et al. [4] ABS 36060(33(?00/ 0, [+45], 90 0.18,0.24,0.3 1.95-2.44 22.31-27.69
Walter et al. [28] ABS F [£45] 0.25 1.89-2.18 21.5-28.8
Duty et al. [47] ABS 250 95 2.3-2.41 31.2-34
Cicala et al. [83] PLA 2100-2700 210 50 [0/90] 0.12 100 2.66-3.74 28.37-34.43
Song et al. [43] PLA 2700, 3600, 6000, 200,210, 220, E 0,45,90 01,02,03,0.4 396404 16246142
9000 230
Lanzotti et al. [23] PLA 3600 205 60 F 0,18, 45,72,90 0.1,0.12,0.15,0.18, 0.2 100 2,3,4,56 2.79-3.49 37.62-53.59
i 1800 Ist
Ivey etal. [12] PLA o100 rest 200 85 [0/90] 01 100 2 337 59.3
Papon et al. [58] PLA 1200 220 110 [45/—45/45/90/0]s 0.4 100 1.670 45
Dickson et al. [84] Nylon concentric, 0 0.53 61
Chacén et al. [52] Nylon 274 FEE 0 0.1,0.125, 0.2 100 0.41-0.47 27.2-30.9
Cantrell et al. [24] rC 45 145 EEZ 10790L [[;g 3 162]] (451, 1622 30.4-435
0,
Hill and Haghi [54] PC 300 F 15, 30, 0.267 1.35-2.082 16.89-59.77
45,60, 75,90
Smith and Dean [45] PC EE Z [0/90] 0.508 1.18-1.57 20.6-35.7
[0/90],
Hossain et al. [57] PC 345 140 [30/60], 0.432-0.508 1.5-1.83 45-55
[+45]
Wu etal. [17] PEEK 334 F 0, 30,45 0.2,0.3,0.4 2 32.4-56.6
Gebisa and Lemu [33] PEI F 0,90 1,5 26-77
Gardner et al. [10] PEI 375 162 0 3 90
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Table A2. Summary of parametric study in nano/short fibre thermoplastic FDM process.
Material Parameters
Printing Parameters Tensile Properties
Reinforcement
Study -
Polymer Len: . . Build . .. .
. gth Diameter Content Print Speed Nozzle Temp. o . . Raster Angle Raster Thickness Infill Volume . . Ultimate
Material (mm) (um) (by Wt%) (mm/min) o) Bed Temp. (°C) Orientation F, E, (degree) (mm) (%) Contour (Lines) Stiffness (GPa) Strength (MPa)
Carneiro et al. [55] PP GF 30 480 185 [45] 02 100 1.9 40
Sodeifia et al. [15] jod GF 240 30 01,04 100 025-04 20-32
; 0.150, 1200 Ist
Ning et al. [41] ABS CF 0100 7.2 3-15 Lot st 230 [45] 02 100 226 34-44
) . 15,20, 25, 200,210, 220, . . 0.15,02,0.25, ~
Ning et al. [39] ABS CF 5 30,45 230, 240 80 F [+45], [0/90] 03,05 100 3 0.6-1.1 18-37
Tekinalp et al. [38] ABS CF <04 1040 205 02 2-14 30-65
Love etal. [49] ABS CF <04 13 220 1.52-8.91 7.0-70.69
Duty et al. [48] ABS CF 1 20 3048 250 0,90 213-11.92 10.27-66.18
Duty et al. [47] ABS CF <3 13,20 250 95 8.18-11.94 53.3-66.4
Zhang et al. [4] ABS CF 8 3600, 500, 0, [45], 90 0.18,024,03 219-589 13.74-39.05
Zhong et al. [11] ABS GF 250 60 EZ 24-58 kg *
Duty et al. [48] ABS GF 1 20 3048 250 0,90 2.48-5.65 15.30-54.33
Duty et al. [47] ABS GF <3 20 250 95 5.67 544
Perez et al. [25] ABS Jute 5 3300 230 027 0.871-1,543 12.9-25.9
Perez et al. [25] ABS 7%1‘;510 5 3300 230 027 1.355-1.708 18.4-322
2
Zhang et al. [4] ABS CNTCF 15 3602(');(?00' 0, [£45], 90 0.18,0.24, 0.4 201-2.52 21.46-29.64
Shofner et al. [22] ABS VGCFs 0.1 0.1 10 37
Ferreira et al. [21] PLA CF 0.06 15 3000 190 70 0,90 03 100 414-7.66 35.4-53.4
Ist
Sang etal. [19] PLA CF 0.131 7 520 0 et 210 60 [£45] 0.1 100 34-74 60-70
1800 Ist
Ivey etal. [12] PLA CF 0125 74 15 a0 rest 200 85 0/90 01 100 2 5.68 552
Sang el 9 1200 1st
Sang etal. [19] PLA BF 013 12 5-20 sapprest 210 60 [45] 0.1 100 3-55 61-70
. MW -
Isobe et al. [13] PLA ONT 05-3 ~3-35 40-50
Papon et al. [58] PLA “é‘;o 0.0005 0.05 05-2 1200 220 110 [£45/45/90/0]s 04 100 1.822 4148
Blok et al. [29] nylon “‘gp“’ 0.1 6 260 F 02 1.85 335
Isobe et al. [13] nylon CF 013 143 ~1-2 455
Silva and Rezende [18] nylon CF 0.05-0.2 5 65 300 270 110 1 35 153.62
Liao et al. [31] nylon CF 67 2-10 1800 250 120 0 100 1-35 48-90
Walter et al. [28] nylon CF F [£45] 0.1 3.019 58.2
Duty et al. [47] PPS GF <3mm 40 357 95 10.82 512
Duty et al. [48] PPS GF 1 40 3048 251 0,90 10.82 512
Gardner et al. [10] PEI CNT 375 162 0 3 119
yarns

* The tensile test in the study was measured with a different procedure and it was present as force in kilograms.
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Table A3. Summary of parametric study in continuous fibre thermoplastic FDM process.

Material Parameters

Printing Parameters

Tensile Properties

Reinforcement
Study ) Build
Polymer . Diameter Content (by Print Speed Nozzle Temp. ° o Raster Angle Raster Thickness Infill Volume . . Ultimate
Material (um) Wt%) (mm/min) o) Bed Temp. (°C) Onenta;on EE, (degree) (mm) (%) Contour (Lines) Stiffness (GPa) Strength (MPa)

Blok et al. [29] nylon CF 36.67 2.39 cm3 /hr 260 0 0.125 100 62.5 968
Isobe et al. [13] nylon CF 35.7 0 10 341
Zhuo et al. [74] nylon CF 0

. 274 (nylon)

Chacén et al. [52] nylon CF 350 2.38-31.32 232 (fibre) EE 0 0.125 7.6-51.7 96.6-436.7
Al Abadi et al. [75] nylon CF 45 [+45]/0 37 360
Mohammadizadeh 265 (nylon) concentric,

etal. [85] nylon CF 270 (fibre) 0.125 50 235.5-404.3
van der Klift et al. [86] nylon CF 29.79- 0.125 15-35.7 128-520

Dickson et al. [84] nylon CF 350 13.59 263 NO concentric, 0125 7.73 216

Chacén etal. [52] nylon GF 300 3.95-33.67 227332((‘}1%;‘;) EE 0 0.1 37-196 113.4-381.2
Al Abadi et al. [75] nylon GF 47.62 [£45]/[0/90] 6.4 180
Mohammadizadeh . . 266 (nylon) concentric,

etal. [85] nylon GF 270 (fibre) 0 0.1 50 302.6-372.1
Dickson et al. [84] nylon GE 300 10.6-13.06 263 NO concentric, 0.1 3.12-3.75 194-206
. 275 (nylon) -

Chacon et al. [52] nylon KF 300 3.19-28.88 232 (fibre) EE 0 0.1 52-25.5 55.8-235.6
Al Abadi et al. [75] nylon KF 1211 [£45]/[0/90] 87 170
Al Abadi et al. [75] nylon KF 1211 [445]/[0/90] 87 170
Mohammadizadeh 267 (nylon) concentric, =

etal. [85] nylon KF 270 (fibre) 0.1 50 259.7-309.14
Dickson et al. [84] nylon KF 12 8.66-10.81 263 NO “°“c;“m“/ 0.1 3.61-4.37 150164
Matsuzaki et al. [76] PLA CF 9.3 60 210 80 0 20 200
Lietal. [34] PLA CF <42.92 91
180, 190, 200,
Tian et al. [35] PLA CF 34.93 }13?)' é?)% 23%’ 210, 220, 230, NO 0.3,04,0.5,0.6,0.7,0.8
’ ’ 240
Namiki et al. [61] PLA CF 145 100 210 80 58 90
. - Jute -
Matsuzaki et al. [76] PLA - 7.11 60 210 80 0 5 50
Fibre
Houetal. [37] PLA KF 13.11 100 210 NO 0.1-0. 7.42 73.54
Tey et al. [87] PLA KF 400 6.54 %vol 0.8 4 3.29 104.64
Yang et al. [5] ABS CF 10 600 230 90 0.5 4.185 147
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Appendix B

Table A4 shows plastics tensile strength and stiffness gathers from different sources.

Table A4. Plastic as a filament tensile strength and stiffness gathered from various sources.

PLA ABS PP
S S St Siftes g S Sitnes
45.6 2.364 [88] 33.9 1.618 [89] 32 - [90]
37 4 [91] 27 2.1-7.6 [91] 8.7 0.2 [92]
26.4 23 [93] 46 - [94] 28-36 1.75 [95]
46.8 291 [96] 33 - [97] 34 1.325 [98]
65 - [90] 25-50 1.1-2.9 [99]

PC Nylon PEI
S(trl\:;;g)th S(t(i;f;f)r;()ess Ref. S(:;Ir,lag)th S(tin;r:;ss Ref. S(t;'/o[elr;ag)th S(t(i;f;fjl:)ess Ref.
72 - [90] 48 - [97] 81 - [97]
65 - [100] 32 0.4 [101] 85 3.2 [102]
76.4 213 [103] 344 0.579 [104] 64 2.77 [105]
57 1.94 [106] 45 14 [107] 85 33 [108]
68 2.28 [109] 48 1.7 [110]

PEEK
S St g
105 4.1 [111]
115 43 [112]
96.52 4.07 [113]
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