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Abstract

Additive Manufacturing (AM) has brought about a revolution in manufacturing complex
products with customized features. It is finding application in everything from aerospace,
automotive, consumer to biomedical asit evolves. AM of compositesis especially attractive as
it holds promise to improve, modify and diversify the properties of generic materials by
introducing reinforcements. This article provides a detailed landscape of fiber-reinforced
composites processed with AM techniques, discussing various AM processes, strengths,
weaknesses and material formulations. AM techniques focusing on continuous fibers have been
evaluated in-depth to cover all aspects; as these hold the promise of becoming the next-
generation composite fabrication methodology. Potential future works and challenges in

printing fiber reinforced polymer composites (FRPC) have also been identified.

Keywords: Additive manufacturing, 3D printing, Rapid prototyping, Fiber reinforced

polymer composite
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1. Introduction

Fiber reinforced polymer composites (FRPC) have been the cynosure of research and
industry and they have found wide applications in automotive, aerospace, construction, sports
and leisure owing to their high strength to weight ratio. Conventional manufacturing techniques
employed to process FRPC are manual layup ™2}, resin transfer molding (RTM) 23!, spray-up
4 automated tape laying (ATL) ¥, automated fiber placement (AFP) [, filament winding [7,
and pultrusion 8. However, one common issue with al conventional techniquesisthe need for
molds, which is not only expensive to manufacture but aso limit the formability of the part.
As aresult, producing complex and customized parts becomes tedious and costly.

The need for low-cost, automated fabrication process and design flexibility have
spurred the development of additive manufacturing (AM) for FRPC ¥, AM refersto a group
of fabrication techniques in which parts are fabricated layer by layer directly from CAD file®,
AM, which does not require expensive molds, has simplified the way complex parts are
designed and lowered the fabrication costs. The added flexibility of changing fiber volume
fraction and the ability to have locally changing fiber orientations to create functionally graded
structureswould certainly make AM alead technology in the composite industry. Development
of short fiber reinforced polymersthat exhibit superior strength for AM processes has been on-
going for at least a decade. Recent researches have revealed the trends in developing new
FRPC including continuousfibers, aswell as AM process modification to allow the fabrication
of parts with improved mechanical performance.

There are certain requirements that FRPC material needs to fulfill in order to be
processed by AM, they are 1) Types of reinforcements and matrices; 2) good fiber-to-matrix
bonding; 3) fiber homogeneity; 4) fiber alignment; 5) good interlayer bonding; 6) minimal

porosity.
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Fiber reinforcement of appropriate size, shape, and length needs to be selected to suit
the intended purpose of the part. Both matrix material, which holds the fibers in place, and
reinforcement, need to be compatible with the selected AM technique. A good fiber-to-matrix
bonding isrequired at the fiber-matrix interface to allow loadsto be transferred efficiently from
the matrix, thus resulting in composites that follow the ‘rule of mixture’. Fiber loading should
also be optimized in order to obtain the best mechanical properties for AM composites.
Homogeneity in fiber distribution is needed to ensure consistent properties throughout the
printed part. Added ability to control fiber distribution and alignment in a predefined location
and direction respectively also alows strengthening sections of an object. A good inter-layer
fusion is required to avoid delamination. Lastly, unwanted voids that would affect the
mechanical properties of FRPC should be minimized.

Several review papers on AM of composites [1%26 171 haye highlighted important aspects
such as their use in bio-medical applications ¥, opportunity and challenges of additive
manufacturing of multi-directional preforms for composites [*4, mechanical properties of AM
short FRP composites and the use of composites in various industries [*°, physicsinvolved in
fused filament fabrication [*Mfor composites, Four-Dimensiona (4D) printing of active
Polymer-Fiber composites 4, and development in nanocomposites % and composites
materials for AM 1. However, further review in other aspects such as AM of continuous FRP
composites and current position of additively manufactured FRP composites in relative to
conventionally manufactured ones in terms of mechanical properties also deserve merits. This
paper servesto keep the readers abreast of the state-of-the-art AM of FRP composites. Research
direction in AM techniques for fiber reinforced polymer FRP composite materials used are
discussed based on the aforementioned 6 requirements to obtain successful additively
manufactured FRP composites. In addition, the potential and challenges of AM of FRP

composites are also highlighted.
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2. Additive Manufacturing techniquesfor FRPC

AM techniques for FRPC are broadly classified into four processes, namely material

extrusion, vat photopolymerization, sheet lamination and powder bed fusion, as per ASTM

International Technical Committee F42 on AM technologies (fig. 1). Table 1 showsasummary

of various AM techniques for FRPC.
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Figure 1 Classification of different AM processes for FRPC

Table 1 Summary of AM techniques showing types of base materials, advantages, disadvantages, special properties of the
printed materials, fiber alignment and alignment methods

Techniques Typeofbase Advantages Disadvantages  Special Fiber Alignment
materials properties alignment  methods
of printed
materials
Material FFE Low cost Obvious layer- Electricadly ~ Along Shear stress
extrusion . by-layer effect conductive printing (during
Continuous gy (18, 19] direction preparation
(FFF,LDM) filaments of fgrication Nozzle of
thermopl asti degradation Graded feedstock
cpolymers  aApleto dielectricity material )2
LDM modify Nozzle clogging 20 A
- print-head a high fiber Electro- .
A for laying volume caoric Mechanical
concentrated  fibers def . pulling and
- h ormation laying [26-28]
dispersion of [21]
particlesina Multi- Shear stress
liquid (ink or material (against the
paste)  or capability nozzle
€poxy resin wall) 291
Vat photo- A resin with Fine Very limited Piezoelectric  Along Electrical
polymerizat photo-active  resolution materials property B9 electric- Polarizatio
ion monomers field n effect [32
33]

direction
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(SLA) Random Adding fiber Shape Along Magnetic
alignment increases memory magnetic Polarizatio
of viscosity, thus  properties®  field n effect 3%
discontinuou making direction )l
sfibersfor handling )
isotropic difficult Along Acoustic
mechanical laying effect(>!
property Fiber direction Sheer
sedjmentaiion in induced!®”
resin
According  Mechanical
Need for to fiber Laying
additional pattern of using Fiber
feeding device the mat dispensing
for deposition devicel®!
Random
UV penetration orientation
laying of
Bubble mat (3240
formation
causing poresto
form and
leading to crack
initiation
Powder bed Compacted Fine Slow printing Electricaly =~ Random -
fusion (SLS) fine powders resolution conductive orientation
Expensive (41 4
Easy to
remove High porosity in
support the binder
material method
Unused Long and
powder can  continuous fiber
be reused reinforcement
not possible
High loading
of Rough surface
reinforceme  finish
nt
Laminated  Polymer High- High material Excellent Uniform During the
object composite in  strength wastage mechanical fiber preparation
manufactur  sheet parts can be properties direction  of the
ing produced Difficult to build feedstock
complex internal Randomly  composite
(LOM, Low cost cavities 43l digned®  groer
CBAM)
No post

processing



https://onlinelibrary.wiley.com/doi/full/10.1002/admt.201800271

No need for
support
structures

2.1 Material Extrusion

Material extrusion process selectively deposits the composite material in the solid
filament form or paste form, through a nozzle. The technique used to melt and extrude the
filament is called fused filament fabrication (FFF) ¢! whereas the one in which paste or fluid-
like feedstock is printed is called liquid deposition modeling (LDM) 29,

2.1.1 Fused Filament Fabrication
This section focuses on various research carried out on developing new FRP composite

materials, ranging from nano-scal e di scontinuous to continuous fibers using the FFF technique.


https://onlinelibrary.wiley.com/doi/full/10.1002/admt.201800271
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Figure 2 Material extrusion process: (a) three approaches to fabricate composite parts using fused filament fabrication,
namely, extrusion of prepreg composite filament, in-situ coating of fibre with liquid resin, and in-situ fusion of fiber with
molten thermoplastics. Nozzle is heated to melt the thermoplastic filament before being selectively deposited. (b) extrusion
of randomly oriented short fibers in paste-like resin in liquid deposition modelling, alignment of fiber was due to shearing
against the nozzle inner wall. Nozzle may or may not be heated up. Curing mechanism is needed in liquid deposition modelling.

2.1.1.1 Discontinuous fibers

Discontinuous fibers in varying sizes have been used for the FFF techniques. Among
them are nano-scale single-walled carbon nanotube (SWNT) [2* 28 multi-walled carbon
nanotube (MWNT) 47, vapor-grown carbon fiber (VGCF) 2429 and graphene [“8 4%; micron-
sized metal powders, copper [10] and iron [10,11]; and millimeter long chopped fibers such as
thermotropic liquid crystaline polymers (TLCPs) 5054 glass 52, and carbon 2 23, Natural

fibers such as Harakeke and Hemp have also been used as reinforcement 3. The commonly
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Acrylonitrile Butadiene Styrene (ABS) (230°C) [22-25 48,49, 52,54, 58 ' nylon (245-265°C) (56,
polylactic acid (PLA) (180°C to 220°C) 749 and polypropylene (PP) (170-220°C) 5051
and material that require high processing temperature such as Ultem® (375-420°C) 57 and

Polyether ether ketone (PEEK) (350°C to 420°C) 1581

Initially the fibers are not fully aligned in the composite filament, but shearing force
between fibers and nozzle walls give rise to alignment during the AM process * 2, Long
fibers generally provide improved mechanical properties'>. Adding 13 wt% millimeter-sized
carbon fiber reinforcement ?2 has noted greater improvement in the in-plane tensile strength
and modulus by 250% and 400%, respectively, than that with 10 wt% nano-scale SWNT
reinforcement (39% and 61% respectively) [?4. The improvement is attributed to the larger
surface area that permits higher shear at the fiber-matrix interface, thus allowing longer fibers
to bear significantly higher load. However, the mechanical properties of the discontinuous
FRPC (table 2) remain inferior to composites fabricated by conventional sprayup process,

which can go as high as 270 MPa®@ which isillustrated in Fig. 3.

Effect of fiber loading is another area that has been studied and it is found to be
dependent on the reinforcement-matrix combination. Mechanical properties such as elastic
modulus tend to increase with fiber loading at low loading ratio, but deteriorate after reaching
an optimum value 2. This phenomenon generally occurs due to poor wettability of fiber with
thermoplastic which leads to poor fiber-matrix interface. Moreover, higher loading causes
viscosity to increase and decreases the flowability (8% 61 thus causing processability issues
such as nozzle clogging (~40 wt%) [2 4 49 Syrfactants and plasticizers can be added to
improve fiber-to-matrix bonding and the process ability of the material. For instance, linear

low-density polyethylene (LLDPE) and hydrogenated Buna-N were added as toughening and
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LLDPE and 1 wt% of hydrogenated Buna-N, the tensile strength can be improved by 50%.
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Figure 3 Tensile strength vs fiber volume ratio of parts manufactured via various conventional and AM techniques

The addition of fibers weakens the inter-layer fusion, contrary to what was expected.

The out-of -plane tensile strength of the composites (7 MPa) was found to be lower than that of

the unreinforced thermoplastics (16.75 MPa) 3. This could be due to the low conformity of

the fibers to the previous layer, thus reducing the contact area between layers. In addition to

that, the fibers are aligned within a layer and not across the layer making them not able to

reinforce the out-of -plane tensile strength.

Berrattaet a. tested the tensile stress of CNT/PEEK composite filament and the printed

parts (62, 1t was found out that although the tensile strength of the composite filament shows

improvement with the increasing CNT content, the tensile strength of the printed parts

decreases at higher CNT content (5wt%). It was found out that the more pores were observed
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in the printed parts with 5wt% CNT content as compared to the printed part with 1wt% CNT

content. Thisshowsthat thereis an interaction between the reinforcement and the matrix during
the extrusion process which would introduce air gap which can be detrimental to the

mechanical properties. Thiswarrants further investigation to further reduce the void formation.

Short FRPC arerelatively easier to be processed by FFF asthey are extruded in normal
filament from without the need for extrafiber laying mechanism. FFF, however, suffers from
limitations like porosity and voids. Voids have been observed to form in between the extruded
filaments, thus leading to delamination and reducing the tensile strength [?%, Reinforcement is
also more effective along the direction of the filament as compared to across the layer direction
as fibers tend to align along the extrusion direction resulting in high anisotropy in mechanical

properties (81,

2.1.1.2 Continuous fibers

Much work has been done to fabricate continuous FRPC using PLA 6364 ABS [27.28,
65671 nylon [2% 68 and Ultem® as the matrix, and carbon 2664 glass[®"] and Kevlar fibers (6
as the reinforcement. AM processing of continuous fiber can be done by simply modifying the
print head. Different approaches to print continuous fiber FRPC have been demonstrated (fig.
2(a)), such asi) in-situ fusion of thermoplastic liquid resin before extrusion [€7: ii) in-situ fusion
of molten thermoplastic with fibers at the nozzle 2" 28 6368 gnd jii) extrusion of pre-
impregnated fibers 26 68.69 |n (i), glass fibers pass through the solution containing dissolved
ABS!®. |tisdiscovered that viscosity would affect both the resin content and the traction force
to pull the fibers impregnated within resin. In (ii), fibers are fused into molten thermoplastic
filament at the nozzle (2" 2638681 The fibers are extruded automatically, without any feeding
device as they tend to be drawn into the nozzle by the movement of melted thermoplastic. In

(iii), continuous fiber bundle pre-impregnated with thermoplastics such as nylon and Ultem®
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are directly fed and extruded from the nozzle. Mechanisms like mechanical cutting [2°, |aser

cutting and resistive heating %%, are needed to cut thefibers at the end of each layer. Comparing
to unreinforced specimens, reinforcement by continuous fibers brings about significant

improvement (by as much as 5 times) in the tensile properties [26. 7072,

However, like discontinuous fiber, higher loading of continuous fibers also leads to
nozzle clogging. Nozzle clogging issue could be potentially solved by having a separated
laying mechanism for fiber, such that the fiber is directly encapsulated by the extruded
thermoplastic [*81. Moreover, high fiber loading weakens the inter-layer fusion, resulting in low
inter-laminar shear strength 27, In addition to inter-layer fusion, fiber-matrix interface also
needs to be improved for printing continuous FRPC. It was found out that higher temperature
during extrusion and post-process like thermal bonding can help to reduce the viscosity and

improve impregnation [6> 661,

2.1.2 Liquid Deposition Modeling

For composite feedstock in the form of paste or fluid, the materias are selectively
deposited from asyringethat is attached to the computerized numerical control (CNC) machine
(fig.2 (b)). To date, reinforcements only exist in the form of discontinuous fibers in the
composite feedstock.
2.1.2.1 Discontinuous fibers

Thermoplastics such as PLA [ and thermosets such as acrylic-based and epoxy-based
resins have been used asthe matrix material ["* 7. So far, the reinforcement existsonly in form
of discontinuousfiberslikesilicon carbide (SIC) whiskers® | carbon fibers?. 771  glassfibers
(74 and carbon nanotubes (CNT) [ 7, Reinforcement material s are mixed homogeneously with

liquid resin to form paste-like composite feedstock. Some reinforcements especially CNTs
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generally suffer from problem of agglomeration, it is hence essential to do surface treatment

with acid to ionize the CNTs or to use suitable solvent mediums such as polyvinylpyrrolidone

to uniformly disperse them (7],

Being in liquid form at room temperature, it is generally easier to process thermoset
resins than the thermoplastics using LDM technique. Epoxy resin ink, however, requires
specific rheological and viscoelastic properties to be extruded smoothly from the nozzle. It
should be noted that most ink dispersions formed using these materials exhibit a shear-thinning

behavior characterized by increasing shear rate with decreasing viscosity 76,

In another variation, photo-curable and thermo-curable components are added to form
dual-cure composites, wherethe former allowsfast curing to maintain the shape whilethe latter
helps to complete the crosslinking to achieve good mechanical properties [ ™ |midazole-
based ionic liquids has been explored to use as a curing agent to prolong the printing window
to up to 30 days under ambient conditions [?°1. It has been shown that use of volatile solvents

for dissolving thermoplastics lowers the processing temperature 29,

Thework on epoxy-based resinsis of significance as it demonstrates how fibers can be
aligned by controlling parameters like aspect ratio and nozzle diameter . Although only
discontinuous FRPC have been printed so far, the efforts mark an important step in designing

engineering materials and can be manipulated to print continuous fibersin the future.

2.2 VVat Photopolymerization

Vat photopolymerization selectively cures photopolymer in avat using ultraviolet (UV)
light. Stereolithography (SLA) isacommonly used vat photopol ymerization technique to print
FRPC (fig.4).

2.2.1 Stereolithography
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Todate, reinforcementsin theforms of discontinuous fibers, continuousfibers and fiber
mat have been used in SLA to create FRPC. SLA is known to produce parts with low porosity

(0-5%) 13477, 78],

2.2.1.1 Discontinuous fibers

Various types of discontinuous reinforcements ranging from nano-scale fibers, for
example, silicate dioxide (SiO,) nanoparticles [, graphene oxide % and carbon black &1,
micron-scale fibers, for example, apha-alumina powder 2, ferromagnetic fibers [34 3,
titanium carbide (TiC) (3, bioglass["® and SiC 83, and to milli-scale glass fiber [7:84 8] have
been used to create FRPC in SLA. Matrix materials used are generaly photosensitive
polyacrylate resin 7779 8. 81 glthough polyester resin (8 and epoxy resin 8 have also been

attempted.

There are mainly two methods to prepare the composite materials, i.e. i) by premixing
the reinforcement and resin [32 34 777981, 83,86, 88,89 gnq jj) dispersing the fiber on the surface of
resin 18, Additives may be added into the composite for various reasons, namely to facilitate
polymerization, reduce viscosity of the resin, stabilize the suspension, and to act as a coupling
agent between the fiber and matrix. In another variation, a new layer of composite resin is
added onto the build tray at the start of each layer to avoid sedimentation of fiber in the resin
(Fig. 3b) [%%3 Thefiber surfaces aretreated in order to decrease the viscosity of resin to permit
higher fiber concentration. The highest tensile strength reported so far is 72 MPa with the
addition of 16 vol% of glass fiber [¥4, implying that SLA fabricated FRPC is, nevertheless, still

inferior to the conventional FRPC.
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Figure 4 A)Vat-photopolymerization process and the schematic representation of the cross-sectional view of the UV curing of
FRPC in SLA. Laser source in the UV spectrum is used. For continuous fiber, the fiber is laid either manually or automated. For
short fiber, the fibers are premixed with the liquid resin. Addition of fibers reduces the UV penetration which requires
modification of printing parameters. B) procedure of modified SLA in which new layer is deposited on top to prevent
sedimentation of fibers

As the composite materials are normally premixed, fibers are randomly oriented and
uniformly dispersed, resulting in the need for extra mechanism to align the fibers 7 7,
Although fiber loading up to 60 vol% have been attempted, it was found that higher loading
would generally lead to a poorer fiber dispersion 83, In addition, entanglement of fibers is

noticed at higher loading, which weakens the fiber-matrix bonding.
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Improvement in tensile strength " 8Y, Young’s Modulus [, flexural strength (8,
fracture toughness [ 81, and hardness [#8 have been observed upon adding reinforcement.
However, these mechanical properties are influenced by the shape, density and size of the
reinforcement. Unlike aforementioned cases, addition of microsphere was found to have
negative effect on the tensile strength (8581 The drop in tensile strength were probably due to
the use of low density hollow microsphere. Lu et al. varied the carbon fiber length and found
out that the fracture toughness was enhanced using 2 mm fibers while the flexural strength was
higher with 1 mm fibers 83, Apart from that, adding reinforcement minimizes the shrinkage

and thus improving the printing quality "%

However, there are several issues associated with the addition of reinforcement into the
photo-curable resin. Firstly, the viscosity of the resin increases with the addition of the
reinforcement, which may affect processability ["°l. The light scattering caused by the particles
in the suspension reduces the UV penetration depth and lateral resolution so longer irradiation
(82 or higher laser power [l is required to achieve the same polymerized depth. The issue can
be circumvented by using materials that are transparent to the UV radiation, such as the
aluminum-based quasicrystalline (8. Post-curing is normally needed to complete the curing
process as resin is not fully cured right after the printing. Chiappone et al. found out that post
UV and thermal treatments would aid the reduction of graphene oxide which further enhances

the stiffness of the SLA-fabricated graphene-based composite by as much as 126%/%,

2.2.1.2 Continuous fibers
Research has been carried out on continuous FRPC using glass ) and carbon fiber
bundles 3 %4 and e-glass and carbon fiber mats 2% %9 as reinforcement. Continuous fiber AM

in SLA has been done by manual laying 3% 4% 8 or incorporating fiber laying mechanisms 8

94] .
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The addition of continuous fiber has shown improvement in the tensile strength of the
pure resin by 2-3 times [*4. In another work, E-glass, carbon and aramid nonwoven mats are
used to reinforce acrylic- and epoxy-based resins 9. It is found that E-glass and carbon in
acrylic-based resin could bring about 50% improvement in both elastic modulus and tensile
strength. However, the reinforcement loading achievable is low (<20%) due to the lack of
consolidation process [®1. Although tensile strength between 83.5-143 MPa is obtainable, it
still is short of the predicted strength due to poor fiber-matrix bonding [*4. The poor bonding
isaresult of incomplete curing in the interior due to the scattering of UV radiation caused by
the fiber tows. In order to improve the fiber-matrix interface, thermal treatment %8 and post
UV curing [ are used to post-cure the resin. It was found that the tensile strength improved
from 46.0 MPato 61.3 MPa as a result of thermal treatment indicating existence of uncured
liquid resin in the interior of the fiber reinforced samples resulting from only photocuring of
carbon fiber. Hence, the use of fibers that is transparent to UV radiation could be a potential
solution to the problem. However, one of the problems of post curing is the internal stresses
that are devel oped which lead to shrinkage and warpage of parts'®. Apart from that, Placement
of the continuous fiber or fiber mat is a problem, which may cause air entrapment % and cause

uneven surface in printed part [*4, thus weakening the inter-layer bonding.

2.3 Sheet Lamination

In sheet lamination, sheets of materia are bonded to form an object. There are two techniques
under this, namely laminated object manufacturing (LOM) and composite-based additive

manufacturing method (CBAM).
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Sheet Lamination

(a) Laminated Object Manufacturing (b) Composite-based Additive Manufacturing

Deposition
of epoxy ink

Layer pattern

Laminating roller Lot g

Sheet material

Part block Stack of fiber sheets

for consolidation

Figure 5 Sheet lamination process: (a) laminated object manufacturing (LOM) and (b) composite-based additive
manufacturing. In LOM, laser source is used to cut out the layer pattern. Adhesive is applied to the whole area of the layer to
bond the sheet. Pressure and heat are used to reduce the void content. Unwanted material will then be removed. In
composite-based additive manufacturing, adhesive is selectively deposited according the pattern of each layer. The sheets
are then stacked together and consolidated in oven. Unwanted material will then be removed.

2.3.1 Laminated Object Manufacturing (LOM)

LOM is a process that combines additive and subtractive techniques to build a part
layer-by-layer from astack of fiber sheets[*l. A laser is used to cut the shape of each layer and
the layers are then bonded together by adhesive or by pressure and heat to reduce the void
content (fig. 5(a)).
2.3.1.1 Mat/sheets

The feedstock to the LOM is in the form of sheet material, which can be commercia
prepreg sheets or any fiber preform. Using prepreg sheets containing 55 vol% unidirectional
E-glass fibers with epoxy matrix, tensile strength and flexural strength of the LOM fabricated
FRPC arefound out to be 716 MPaand 1.19 GParespectively indicating good fiber-matrix and
inter-layer bonding 4. The LOM process is further improved by integrating a curved layer
building mechanism, which eradicated stair-step effect, minimized wastage, and provided the

capability to keep continuous fibersin the direction of curvature [,


https://onlinelibrary.wiley.com/doi/full/10.1002/admt.201800271

2.3.2 Composite-based additive manufacturing method (CBAM)

2.3.2.1 Mat/Sheet

CBAM utilizes an aqueous-based solution to be deposited first on each layer of fiber
sheet using inkjet technique (fig. 5(b)). Subsequently, the fiber sheet is covered with
thermopl astic powder matrix, which adheres only to the agueous solution. After removing the
excess powder, the fiber sheets are stacked, compressed, and heated in the oven to fuse the
matrix for consolidation. Finally, the part is sandblasted to remove the excess fibers, revealing
the final product. The highest tensile strength achievable so far is 165 MPa[*l. Low strength
of CBAM printed part, when compared to LOM, is due to the use of randomly oriented
discontinuous fiber sheets 7,

The ability to produce high strength parts compared to conventional methods is one of
the advantages of sheet lamination technique. In addition, this technique does not require any
support structure as the sheets can act as the support. However, unlike other AM processes
where support structure is generated for overhanging features, the fiber sheets are needed in
every layer. This leads to material wastage, as the used sheets are not reusable. Moreover, this
technique does not allow complex internal featuresto be fabricated as the removal of unwanted
materials would be difficult (31,

2.4 Powder bed fusion

Powder bed fusion makes use of thermal energy to selectively fuse regions of a powder
bed. A commonly known powder bed fusion process for polymers is selective laser sintering

(SLS) (fig.6).

2.4.1 Selective Laser Sintering
To date, reinforcements for SLS-fabricated FRPC are mostly found in the form of

discontinuous fibers.
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Figure 6 a) Schematic representation of powder bed fusion and the composite powder used. Composite powder can exist in
two forms 1) homogeneously mixed reinforcement and matrix powders and 2) reinforcement powder precoated with matrix.
Arolleris used to lay a layer of powder onto the print platform. Laser is used as a heat source to selectively melt the composite
powder. b) steps to fabricate carbon fiber reinforced epoxy composite using SLS 1) powder preparation 2) SLS fabrication 3)
epoxy resin infiltration 4) solidification (retrieved from Zhu et al. )8!

2.4.1.1 Discontinuous fibers

Many attempts to improve mechanical and physical properties by reinforcing raw
powder with nano-scale and micro-scale fibers such as CNT %% carbon black 1%, carbon
nanofiber 144, yitrium stabilized zirconia (Y SZ) %Y, glass beads 1% 103 SjC [104 1091 gng
nanosilica 1% have been carried out. Various composite PA-12 powder are available
commercialy, namely glass-filled PA-12 (Duraform GF, PA3200 GF), carbon-fiber-filled PA-

12 (Duraform HST, CarbonMide, Windform XT) and aluminum-filled PA-12 (Alumide).
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Matrix materials used are typically the thermoplastics like polyamide, with PA-12 being most

widely used in SLS 4% 10U glthough some other material such as polystyreneis also noted (297,
Instead of modifying the manufacturing process, research istargeted at homogeneously mixing
the composite powder. Thisis achieved by using either mechanical 112 1% and melt mixing 4%
of the materials or by coating the fibers by dissolution-precipitation 1% 1% and surfactant-
facilitated latex methods Y. Recently, Zhu, Yan, Shi, Wen, Liu, Wei and Shi [*¥ devel oped
short carbon fiber (CF) reinforced thermosetting composite by infiltrating the porous SLS
manufactured PA-12/CF with epoxy resin under high temperature and pressure. Unlike other
methods, the composite powder is prepared by coating athin layer of PA-12 on the CF surfaces

to produce a porous green-part before infiltration of epoxy resin (Fig. 5b).

Although adding reinforcement leads to enhancement in tensile modulus [%: weak
interface as aresult of poor adhesion and voidsisalso observed [42 119 Though SLS fabricated
pure PA-12 parts are generally stronger than those made by extrusion and injection molding,
the SL S fabricated FRPC has significantly lower elastic modulus (1000M Pa) and strength (28
MPa) than the ones made by conventional methods ( 1400 M Pa and 42 M Pa respectively)!1%9,
This was found to be due to poor dispersion of fibers in the powder feedstock and higher
interna porosity predominantly present in the fiber-rich domains. The effect of laser intensity
on the mechanica properties was investigated by Arai et al. 9. It was found that increasing
the laser intensity was necessary to lower the viscosity to improve the surface adhesion with
the glass fiber. The optimum laser intensity was found to be around 22.7 kJ/m?. However,
further increase in laser intensity would degrade the mechanical properties due to the decrease
in molecular weight of composite-copolymer poly(butylene terephthalate) powder. SLSisalso
restricted to developing discontinuous FRPC due to its fabrication nature (1. If SLSisto be
explored for laying continuous fibers, additional devices would be required to lay fibers and

this would complicate the entire manufacturing process.
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Table 1 M echanical propertiesreported in literature

Techniques Types of fiber Fiber/ matrix composition M echanical Properties Ref
UTS Young’s  Other Properties and improvements due to addition of
(MPa)  Modulus fibers
(GPa)
FFF Disconti  Nano SWCNTSs (5%)/ Carbon fiber (5%)/ 30 1.75 High reinforcement and better strength. 24, 25]
nuous MAGNUM 213 ABS
Graphene (5.6 wt%) /ABS/PLA - - High mechanical strength (49
MWCNTSs (0.2%)/ PLA 55 3 47% increase in tensile strength (47
Graphene nanoplatelets (4 wt%)/ ABS 355 2.8 Higher tensile modulus 48]
CNT (6Wt%)/ABS 47.1 2.625  Conducted creep and electrical studies 61
CNT (0.5wt%)/PLA 80 1.99 1]
CNT (1wt%)/PEEK 70 Short beam shear strength:21 MPa [62]
Micro FesO4 (30-80 pm) (30-40%)/ P301 Nylon 4 0.054  Improved stiffness and thermal properties 1561
Cu (10 or 45um)/ Fe (45 pm)/ ABS 15 0.23 Tensile modulus: 54 MPawith 30% Fe 1591
Short fiber (15%)/ ABS 42 25 Toughness: 6.3 Jn310° (54
Harakeke (12.3 um) (10-30%)/ /PP 25 0.32 53]
Hemp (28.3 um)(10-30%)/ PP 15 0.3
Glass fiber (4%)/PLA 30 4 Impact strength: 60 Jm (112
Milli  Vectra A950 TLCP (60 mm) (28%)/ 45 4 High tensile modulus [50, 51]
Amoco polypropylene
Glass fiber (18%)/ ABS 58.6 - Improved ductility and flexibility 152
Carbon fiber (0.2-0.4 mm) (40%)/ ABS 65 14 115% higher tensile strength (23]
Carbon fiber (3.2 mm)/ ABS 70 8.91 Increased strength and stiffness (22
Carbon fiber (15-20 mm) (10 wt%)/PA 12 90 35 (60
Carbon fiber / ABS 38 5.9 Shear strength: 13 MPa (113]
Continuous Carbon fiber (34.5%)/nylon 475 35.7 High tensile modulus (261
Carbon fiber bundle/ ABS - - Increased strength (6]
Carbon fiber bundie/PLA 90 5.8 Tensile modulus: 294 GPa [e4]
CNT yarn/ Ultem® 1010 117 2.4 Tensile strength: 317 MPa 69
1000-carbon fiber bundle/ ABS 150 4 Flexural strength: 125 MPa 27, 28]
Flexural modulus: 7.8 GPa
Interlaminar shear strength: 2.81 MPa
Kevlar (10%) / Nylon 90 9 Elastic modulus: 1767 MPa (e8]
Carbon fiber / PLA 91 - Flexural strength: 156 MPa 63
Carbon fiber(3000 fibersin a 792 161 (2

bundle)/epoxy resin
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Carbon fiber (48.93 vol%)/Nylon

Compressive strength: 53.3MPa
Flexural strength: 231.1 MPa
Flexural Modulus: 14.17

[114]

Recycled Carbon fiber (8.9 vol%)/ PLA 260 20 Flexural strength: 263 MPa (115]
Flexural Modulus:
13.3 GPa
Impact strength: 40 kJ/m?)
Carbon fiber (41 vol%)/ Nylon 600 13 Flexural strength: 430 MPa g
Flexural Modulus:
38.1 MPa
Quasistatic indentation energy: 6.26 kJ
Kevlar Fiber (35 vol%)/Nylon 450 7.2 Flexura strength: 149 MPa
Flexural Modulus:
14.7 MPa
Quasistatic indentation energy: 7.05 kJ
Carbon fiber/ Nylon 701 68.08  Poison ratio: 0.35 (70l
Compression strength at 0°: 223.06 MPa
Compression strength 90°: 41.83 MPa
Glass fiber/ Nylon 574.58 25.86 Poison ratio: 0.37
Compression strength at 0°: 82 MPa
Compression strength 90°: 12.73 MPa
Shear strength: 67.77 MPa
Carbon fiber (200 um) (16.8wt%)/ABS 50 7 [(116]
Carbon fiber (200 pm)) (12.6wt%)/PLA 69 9
Carbon fiber (200 um)) (17.7wt%)/PETG 69 85
Carbon fiber/ Nylon Impact strength: 82.26 kJ.m? (117
Kevlar fiber/ Nylon Impact strength: 184.76 kJ.m?
Glass fiber/ Nylon Impact strength: 280.95 kJ.m?
e-glass fiber (54.8 wt%) / PP Flexural modulus: 13.06 GPa (18]
Liquid Disconti  Micro SiC whiskers/epoxy using an Epon 826 Longitu Transver
deposition nuous epoxy resin, nano-clay platelets, and dina: se 10.61 Youne’s modulus
modeling dimethyl methyl phosphonate (DMMP) 96.6 Lonitudi gsm [29]
Tranay nal: nearly equivalent to wood cell walls
erse: 16.10

69.8
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SiC whiskers-carbon fibers/ epoxy (Epon
826), nano-clay platelets, and dimethyl
methyl phosphonate (DMMP)

Longitu  Transver
dind: se: 8.06
66.2 Longitud

Transv  ind: 24.5
erse
43.9
Carbon Fibers (length 40 3.6 Using dual-cure technique [74,75]
100-150 mm)/ Bisphenol A ethoxylate
diacrylate/Bisphenol A diglycidyl
ether/2,4,6- trimethylbenzoylphenyl
phosphinate (Irgacure TPO-L)
Nano A-MWNT (7 wt%)/ PVP (17 wt%) - - Electrical Conducting 76l
MWCNTSs (1 wt%) and PLA (30 wt%) - - Electrical Conducting (73]
SLA Disconti  Nano  SiO; nanoparticles (20 nm)/ acrylate - 17 Fracture Toughness K¢ : 0.38 MPam/2 [
nuous functionalized oligomers Genomer 4302
(G4302)/ Sartomer CN922 with the
monomer tris(2-hydroxyethyl)isocyanurate
triacrylate (SR368)
Nano-carbon black (30 nm)/ Visible light 0.24 - Hardness: 81 mm 181
curing polymer Decomposition temperature: increased to 359.23°C
Graphene Oxide (thickness 0.7-1.2 nm) 0.0116  Compression modulus: 9.6 MPa [80]
(0.3 phr) / PEO-diacrylate
Graphene Oxide (thickness 0.7-1.2 nm) 0.0110  Compression modulus: 11.1 MPa
(0.5 phr) / PEO-diacrylate
Micro Hollow microsphere (55 um)/ polyacrylate - - Reduced tensile stress by using low density [85]

resin

Alpha-alumina powder (P172SB,
Pechiney)/ photocurable monomer
Ferromagnetic fibers (y Fe2Os)/
photopolymer

Electrical conductive whisker (TiC) (50
pm)/photopolymer

Bioglass (5-30 um)/ Acrylate-based
monomer

Al159Cu25.5Fe12.5B3 (25 pm)/ Accura
Si40 resin

Irregular SiC powders(40-53%)/ DSM
Somos 19120 resin

microsphere
Improved vertical resolution

Magnetic alignment

Electric alignment

Biaxial strength: 40 MPa

Improvement in shrinkage improves by 90%

Flexural Strength: 325 MPa
Fracture toughness. 4.5 MPam'?

(82

[34, 35]

(32

(78]

(8g]

(83
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Milli  e-glassfiber (10-15 mm)/ polyacrylate 26 - Provide better mechanical improvement comparedto [
resin microsphere
e-glass epoxy (80%)/ SLA 250 24.13 5.8 Functional graded materials with thermal and (84
photopolymer electrical conductivities can be created
Glass fiber (20%)/ DeSolite SCR310 29 3 Improved shrinkage iy
(SCR-310, 1995), a urethane acrylic based
photo-polymer
Glass fiber (17.9%)/Ciba-Geigy SL5170 72 2.49 60 percent increase in the modulus for the (riveted) [90, 91,
resin composite specimens o
800 e-glass fibers (4.6%)/ Somos 3100 87.2 3 twofold improvement of resin strength and stiffness [119)
resin
Continuous Thornel T-300 tow of 3000 fibers (5%)/ 46.3 - 30% improvement in tensile strength (38
XB5081 Ciba Geigy
Nonwoven fiber mat (e-Glass, PAN-based ~ 30-55  1.81-2.85 increase of 36% in ultimate tensile strength [39, 40]
carbon, Aramid )/ Acrylic based matrix
(AlliedSignal Exactomer 2202SF) or
Epoxy based matrix (DSM Somos 7110)
LOM Mat/ Sheet Aerospace-grade prepreg containing e- 713 - Compression 896 MPa (44
glassfibers (52— Flexure: 1190 MPa
55 vol%) / epoxy Interlaminar shear strength: 42.6 MPa
CBAM Mat/sheet with Carbon fiber/ Kevlar/ fiber glass/ high- 165 - - (49
randomly oriented  density polyethylene
short fibers [
SLS Nano CNT (0.5 wt %)/PA-12 & PU - - Thermal conductivity: up to 16.9 W m* K (41
Disconti Carbon black (4 wt%)/PA-12 26 1.0 Flexural modulus. 1.4 GPa
nuous Flexural strength at 5% strain: 65 MPa
Impact strength: 12 Jm
Carbon nanofiber (3 wt %)/PA-12 - - Storage modulus at room temperature: 1.2 GPa (42
YSZ (5 wt%)/ PA-6 25 - - (101
Micro Glass beads (30 vol%)/PA-11 - 17 Near full density of 99% (102
Compressive modulus. 2.6 GPa
SiC (10,25,50 wt %)/PA-12 34-40.5 Reduced strength with higher loading (109]
High porosity: >20%
Nanosilica (3 wt%)/PA-12 20.83 1.98 Impact strength=40.2K Jm?2 [106]
Glass fiber (25 wt%)/PA-12 43.7 2.71 Fracture properties Kic: 3.9 MPa-m? [109]
carbon fibers (100-200 pm) / PA-12 - 6.3 Vyy: 0.443 [120]
Vyz: 0.383
- 3.54 Vyx: 0.225
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Carbon fiber( 150-250 pum) (30wt%) / PA-
12

thermally and HNOs treated Carbon fiber
(150-250 wm)(30wt%) / PA-12

Glass fiber (99 pm) (30 wt%)/ cPBT

wollastonite fibers ( 20-80 um)(25 wt%)/
PA-12

Glass fiber (75 pum)/ Polystyrene

Glass fiber (10 wt%)(50 pm )/
poly(propylene-co-ethylene)

Glass fiber (20 wt%)(50 um )/
poly(propylene-co-ethylene)

Glass fiber (30 wt%)(50 pm )/
poly(propylene-co-ethylene)

72

80

60

40

19.3

17

15.7

2.96

55

58

3.6

0.775

0.9

1.15

Vyz: 0.479

V. 0.163

Vy: 0.388

Flexural strength: 106 MPa
Flexural modulus: 5.3 GPa
Flexural strength: 114 MPa
Flexural modulus: 5.9 GPa
Flexura strength: 90 MPa
Impact strength: 2 km?

Flexural creep modulus. 3.6 GPa

Flexural strength: 16.34 MPa

[121]

[121]

[122]

[107]
[123]
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3. Future Outlook

AM processes for FRPC are contributing to revolution in various fields. This section
discusses the past research work that has been done in specific topics such as materials
development, composition and homogeneity, porosity, fiber matrix interface, fiber alignment,
and interlayer bonding, as well as some new devel opments and future possibilities, which will
spark new research in this field. With respect to this, as there are limited studies on the AM of
composite materials, relevant works for AM pure polymers and non-AM composites are taken
into discussion when necessary as they can be expanded for the use of AM of composite

materials.

Material development

AM polymeric materials with limited mechanical strength and durability by nature have been
incorporated with reinforcement to form composites with improved performance in these
aspects and as well as enhanced thermal, optical and electrical properties to be used in various
industries. Particularly these reinforced composite materials have been created for uses in
aerospace, automotive, and wind energy industries and other industries that demand materials
with high mechanical performance. Fibers of various forms (short, continuous, sheet) and
scales (nano, microns, mm, cm) have been used to form composite materials for different AM
techniques.

Research on the short fiber reinforcements make up more than 80% of the research work on
the AM composite materials. This is probably due to the ease in the preparation of the short
FRP composite materials and the technological limitations that hinder the use of other form of
reinforcements such as continuous fiber and fiber sheet. The need for higher stronger materials
for AM have led to the development of various AM-friendly continuous FRP composites. M ost

commonly used continuous reinforcements are carbon fibers, glass fiber and Kevlar fiber. As
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shown in the table 2, continuous fibers are able to provide higher tensile properties as

comparted to the short fibers.

Despite the rapid growth in the AM technology, current systems still rely on narrow
range of commercial and proprietary resins, thus limiting the physical and chemical properties
of parts'*”. While most of the current research aimsfor enhancing the mechanical performance,
there has been increased interest in developing functionalized materials with broader range of
properties, such as thermal %8, piezoelectric %, electrically conductivity & 4Y, dielectricity
for radio frequency or microwave applications [2* 1?4125 and for biomedical applications [128,
AM FRPC also enables the fabrication of functionally graded structures by controlling the
gpatial distribution of composite to produce localized control of specific properties. For
example different arrangement of materials with different permittivity can produce diverse
resonant frequencies 24 and different localized refractive indices [, Yang et al. fabricated a
double-layer laminate smart material which consists of CF/PEEK , which can change shape
due to the mismatch in strain between the surface layer and the basal layer through electrical
heating [?!). Continuous wire polymer composites using extrusion techniqueis being devel oped
to produce thermal and mechanica sensors and to fabricate heating elements integrated into
AM structures 19,

The research on AM composite materials is not restricted to the above-mentioned AM
techniques. For instance, multi-material AM process, namely the multi-material jetting process,
has the capability to fabricate composite by selectively depositing two or more different
materials at the designated location. This unique characteristic enables a new design paradigm
of creating FRPC using multi-material AM, thus pushing the boundaries and definition of
FRPC. Instead of using actual fibers as reinforcement, the fibers can be printed in milli-scale
using a stiffer ink to reinforce a softer matrix ink ™21, The fiber/matrix composition and

orientation can also be spatially controlled. Their geometry, for instance, the fiber shape and
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dimension, can be varied without any manufacturing restrictions, during the design stage.

Recent research has revealed several emerging applications of multi-material AM FRPC such
as soft robotics 1?8, biologically inspired materials ), medical phantom models *%, and
even 4D printing %Y. Varying complex fiber configurations based on the requirements of
targeted application can hence be produced without the need of process modification or
material formulation.

Multi-material AM process has enabled the fabrication of sandwich composite.
Sandwich cores, such as|attices %, honeycombs 3 and other cellular structures 3139 and
honeycomb sandwich made by adhesively assembling sandwich core to additively
manufactured FRP facesheets [** have been produced successfully using AM. The creation of
hybrid one-step process that alows the fabrication of functional composite with integrated
structures would disrupt the current composite industry and design paradigm.

Fiber-matrix interfacial properties

The properties of composite materials are affected not only by the properties of the individual
parent materials but aso on the morphology and interfacia characteristics. The fiber-matrix
interfacial shear stressisan important parameter that controlsthe effectiveness of stresstransfer
and determines the off-axis strength and impact toughness of CFRP, environmental stability of
CFRP and functional performance of CFRP [1%¢, The interfacial properties can be controlled
by changing the composition, structure and distribution of the interface 37,

In AM field, the research on the interface of the composite is still not comprehensive as most
of the research is still focused on the characterization of the mechanical properties of the bulk
composite materials as shown in table 2. Research on the characterization of the interfacial
properties of the composite materials fabricated using AM techniques is not well studied. In
most studies, theinterfacial properties were deduced qualitatively from the SEM images 3852,

Moredetailed research to evaluate the interfacial strength of compositesin threedifferent levels
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such as macroscopic test methods, mesoscopic interface test methods and micro-composite

experimental methods should be conducted for 3D printed composites 8. Macroscopic test
methods are adopted to assess the interfacial adhesion between fibers and polymer matrix at
the macro-scale. However, macroscopic tests are meant for qualitative comparison of the
interfacial bonding properties, not for the independent quantitative estimation of the interfacial
strength. To author’s knowledge, no quantitative characterization was performed to investigate
the fiber-matrix interfacial properties of the additively manufactured composite materials.
Moreover, the fast heating and cooling nature of 3D printing processes, which differ from
conventional composite manufacturing techniques, certainly warrants further investigation on
how the mechanisms at the interfacial level work. For instance, nanomechanical interlocking,
thermal residual stress due to mismatch in coefficient of thermal expansion™™*%, non-binding
energy and dliding frictional stress [**9l are a few the mechanical interactions at the interface
that should be investigated in detail in order to have a better understanding of how the fiber-
matrix interface affects the final mechanical properties.

Also, itiswell known that unmodified fibers, especially carbon fiber, have smooth fiber surface
that lacks active groups to interact with polymer matrix. Hence, modification on the interface
should be performed, which are normally accomplished by enhancing the surface polarity of
fiber, improving the wettability between fiber and polymer, and also stimulating the chemical
reaction. The interfacial modification methods have been well developed for non-AM fiber
reinforced composites and have been critically reviewed 24U, However, thus far, studies on
fiber surface modification and use of coupling agent in AM composite materials are mostly
done for SLS [124 123 1420 g Al gnd FFF 52 % techniques and are focused on the
improvement of mechanical properties. Oxidation modification method through nitric acid
treatment has been used to improve the fiber-matrix interfacial propertiesin SLS PA12 based

composite materials ['?4 42 This treatment removes the impurity on the fiber surface, which
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prevents the formation of weak interfacial bonds, and etches the fiber surface to increase the

surface area and roughness, which improves the physical interlocking. Apart from that, oxygen
functional groups (C-O, C=0 and O-C=0) are introduced and the concentration of O element
isimproved as the result of the modification, which improves the interfacial adhesion between
the fibers and the nylon matrix through the hydrogen bonding between oxygen functiona
groups (CO, CO and OCO) on carbon fibers and the amide bonds in PA12. However, the
introduction of these oxygen functional groups poses porosity issue which arises from the gas
accumulation within the composite materials due to the therma decomposition of oxygen
groups during the laser sintering process'*®. Thermal treatment in inert atmosphere has found
to be effective in selectively reducing the oxygen groups while retaining the interface
compatibility*?1. The carbon nanotube surface has also been functionalized using potassium
permanganate as the oxidant. The functionalized carbon nanotube can form -NHCOO- and —
NHCO- bonds with the toluene diisocyanate (TDI) in the in-situ polymerization process in
SLA 3 For natural fibers (such as spruce thermomechanica pulp (TMP)) that are normally
hydrophilic in nature, surface modification was done via enzymatic treatment to improve their
compatibility with the hydrophobic resin*** 1461, The |accase-mediated grafting of octyl gallate
onto TMP fibers improved their interfacial adhesion with PLA by oxidizing and removing
lipophilic extractives from the TMP fiber surface [**4. Apart from that, laccase can graft some
hydrophobic compounds onto the natural fiber surfaces to reduce the water take up of the
fiber™". Apart from PLA, this method has been used in polypropylenel¢: 181 and epoxy-based
(149 composites. In another study, coupling agent based on polypropylene grafted with maleic
anhydride was used to promote adhesion between the glass fiber and the polypropylene matrix
1231 To authors’ knowledge, there has not been any study that focuses on the surface
modification of carbon fiber for composite materials used in FFF and LOM and how the surface

properties affects other material properties such as electrical and optical properties. Therefore,
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there is a need to have more in-depth investigation on the fiber-matrix interface of AM

composite materials in order to achieve desired mechanical, electrical or optical properties of

the composite parts.

Fiber homogeneity

Homogeneity of the fiber distribution isimportant to ensure efficient transfer of stressfrom the
matrix to the reinforcements. It is evident from the results from a few groups that the
strengthening effect is more obvious in lower fiber loading and diminishes and even
deteriorates at high fiber loading especialy for short fiber reinforcements ?3. The drop in
strength is probably due to the poor stress transfer from matrix to fibers which caused by
inhomogeneity of the composite materials. Tekinalp et a. aso reported that the standard
deviation of the results for the composite material is significantly higher than that of the pure
thermoplastics materials and attributed it to the sample-to-sample differences in the fiber
distribution [2. It is therefore important to ensure the homogeneity of the composite material.
Mixing methods used to produce the composite materials varies with fabrication techniques
and are discussed in detail.

In FFF, to ensure homogeneous fiber dispersion, the nylon pellets are first ground to a particle
size of approximately 200-500 pm 8, Surfactant is coated on the iron reinforcement to
improve the dispersion by lowering the high free energy surface of iron fillers. The coated iron
particles can provide good link to the lower free energy surfaces of polymer particles. The
nylon and iron reinforcement were mixed in a tumble mixer for 2 hours to produce the
homogeneously mixed composite material.

Gray et a. used adual extrusion process to spin self-reinforced Thermotropic liquid crystalline
Polymers(TLCP) /PP composite strands %%, The TLCP wasinjected into the PP matrix (which

isat 245 °C) as continuous streams at 325 °C. The melt was then extruded through a capillary
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die with adiameter of 1.8 mm to form the composite strands. The composite strands were then

hot-pressed at 180°C into plagues. The strands, which were cut into length of 6 cm, were mixed
randomly into a preheated mold to be consolidated with 1 MPa of pressure. The plagues were
granulated to form granules with 6.3 mm diameters. The granules were then fed into a single
screw extruder (which operates at 177°C and 10RPM) to produce the composite filament.

For AM techniques such as LDM and SLA that use liquid or paste based feedstock, the method
for preparing the composite materials are similar, which is by mechanica stirring and
ultrasonication. In LDM, homogenous composite material is prepared by first dissolving 3wt%
of PLA in DCM by magnetic stirring at room temperature for 3 hours [, MWCNTs
reinforcement is added in the PLA/DCM solution to form the composite feedstock materia by
magnetic stirring at 950 RPM for 30 minutes and followed by 1 hour of ultrasonic bath at room
temperature and lastly 30 minutes ultrasonication. Ultrasonication is known to have negative
effect on the fiber structure such as reducing the fiber length especially in low viscosity
solution!*>%, In SLA, nano-carbon black were stirred with the liquid resin which contains tetra
function polyester acrylate and 1,6-Hexanediol di-acrylate for 24 hours at 1000 rpm to form
the homogeneous composite material Y. Dispersant (TEGO dispers 680 UV) was also added
to prevent agglomeration of nano-carbon black. In another study using LDM, acid treatment
was performed on MWNTSs to ensure uniform dispersion of of the CNTs in aqueous solution
(78, The acid treatment introduces functional group such as carboxylic acid and hydroxyl
groups on the MWNT surface which improves the ionic character of the nanotubes.

In SLS, in which composite materials exist in powder form, various methods have been used
to produce homogenous composite feedstocks, such as melt mixing!*?, mechanical mixing!*>4,
and dissolution precipitation. In melt mixing method, the polymer powder is first dried to
prevent hydrolytic degradation during the process [*?. The dried polymer powder and the

carbon nanofiber were mixed at 190 °C for 10 minutes at 60 rpm using a mixing equipment.
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After mixing, the homogeneously mixed composite material was compression molded and

cryogenically fractured to produce composite powders with average particle size of 50 um. In
pure mechanical mixing of thermoplastic powder and reinforcement, the fibers were sieved
through a 1 mm mesh size sieve to ensure that the mixed composite feedstock material is
processable in SLS 15U, The fibers were then mixed with the thermoplastic powder in amixer
for 10 minutes. In dissolution precipitation method, the nanoparticle reinforcement is first
mixed with asolvent, that comprises of 95wt% ethanol, 4.5wt% butanone, and 0.5wt% distilled
water, by agitation, and further treated with ultrasonic oscillation at 30°C for 2 hoursto form a
nanosilicaemulsion (2%, The PA12 pellet is dissolved in to nanosilica emulsion. The emulsion
that contains dissolved PA12 and nanodlica is then put into a No-filled reactor. In the reactor,
the emulsion is then heated up to 145°C to resolve PA12 thorougly and cooled at a rate of
10°C/hour to 105°C to let PA12 to precipitate. Vacuum drying and ball milling were performed
on the precipitation to obtain the nanosilicalPA 12 composite powder.

Although various methods of mixing have been developed, there seems to be lacking
guantitative checks on the homogeneity of the fiber distribution for all material production
techniques. Absorbance intensity has been used as a measure to quantify the dispersion of the
CNTsin LDM [*%3 However, thistechniqueisonly suitablefor composite material wherethere
is distinctive difference in optical absorbance at a specific wavelength between the
reinforcement material and the matrix material. Techniques such as in-situ monitoring of the
mixing process could potentially help improve the quality of the feedstock materials.

Fiber alignment

The coordinated arrangement of short and continuous fibers within the additive manufactured
composites is currently being researched on. Typicaly, in material extrusion processes, it is
found that initially the fibers are not fully aligned in the composite filament, but shearing force

between fibers and nozzle walls give rise to dignment during the AM process (2% %3, The
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phenomenon isalso captured in the simulations of the extrusion of short FRPC by two different

groups, Lewicki et al.[*>¥ and Yang et al. [*54, Simulation results suggested that internal surface
to volume ratio of the nozzle and rheology properties of the continuous phase fluid are two
important factors to achieve efficient shear alignment in extrusion. Yang et a. noted that the
fiber alignment of the deposited composite materials is affected by the flow split that occurs
outside of the nozzle which will result in a much more complex velocity contour of resin flow.
In the same study, the extrusion of continuous fiber through a nozzle is also simulated.
However, the model only considered single strand fiber.

In SLA, Shear induced alignment has been recently demonstrated using linear oscillatory
actuation mechanism combined with the SLA process [*59. A number of other new techniques
employed to manipulate the fibers in the resin include use of magnetic [3* % electric ¥4 and
acoustic fields %157, The devel opments of these new methods have pointed out theimportance
of aligned fibersin the AM of FRPC.

Additive manufacturing enables the precise control of the fiber’s alignment within a layer in
the polymeric matrix, allowing the variation of mechanical properties such as stiffness and
toughness and thermal properties 158 within design components to satisfy specific design
requirement. For instance, the effect of different fiber layup patterns on mechanical properties
have been investigated by various research groups. Isotropic fiber layup generally provides
better tensile strength than concentric fiber layup of the same fiber volume fraction [*%8, Also,
0° fiber orientation has the best tensile strength whereas 90° fiber orientation has the weakest
tensile strength 116 159, These studies have shown the importance of fiber aignment as the
strength comes in thefiber direction. In one study, epoxy-based matrix composite materia that
contains silicon carbide (SIC) whiskers and carbon fibers were used in the attempt of using
AM techniqueto create anetwork of repeating cell units!??. By controlling thefibers alignment

within the composite, hierarchical honeycomb structures that mimics the natural balsa wood
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was fabricated. This method demonstrates the ability for the creation of different bio-inspired

composite objects with precise architecture and mechanical properties. Moreover, controlling
fiber aignment also enables creation of atmosphere-sensitive composites. For example,
hygromorphic biocomposites that are capable of bending in response to a moisture gradient

was been created to by using AM materials with natural fibers (169,

Interlayer bonding

As additive manufacturing is alayer by layer process, the bonding between the adjacent layers
becomes an important factor in determining the strength of the resulting printed parts,
especialy in the z-direction. The research on the interlayer bonding of the AM of pure
thermoplastics has been performed 61, In generally, parameters such as z-direction tensile
strength, mode | interlaminar fracture toughness (62 and interlaminar shear strength 13 163
have been used to gauge the interlayer properties. In general, the z-direction tensile properties
are weaker than that of the in-plane tensile properties as observed from various AM techniques
such as FFF (83 5| S %4 and inkjet [*5. In polyjet, the ultimate tensile strength in the z-
direction is only 60% of that of the UTS in x and y-directions [*®. |n SLS, the fracture strain
in z-direction found to be lower than that of the x-direction, indicating the interlayer fracture
is more brittle than intralayer fracture [*54. This shows the importance of the effort to improve
the interlayer bonding of AM materials.

In FFF, it is found that printing parameters such as higher nozzle temperature, higher bed
temperature, smaller layer thickness, lower printing speed enhances the interlayer bonding 126,
Aliheidari et al. found that increasing nozzle temperature from 210 °C to 240 °C would enhance
the mode | fracture toughness from 2167 to 3907 Jm? ['%d This is because higher average

temperature and lower printing speed would result in the deposited materials having alonger
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time staying above the glass transition temperature, favoring the bond formation between the

layers.

The interlayer properties of the FFF-fabricated pure polymer have been compared with that of
the polymersfabricated using conventional processes. The mode | interlayer fracture toughness
(1.57 kI¥m?) of the was found to be 4 times lower than that of the compression molded polymer
parts (6.11 kJm?) 1267, Apart from that, the effect of the addition of reinforcements to the
polymers on the interlayer properties has been investigated. All studies have shown that the
interlayer properties drop with the addition of the fibre reinforcements. For instance, the Z-
direction tensile properties of the carbon fiber-filled ABS isonly 7 MPa or 42% of that of the
pure ABS (16.75 MPa) [23. Apart from that, another study has shown that the interlayer fracture
toughness of the carbon fiber-filled ABS (0.33 kJ/m?) is about 5 times lower than that of the
pure ABS (1.57 kJ/m?) 1¢7], Another study showed that the interlaminar shear strength of the
reinforced ABS is 8.5 times lower than that of the pure ABS [?. This suggests that the
strengthening of the in-plane properties by the addition of reinforcement comes at the expense
of poorer interlayer properties. This is because the addition of reinforcement reduces the
amount of bond formation of the thermoplastics at the interlayer boundary. Other possible
reason for the lower interlaminar shear strength of composite materials could be due to the
higher thermal conductivity of the fiber as compared to the polymer matrix [ which leads to
higher cooling rate and in turn reducing the time for bond formations. Printing parameters are
found to have effects on the interlaminar properties. Zhang et a. saw a drop in shear strength
from 13 to 10.5 MPa when print speed was increased from 60 mm/s to 100 mm/s and layer
thickness from 0.18mm to 0.3 mm. Although some work to improve the interlaminar properties
of FFF-fabricated materials has been going on such as in-process pre-deposition laser heating
(169 adding CNTs, using microwave irradiation [*"% and controlling the chamber temperature

(171 the improvement of the interlayer propertiesis not significant. It could be attributed to the
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lack of consolidation process that stimulate the mobility and diffusion of the polymer chains.

To overcome this, Parandoush et al. incorporated compaction roller and a laser source in
attempt to enhance the interlaminar lap shear strength through pressure and heat 72, It was
found that by using alaser power of 26W and roller speed of 1~2 mm/s, the lap shear strength
obtained was 96% of that of compression molded specimen (9.87 MPa). However, the effect
of the compaction force was not investigated in their study.

It has been established earlier that interlayer fusion bond plays a major role in the z-
direction tensile strength. However, improving the interlayer bonding alone is not sufficient to
achieve superior z-direction tensile strength comparable to the in-plane tensile strength. This
is due to the nature of AM involving layer-by-layer fabrication where the reinforcement fibers
can only belaid in-plane. Delamination is likely to occur without the through-thickness fibers,
resulting in anisotropic properties. Traditionally fiber stitching, braiding, weaving, and
mechanical insertion of out-of-plane fibers are used to improve the inter-laminar properties.
Quan, Wu, Keefe, Qin, Yu, Suhr, Byun, Kim and Chou [*® presented the capability to design
and fabricate multi-directional reinforced composites like the 3D through-thickness interlock
woven structures and 3D braided structures using FFF. The multi-directional fibers, however,
are printed layer-by-layer to form the structures, and the through-thickness fibers are still
subjected to the anisotropic effect of AM. Thereis, hence, a need to develop new methods to
produce through-thickness reinforcements by multi-axis fiber laying to overcome severe
anisotropic properties of the AM processed FRPC.

Porosity

Pores and voids refer to spaces that are supposed to be filled but not filled with materials. The
presence of voids reduces the material integrity of the parts which resultsin poorer mechanical
properties. Hence, it isimportant to know the causes of the pore formations so that they can be

reduced if not €iminated.
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There are several factors that can lead to the presence of voids in the printed parts. Some voids

areinherently present even without the addition of fiber into the polymer matrix. Theformation
of these voids is due to the nature of the fabrication process. For instance, triangular voids are
commonly found between the adjacent filament in the FFF-fabricated parts. These voids can
be minimized by reducing the distance between the adjacent filament. The technique-induced
pores were also found in SLS printed parts where pores are aligned along the layer orientation
(coplanar) which resultsin the anisotropic characteristics of the SLS-fabricated parts 74,

In SLS, printing parameters play important roles in the resulting porosity. Laser power, beam
speed and scan spacing which affect the energy density are found to have effect on the porosity
and the tensile strength of the SLS-fabricated parts [*%!. Proper fusion would not occur among
the thermoplastic matrix powder if the energy density is too low, which happens at low laser
power, high beam speed and large scan spacing, resulting in increased porosity. Too high the
energy density, on the contrary, would result in degradation of polymer, which would also lead
to higher porosity. Hence, proper selection of printing parameter is required to achieve a
minimum porosity level.

Apart from technique-induced porosity, porosity can arise from the condition the thermoplastic
matrix. For instance, in FFF, it was found out that although the raw composite filament, which
was fed into the heated nozzle, did not exhibit significant porosity, the extruded composite was
found to have porosity in the range of 20-30% [*7%. |t was found that the porosity was the result
of the volume expansion of the moisture in the thermoplastics as well as the gas generated due
to the degradation of the thermoplastics due to the extreme temperature condition at the nozzle.
Hence, proper storage of the thermoplastic is usually required to keep the composite material
in dry state.

In astudy by Tekinalp et al. [%, it was found that the addition of fibers would cause a change

in the type of pore formation. At lower fiber content, the larger triangular voids between the
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adjacent filament is more dominant. As fiber content increases, the triangular voids become

smaller due to better packing of the deposited filament, which is the result of decrease in die
swell due to increase in therma conductivity with the addition of carbon fiber. However,
another type of voids, which is the smaller-sized voids inside the extruded filament, becomes
dominant. These smaller-sized voids are found around the fibers-matrix interface and isaresult
of partialy independent flow during the extrusion process of FFF due to the incompatibility
between the two phases. Hence, surface treatment of fiber is necessary to reduce the formation
of the inner-filament porosity. The compression molded composite parts were also fabricated
to serve as a comparison with the FFF-fabricated parts. It isfound that the FFF-fabricated parts
exhibit significantly higher porosity as compared to the compression molded parts. The higher
porosity could also be attributed to the lack of consolidation during the fabrication process.

Similar finding has been reported by Wu et al. for SLS printed parts*?4.
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Figure 7. Fracture surface SEM micrographs of (a) and (b) neat-ABS fused deposition modeling (FDM)-printed, (c) 10 wt%
carbon fiber-loaded FDM-printed, and (d) 10 wt% CFloaded 23!

In comparison with the FFF and SLS, LOM performs better in terms of porosity. Klosterman
et a. [* managed to achieve porosity as low as 5% using post-LOM consolidation process.
This shows the importance of having in-process consolidation process for the AM techniques

when fabricating composite parts.

Printability I ssue
Addition of reinforcement changes the rheology of the material which introduces printability
issues that can be either beneficial or detrimental to the AM techniques. Careful control of the

rheology response istherefore required when formulating the 3D printable composite materials.
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Viscosity is the most commonly investigated material properties in extrusion based

techniquell’® 177 178. 179 'yt photopolymerization technique [ 9. 180, 181 gnd the powder bed
fusion technique 82 8l The viscosity requirement for each type of technique varies. In
extrusion-based AM technique, low viscosity fluid ink is not suitable for the fabrication of 3D
structures 17, Thisis because the ink and lacks self-supportability and shape retention ability.
Theink viscosity suitable for 3D printing is reported to be in the range of 10* to 10° Pa.s 178,
Specifically in LDM, the viscosity of composite feedstock existing in aqueous solution is
normally too low for good extrusion and would require thickener to improve printability. On
the other hand, nozzle clogging issue will arise in extrusion-based AM technique if the
viscosity is too high. This phenomenon commonly happens in FFF technique in which the
molten pure thermoplastics themsel ves have high viscosities and adding reinforcement would
shift the rheological behavior out of the processing window of FFF. Wang et a. provided a
guideline of using melt flow index (MFI) to check the printability of the material in FFF without
going into the detail on the rheology of the material 84, They found out that a minimum MFI
value of of 10 g(10 min) ! at 2.16kg is needed to have a successful extrusion in FFF.

In SLA, rheology plays a part during the coating of the new layer. Typical range of viscosity
is between 0.1 to 100 Pa.g 182 184 for materials used in SLA, although viscosity as high as
500 Pa.s [*89 has also been successfully coated by doctor blade into a thin layer. For bottom-
up SLA technigue, the viscosity should not be higher than 0.5 Pa.s as resin would not have
sufficient timeto fill in the new layer gap when the platform is raised, thus causing fabrication
failure*8, |nthe melt rheology study of SLS material, the zero-shear viscosity isthe parameter
of interest since no shear flow applied [#. Low Zero-shear viscosity is beneficial for
coalescence of during the sintering.

Similar to other AM composite materials, the viscosity of the composites increases with the

addition of CNT loading. The increase in viscosity was due to interaction between the
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reinforcement and thermoplastic hindering the movement of the polymer chains 83, Addition

of the fiber changes the rheological behavior of the pure SLA resin from being a Newtonian
fluid into shear thinning %% %2189 Fiber |ength have considerable effect on the viscosity at low
shear rate. For instance, viscosity increases by afactor of ten when the length of the glass fiber
increases from 0.8mm to 1.6mm!®®. Lozano et a. reported that the viscosity change is
negligible for the concentration below 10wt% of V GCFs but increases sharply just below the
maximum packing fraction [, As VGCF/PP exhibits shear-thinning behavior, the high
viscosity composite material due to higher reinforcement concentration can be compensated
by higher extrusion rate.

Rheology modifiers are normally added to control the viscosity so that the composite material
is printable. For instance, PV P, which is a hydrophilic water-soluble polymer, isused in LDM
to increase the viscosity of the aqueous-based CNT ink. The PV P was non-covalently wrapped
onto the CNT to improve the steric stabilization of the CNT via the resultant presence of
hydrophilic chains on the CNT surface 78, The viscosity of the ink can be controlled by the
varying the amount of PVP in the solution. However, non covaent solution technigue poses
some problems. degradation of CNTs and limitations of popular surfactant such as sodium
doecyl sulfate (SDS) on the CNTs concentration [277,

Apart from melt rheology, powder flowability is another property that affect the processability
of the composite materials. Particles size affects the feeding quality of the powder layer using
roller mechanism. Extremely fine powder (size less than 10 um) would also cause
processability issue due to higher interparticle friction!'®]. Larger powder would cause the
layer surface to be course. Particle size in the range of 10-100 um is found to be suitable for
SLS techniquel®®. Fibers with high aspect ratio can reduce the flowability. Flowability
decreases with the increase in fiber loading. Lubricating agent such as calcium stearate was

used to reduce the interparticle friction and thus improving the flowability. Fiber loading of up
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to 50% was achievable in carbon fiber/polyamide composite system with the help of the

lubricating agent (42,
Modeling, Simulation and Topology Optimization

Physics-based modelling and simulation are important not only to predict the outcome of
the AM process on FRPC, but aso to allow prediction of additively manufactured composite
part’s performance at the design stage. The modeling approaches to various AM techniques
have been critically reviewed by Bikas et a. [*¥, In FFF, critical reviews of the extrusion
process have been done which are focused on the physics of the process [**% and the accuracy
and surface roughness of the FFF-fabricated parts[®l. In addition, the parametric process model
was developed to estimate the energy consumption and the environmental impact %3, In SLS,
the thermal analysis methods for the powder bed fusion technique have been reviewed %3, In
LOM, the mathematical model and simulations of LOM to study the process parameters %3,
thermal effect [**and cure distribution [** have been developed. Apart from that, topology

optimization, which optimizes the material distribution for best part performance, has been

widely used in the design of additively manufactured parts [*°¢!, Current modellings, simulation
of AM processes and topology optimization algorithm are devel oped mostly for single material
(197 Addition of fiber reinforcement introduces several more parameters such as the
composition of composite materials, distribution, alignment of fibers and anisotropy of thermal
conductivity of continuous FRP composite which should be considered when developing new
models for AM process on FRPC to assure the quality and performance of the additive
manufactured FRPC. For instance, the in-plane thermal conductivities of the composite
materials have been known to be almost 10 times higher as compared to the through-the-
thickness thermal conductivities'®l. This anisotropy would significantly change the way heat
is being dissipated from the deposited composite materials and in turn affecting the thermal

history for interlayer bonding which certainly warrants further investigation.
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L arge Format Composite Printing

Low productivity is one of the key technological barriers in adopting AM for
commercialization. Developing techniques that can synchronize multiple robots for faster
processing using the materials that are scalable can enhance productivity. Incorporation of
extrusion head with multi-axis robotic arm will also expand the manufacturing scale and
flexibility by providing additional degree of freedom to print the FRPC 7). An extrusion-based
printing with a six-axis robotic system has been developed to achieve a scalable and efficient
platform for FRPC 2%, Another large format printing for FRPC is selective lamination
composite object manufacturing (SLCOM), which is a combination of inkjet and LOM
processes with ultrasonic cutter. This technique forms FRPC using traditional prepregs like
woven reinforcement of Kevlar, carbon and glass fibers, which are impregnated with

thermopl astic matrix (2%,

4. Conclusion

This progress report has summarized recent efforts on the material developments for AM
processes, advancement in various AM processes, and resulting mechanical and other
functional properties of AM-fabricated FRPC. The addition of reinforcement into the polymers
has improved the mechanical properties and widened the functionality of the polymers.
Generally, the ultimate performance of the continuous FRPC are potentially more outstanding
compared to the discontinuous FRPC as has been already demonstrated by many studies.

FFF, LDM, stereolithography, LOM, CBAM, and SLS have their own special features and
advantages in fabricating FRPC with ultimate mechanical and functiona properties. Mgoy
problems are related to processability of the materias, interfacial properties and the interlayer

properties of the AM-fabricated FRPC. Selecting the appropriate AM technique and finding
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proper binder is crucial for achieving the best mechanical performance as well as other non-

mechanical properties.

In conclusion, the best performing FRPC shown in table 2 in terms of tensile strength are
compared with FRPC fabricated using conventional fabrication techniques as shown in fig 3.
In thefigure, regions of different colors correspond to tensile properties of different fabrication
techniques available in literature.

The figure shows some best results reported to date for various AM processes. Two
observations can be made; 1) short fiber reinforced polymer composites (regardless of which
technique used) perform poorer in term of tensile strength as compared to composites
fabricated using conventional techniques. 2) Although FFF and LOM can produce composites
with relatively good strengths (500-800MPa), they still fall short in comparison to the tensile
strength (up to 1500 MPa) and fiber loading (up to 70%) of the conventionally manufactured
composites. This leaves exciting opportunities for the various methods to further enhance the
mechanica properties of the FRPC to be explored in the near future through material
development and process enhancement with the help of physic based modeling and simulation.
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Figure Captions

Figure 1 Classification of different AM processes for FRPC
Figure 2 Material extrusion process: (a) fused filament fabrication, (b) liquid deposition modelling.
Figure 3 Tensile strength vs fiber volume ratio of parts manufactured via various conventional and AM techniques

Figure 4 Vat-photopolymerization process and the schematic representation of the cross-sectional view of the UV curing of
FRPC in SLA.

Figure 5 Sheet lamination process: (a) laminated object manufacturing (LOM) and (b) composite-based additive
manufacturing.

Figure 6 Schematic representation of powder bed fusion and the composite powder used.
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Tables

Table 1 - Summary of various AM techniquesfor FRPC
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