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ABSTRACT: In the last few years, utilizing fiber reinforced additive manufacturing (FRAM) based
components in several industries has become quite popular. Compared to conventional AM technologies,
FRAM offered complementary solutions to their needs. In general, fibers have been traditionally used in
many manufacturing processes for various reasons. However, using conventional methods, there are
obstacles in obtaining the desired complex geometries and low setup costs. AM offers possible avoidance
of these limitations. Shape complexity, infill density, and manufacturing lead times are no longer barriers.
Bridging AM with fiber reinforced materials offers a vast opportunity for lightweight and strong parts.
Depending on the affinity, fibers with different structures can be mixed with different matrix materials
and, thus, create stronger parts with improved mechanical properties. Process parameters like raster angle,
infill speed, layer thickness, and nozzle temperature also strongly impact physical properties of FRAM
products and are considered carefully. FRAM-based components are used in many industries such as
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aerospace, motorsports, and biomedicine, where the weight, strength, and complexity of parts are critical.
Hence, numerous industrial companies and research facilities are investigating the implementation and
adaptation of FRAM to their requirements. Studies are generally conducted on new materials, new FRAM
technologies, the effect of fiber orientations and fraction on the performance of parts, improving the
printing parameters, and other subjects. This study reports the current trends and challenges that FRAM is
bringing to AM ecosystem.
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1. BACKGROUND

Since the mid-19th century, new materials have been discovered that have replaced traditional
ones and have enabled realization of new products. These materials are groups of polymeric
materials, such as plastics, fibers, and elastomers [1]. The first plastic material was obtained by
Parkes in 1862 and Hyatt in 1866. It was based on nitrocellulose [2]. People have used fibers for
thousands of years. For illustration, sheep wool has been used for clothing since 5000 BC [3]. Just
until the 1930s, all fibers were produced by natural sources. During these years, people started
producing synthetic fibers instead of using natural ones [4]. Subsequent technological
advancements also saw the emergence of new fibers with high strength-to-weight ratios. Such
fibers include glass fibers discovered in the 1940s and carbon and aramid fibers discovered in the
1960s [5].

2. FIBER REINFORCED POLYMERIC COMPOSITE MATERIALS

Fiber reinforced composite materials are materials produced by taking polymer as the matrix
with fiber as the reinforcement. The fibers mainly used are fiberglass (FG), carbon fibers, fabrics,
Kevlar, basalt, etc. [6]. Wood, paper, and asbestos are some of the natural fibers which can be
used in this process depending upon the requirements. Nylon, polyester, vinyl ester, epoxy,
aluminum oxide, aluminum alloys, titanium alloys, etc. are some of the matrix materials used in
making composite materials [7]. Properly selecting the volume, length, type, and orientation of
fibers is vital because these parameters strongly influence physical and mechanical properties of
composite materials (CMs) [6].

Additive manufacturing (AM), also known as 3D printing, is one of the latest manufacturing
processes and uses layer-by-layer fabrication to build parts [8]. Selective laser sintering (SLS) [9],
fused deposition modeling (FDM) [10], stereolithography (SLA) [11], laminated object
manufacturing [12], and multi jet modeling are some of the AM technologies that enable the
creation of light weight and strong fiber reinforced products. AM uses a computer aided design
(CAD) model to structure three-dimensional parts, convert parts into series of thin layers, and
produce G-Code for the particular type of 3D printer. Many researchers used AM to fabricate
CMs for a wide range of applications. Masood et al. also used FDM to develop a polymer/metal-
based CM by taking nylon as the matrix material and iron as the reinforcement [13]. The study
concluded that by increasing the volume fraction and particle size of iron filler particles, thermal



conductivity of the AM specimen increases. Brooks et al. introduced design methodology, which
is used to integrate the AM polymer parts with continuous reinforcements [14]. To investigate
the applicability of this method for tensile, torsion, and bending, three case studies including
pulley housing, universal joint, and hook were used, respectively.

3. Overall, FRAM combines the advantages of composite materials and the flexibility
of AM. It simultaneously allows the production of complex shaped parts without
the manual aspect of the conventional composite manufacturing alongside with
mold preparation. AM makes it possible to produce customizable parts in a short
time period with minimal human intervention. Furthermore, robust and
lightweight parts are achieved by the addition of fibers to the polymer matrix. The
strong interfacial adhesion assists in stress and load distribution between fibers
and matrix materials. MATERIALS CLASSIFICATION IN FIBER REINFORCED
ADDITIVE MANUFACTURING (FRAM)

Parts fabricated with FRAM consist of a matrix and reinforcement elements, as shown in Figure
1. The chart presented in Figure 1 is a collection of materials used in recent FRAM studies. There
are numerous research projects under development to produce lightweight, low-cost, and
sustainable matrices by selecting the appropriate combination of matrix and reinforcement
materials [7]. A collection of FRAM materials and their mechanical properties is shown in Table
1.
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Figure 1: Classification of FRAM materials



Fibers in FRAM can be used in the form of short, continuous, and powder-based. In the short
fibers group, the most common ones are carbon and glass fibers [15]. Short fibers are easier and
cheaper to produce than continuous ones. Until 2014, continuous fibers were used with
conventional manufacturing methods. In 2014, continuous fibers started to be used in additive
manufacturing, as well [16]. Several studies have shown that short (discrete or chopped) fibers
extruded as one filament successfully integrated with matrix material are applicable in several
AM techniques [17], [18]. Newly developed FRAM machines printing the fibers and matrix
materials continuously layer-by-layer have presented successful research, development, and
industrial results [19], [20]. Similar to short fiber technologies, matrix and filament materials
could also be reinforced in micro- and nano-level using powder bed technologies’ fiber binding
with laser or adhesives [21], [22]. The schematic representation of the FRAM process is illustrated
in Figure 2.
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Figure 2: Schematic layout of FRAM

3.1 Matrix/base materials



Matrices, in this case polymers, play a vital role in CMs by (a) keeping fibers in place, (b)
transferring stress between fibers, (c) protecting fibers from adverse environmental conditions,
(d) preventing surface abrasion, and (e) supporting fibers under compression loading [6]. The
matrix materials also strongly influence shear and compressive properties of CMs. The matrix

material should be thermally, physically, and chemically (matrix should not react with fibers)
compatible with the reinforcements.

3.1.1 Polyester

Table 1: Mechanical properties of materials used in FRAM [7], [23]-[28]

. Tensile Tensile Therme‘ll . Linear Coefficient of .
Reil}forced Density Modalus Strength conductivi thermal expansion Diameter
Fibers (g/cm?) (GPa) (MPa) ty 10540) (um)
(W/m*k)
Polymer Fibers
Carbon 1.8 230-270 3600 21-180 4-8 5-10
Kevlar 14 70.5-112.4 3620 0.04 -4.86 to -3.96 11.9
Glass 2.54 50-90 3000 3.21 4-9 10
Metal Ceramics Fibers
Boron 2.45 450 3500 3.22 45 140
Al,O; 3.4-39 215-413 2100-3100 25.08 8.1 10-12
SiC 2.55-3.08 450 2750-3440 120 2.77 14.5-140
Natural Fibers
Jute 1.3-1.45 394 320-800 0.059 -0.6 20-200
Flax 1.4-15 62.4 345-2000 2 -0.8 12-600
Sisal 1.33-15 21.9 373-700 0.25-0.38 -39 8-200
Matrix Materials

Nylon 1.15-1.85 2-4 40-60 0.2 80 14-24
ABS 1.01-1.21 1.4-3.1 25-50 0.15-2 72-108 50-53
PLA 1.252 1.28 59 0.11-0.19 85 60
Polyester 1.2-1.5 3-3.5 40-90 0.2 124 12-25
Vinyl ester 1.12-1.32 3-3.5 73-81 0.3-0.4 16-22 240
Polycarbonate 1.06-1.2 2.6 45-70 0.2 65-76 150

Polyester is widely used in biomedical applications due to its low viscosity, gravity, cost, and
ease of use. Glass fiber reinforced polyester is also popular in the boating industry [29]. The
primary limitations of polyester are its unrestrainable volumetric shrinkage and consequent
depression on the surface, which is caused by the difference between the shrinkage values of



matrix and fiber materials [6]. Pereira et al. successfully built porous cubes of poly (3-
hydroxybutyrate), a natural thermoplastic polyester produced by microorganisms via SLS with
minimal dimensional discrepancies [30]. Shape and dimensions of the resulting model are very
close to the virtual model. Further, as an example for biomedical applications, Oliveira et al.
performed experimental analysis to build scaffolds of polyester and nylon using SLS [31].

3.1.2 Acrylonitrile butadiene styrene (ABS)

ABS is a versatile thermoplastic polymer that exhibits good mechanical characteristics under a
varying temperature range (75-85°C), [32]. The material is generally associated with impact
resistance, rigidity, low creep, low weight, good dimensional stability, and toughness, hence
considered suitable for CMs [32]. Several experiments were performed on ABS to further improve
toughness, impact resistance, and heat resistance. Boparai et al. performed a comparison analysis
of tribological properties of ABS and Nylon 6-Al-AlL,O; parts made with FDM [33]. The
experiment used three different compositions of Al and Al,O; for tribological investigations and
concluded that wear resistance behavior, thermal stability, and stiffness were more for CMs
prepared with different proportions compared to parts produced with only ABS. Mori et al.
developed a 3D printer to manufacture die-less forming of carbon fiber reinforced polymer
(CFRP) parts [34]. CFs are sandwiched and heated between the upper and lower plates of ABS
made by 3D printing. Results showed that fatigue and static strength increased due to thermal
bonding between the fibers and the reinforcements. Ajinjeru et al. identified valid processing
conditions for high-performance thermoplastics on large format additive manufacturing and
compared the rheological behavior of high-performance thermoplastic, polyphenylsulfone with
that of low-temperature polymer (ABS) [35].

3.1.3 Nylon

A variety of engineering applications use nylon, such as gears, screws, and tool casings, to name
a few. Nylon is an exceptionally high-strength material with good temperature resilience,
abrasion resistance, and chemical stability. Reinforced with glass fibers, nylon is also considered
a good substitute to cast iron and aluminum (previously used for intake manifolds of automobile
engines) by virtue of its low weight, improved efficiency, and reduced cost [32]. Nylon is easily
extruded via designated 3D printing and injection molding machines. Despite this, it displays
low impact strength compared to polystyrene, ABS, and polycarbonate. Masood et al. presented
a produced CM using iron particles as the filler and nylon to formulate and characterize tensile
properties of the final product [36].

3.14 PLA

Polylactic acid (PLA) is a thermoplastic and biodegradable material usually considered to be the
most suitable material for FDM. Due to low glass transition temperature, it is considered
unsuitable for high-temperature applications. To enhance its mechanical properties, PLA can be
annealed, [37]-[39], reinforced with fibers, nanoparticles [40]-[42], or undergo chain extending
[43]. PLA has a wide array of applications including medical devices where PLA scaffolds have
shown biocompatibility potentials [44] with controlled and interconnected porosity [45].



3.1.5 Polycarbonate

Polycarbonate is a thermoplastic polymer that has extensive applications in engineering domains
due to its physico-mechanical properties. Low creep resistance and low thermal stability limits
its use in structural applications [6]. It can be easily worked, thermoformed, and molded, which
makes it a valuable material in AM. Nelson et al. used SLS to fabricate a 3D product of bisphenol-
A polycarbonate powders to study the effect of the process and properties of material on fusion
depths [46]. Berzins et al. used amorphous polycarbonate powders for thermal modeling of
selective laser sintering [47].

3.1.6 Vinyl ester

Vinyl ester is known for its excellent chemical resistance and high tensile strength. Good adhesion
with glass fibers and low viscosity makes it a valuable matrix material in AM [6]. Generally,
discontinuous and randomly oriented E-glass fiber reinforced vinyl ester has found its
application in radiators for support [6]. Heller et al. used SLA to fabricate 3D cellular scaffolds
for regenerative medicine and tissue engineering [48]. Results of this study showed that the vinyl
ester is an excellent biocompatible material.

3.2  Fiber reinforcement materials

Fibers reinforcement materials used in polymer composite fabrication should be thin and flexible
with high modulus, strength, and elastic properties. They should be several times stronger than
the matrix to impart valuable improvements in the final properties of CMs. Reinforcing fibers are
used as discontinuous phase. They also have high load carrying ability, strength, stiffness, and
Young’s modulus.

3.2.1 Polymer-based fibers

3.2.1.1 Carbon fibers

Carbon fibers (CFs) are usually combined with other materials to produce CMs. When they are
mixed with plastic polymers, it is named a carbon fiber reinforced polymer (CFRP). CFs have
several advantages like high stiffness, low elongation, ability to withstand high temperature, low
specific gravity, high tensile strength, low weight, low thermal expansion, chemical resistivity,
etc,, which helps in finding its reinforcement applications [49]. Low strain to failure, high
electrical conductivity, high cost, and low impact resistance limit its use in some engineering
applications [6]. Aerospace and nuclear engineering, military, civil engineering, and motorsports
are some popular areas where CFs are widely used. Now, in some cases, these can replace
standard materials that have previously been used. For instance, aluminum was replaced by
CFRP in aerospace applications because of its excellent properties [50]. Ning et al. investigated
mechanical properties of FDM modeled parts [18]. The parts consist of CFs (different content and
length) and ABS. The study concluded that a CFRP with 150 um fiber length has better tensile
strength and Young’'s modulus but less toughness and ductility compared to a CFRP with 100
um fiber length. Ivey et al. investigated mechanical properties and microstructure of CMs with
PLA filament reinforced with short CFs fabricated using material extrusion additive



manufacturing [17]. Annealing was also performed after the experiments, which helped increase
the specimen crystalline behavior with no significant effect on its mechanical properties.

Liao et al. investigated mechanical and thermal properties of CF reinforced polyamide-12 CM
fabricated using FDM [51]. Laser flash diffusivity analysis showed the greatest improvement in
thermal conductivity (277.8%) of the CF/PA12 composites compared to pure PA12. Zhong et al.
fabricated a short CF reinforced CM by taking ABS as the matrix material via FDM and then
studied critical material property issues related to that [52]. Results showed that the strength and
hardness of the 3D printed samples increased, but flexibility and handleability reduced. To
overcome these limitations, the authors proposed adding a small amount of plasticizer and
compatibilizer in the prepared resin. Love et al. demonstrated blending of CCF with polymer
matrix to analyze mechanical properties of the final product [53]. Results concluded that by
adding CCF to polymer matrix, strength, stiffness and thermal conductivity of the samples
increases significantly and there is no need to put the samples in the oven for minimizing
distortions.

3.2.1.2 Kevlar

Kevlar fibers are generally aromatic polyamide fibers that exhibit crystalline behavior. They have
low density, high impact, high tensile strength-to-weight ratio, and low thermal expansion, which
all make them a successful reinforcement in CMs [6]. They are not used in areas that require high
compressive strength and easy machinability [6]. Kevlar found its use in armor vehicles, the
biomedical field, bullet proof jackets, etc. Caminero et al. studied inter-laminar bonding
performance of 3D printed composite samples in regard to layer thickness and fiber volume
content [54]. Inter-laminar shear strength increases with increasing fiber content, but this increase
was moderate in the case of Kevlar fiber. It was also observed that the CFRPs have better inter-
laminar shear performance than Kevlar fiber reinforced composites due to poor wettability of
Kevlar fibers.

3.2.1.3 Glass fiber

Glass fiber as a reinforcing material consists of many extremely fine fibers of glass. It is considered
to be the most common reinforcing material for polymer matrix composites [6]. When glass fibers
are blended into polymer materials, the resulting material is called a glass reinforced plastic or
fiberglass. Glass fibers are strong in tension when they are combined with plastic, which is strong
in compression and weak in tension, thereby creating a CM with high compressive and tensile
strength. Parandoush et al. implemented laser assisted bonding and laser cutting to fabricate
objects with prepreg continuous composites (glass fiber-polypropylene) [55]. Results showed that
peel strength and lap shear strength increase significantly compared to traditional methods of
AM (hot compaction method and compression molding). Chung et al. fabricated a CM by taking
nylon-11 as the matrix material and glass beads as the reinforcement using SLS and performed
theoretical modeling, numerical analysis, and experimental investigation [56].

Zhong et al. used short glass fibers with ABS to improve mechanical properties and found issues
in fabrication related to using short fibers as reinforcements [52]. Results showed that glass fibers
enhanced the strength of the CM but reduced flexibility and handleability. These limitations were



overcome by adding a plasticizer and compatibilizer. Invernizzi et al. performed experimental
analysis on glass and CF reinforced dual core polymer composites made using UV-3D printing
[57]. The resulting material showed good mechanical and thermal properties. Further, the fibers
were efficiently reinforced by using this printing technique. Goh et al. examined microstructural
characteristics, tensile, and flexural and quasi-static indentation characteristics of continuous
carbon and glass fiber reinforced thermoplastic composites made with fused filament fabrication
[58].

3.2.1.4 Natural fibers

Jute, hemp, sisal, flax, coconut fiber, and banana fiber are some examples of natural fibers [59].
Automobile industries are now starting to make use of natural fiber reinforced polymers for many
reasons, including that it (a) is environment friendly (biodegradable) (b) has low density (c) has
higher acoustic damping than carbon and glass fibers, and (d) is inexpensive [6]. However,
natural fibers also have several limitations like low tensile strength, low melting point, and
moisture absorption. Matsuzaki et al. developed a method of 3D printing continuous fiber
reinforced thermoplastics (CFRTPs) via FDM, which requires no usage of molds [60]. For this
study, PLA was used as the matrix material and twisted yarn of jute (natural fibers) and CF as
the reinforcement. The study showed improvement in tensile strength compared to values shown
by conventional 3D printed polymer composites.

3.2.2 Metal/Ceramics-based fibers

Boron fibers are also used as reinforcements in polymer CMs because of their high tensile
modulus (379-414 GPa) and high compressive strength, which exhibits excellent resistance to
buckling [6]. The main limitation of boron fibers over CFs is high cost, which hinders their use in
some engineering domains [6]. Generally, boron fibers are used in turbine blades and
transmission shafts. Silicon carbide (S5iC) and aluminum oxide (Al,O;) are common ceramic fibers
used in polymer-based CMs for high-temperature applications. Singh et al. performed wear
analysis of polymer-metal CMs produced with FDM [61]. This study used nylon and Al,O;
powder to produce continuous filament for product development. The authors highlighted that
adding AL,Oj; in the nylon matrix helps to increase wear resistance for the final product and make
the product useful in grinding applications. Kenzari et al. investigated the compatibility of
AlCuFeB quasicrystals filler particles with SLS [62]. Results of this study showed that the
produced parts have low friction and wear characteristics compared to other composites used in
SLS. Parts can be made porosity-free by using quasicrystals as filler materials and this also
enhances its chances to be used in fluidic applications. Falck et al. introduced Addjoining of FDM
to produce layered hybrid structures [63]. Two combinations (aluminum 2024-T3 with ABS and
aluminum 2024-T3 with alternate layers of polyamide-6 and CF reinforced polyamide-6) were
taken to study their effect on microstructure and mechanical properties.

3.2.3 Nanofibers/Nanoparticles

Carbon nanofibers are popular additives to CMs. Incorporating carbon nanofibers into thermoset
and thermoplastic polymers can improve material properties. High strength and modulus is
achieved by incorporating carbon nanofibers in thermoplastics, but small improvements are seen



by incorporating them in a thermosetting polymer [6]. Carbon nanotubes, the allotrope of carbon,
have outstanding thermal, mechanical, optical, and electrical properties and their elastic modulus
is much higher than that of CFs [6]. Incorporating them in polymer composites improves one or
more material property such as modulus, strength, thermal conductivity, and electrical
conductivity. Carbon nanotubes are active participants as reinforcements in polymer matrices
due to (a) more dispersion in polymer matrices, (b) strong bonding with the matrix material, and
(c) higher solubility in solvents with functional groups [6]. Kim et al. investigated the effect on
material viscosity and mechanical properties by adding clay nanoparticles in a polyamide 6
composite [45]. This study concluded that adding nanoparticles increases the material’s viscosity
and mechanical strength and decreases the final density of the sintered product, which makes it
useful in lightweight applications. Ivanova et al. proposed a theory to introduce nanoparticles
(metal, ceramic, and carbon) to AM [64]. Adding nanoparticles helps improve thermal and
electric conductivities, mechanical properties, etc. The authors also mentioned the limitations of
using nanoparticles in AM such as nozzle clogging, rough surface finish of printed parts, etc.
Zheng et al. investigated distribution of nanoparticles inside a matrix material [65]. The authors
suggested that emulsion polymerization should be done to avoid agglomeration of nanoparticles
and to produce good interfacial bonding between the reinforcements and the matrix material.
Kim et al. compared homogeneous and heterogeneous dispersion of BaTiO3 nanoparticles in
polyvinylidene fluoride matrix materials [66]. The parts produced by FDM have a low degree of
agglomeration, porosities, and cracks compared to traditional ways of building composites.

4. FRAM PROCESS IMPROVEMENT STUDIES

The raster angle, print speed (speed of nozzle), layer thickness, repeated heating and cooling,
print platform temperature, infill speed, nozzle temperature, and nozzle diameter are some
processing parameters in AM. Among these properties, the raster angle, infill speed, layer
thickness, and nozzle temperature are the major parameters that need to be considered very
carefully before creating any product with AM. Print and infill speeds control the volume of
extruded filament and cross-sectional geometry of the specimen. Nozzle temperature influences
fluidity and solidification characterization of the extruded filament. The raster angle indicates the
direction of wire printing regarding the longitudinal x-axis of the specimen. The raster angle and
layer thickness have direct effects on mechanical properties of the final product such as Young's
modulus, toughness, ductility, strength, etc. In addition, post-processing methods can also
influence the mechanical performance of the FRAM parts. While support removal is inherent to
FRAM, processes like sanding and polishing are primarily applied for aesthetics and dimensional
accuracy. Furthermore, some post-processing methods like gap-filling and hot-pressing decrease
porosity and increase interfacial bonding of the part.

Zhang et al. worked on characterizing deformations and residual stresses induced after
fabricating a layer-by-layer structure of polymer-based CMs [67]. ABS, carbon nanotube
reinforced ABS, and short CF reinforced ABS were used for this study. Displacement fields,
shrinkage, porosity, and microstructure analysis were performed to study the effect of processing
parameters like raster angle and printing speed. Results showed that as printing speed increases,
porosity, shrinkage, and residual stresses increase for the final product. 45° raster angles showed
the minimum shrinkage and porosity compared to 0° and 90°. Matsuzaki et al. [A] performed 3D



printing of a CFRP circle to examine the effects of set radius of curvature and fiber bundle size on
the precision of the radius of curvature. It was demonstrated that with a larger fiber bundle size
or a smaller set radius, the printed radius decreased from the set value. Also, analytical models
to predict the actual printed radius were constructed and validated based on the experimental
study [68]. Ning et al. studied the effects of FDM process parameters on tensile properties of
CFRPs [69]. Raster angle, infill speed, layer thickness, and nozzle temperature were considered
as major process parameters and their effects on tensile strength, Young’s modulus, yield
strength, ductility, and toughness were investigated. Tian el al. studied performance
characteristics and interfaces of 3D printed composite parts by investigating the effect of process
parameters on pressure and temperature [70]. At 200-230°C, good impregnation of fibers and
plastics was achieved, and bond strength also improved by taking the layer thickness from 0.4-
0.6 mm and hatch gap of 0.6 mm. The authors also concluded that maximum flexural strength
and flexural modulus were achieved at 27% fiber content.

These process parameters should be carefully controlled, otherwise they lead to unwanted defects
on the surface of specimens. Due to porosities, more stress concentration takes place, which
ultimately reduces the strength of the final product. Researchers have performed experimental
analyses in an attempt to reduce porosity. Tekinalp et al. fabricated CFRPs using AM to
investigate the effect of fiber orientation, dispersion, and void formation on the final product [71].
The results showed that by increasing the carbon-fiber content in ABS, a significant increase in
porosities was observed. Yamawaki et al. fabricated continuous CFRTPs for mechanical
characterization [72]. Hot pressing was also performed on the 3D printed product to further
improve mechanical performance of the final specimen by reducing porosities. This experiment
showed that tensile strength (700 MPa) and Young’'s modulus (53 GPa) for the 3D printed
specimen increases up to twice as much after performing hot-pressing. Leong et al. constructed
porous polymetric matrix drug delivery devices with SLS [73]. This study focused on SLS
processing parameters such as laser power and laser scanning speed to control the porosity of the
product. SEM and mercury porosimetry were performed to analyze surface morphology and
porosities, respectively. From morphology analysis, the authors revealed that the channel width
increased with increase in scanning speed and decrease in laser power. The porosity level showed
a linear relationship with laser power. Shofner et al. fabricated CMs with vapor-grown carbon
tibers and ABS material by FDM and studied issues related to porosity, dispersion, and alignment
of fibers [74].

Papon et al. studied the effect of nozzle geometries and nanofiber concentrations on void contents
of CMs [75]. Square nozzle geometry showed increased tensile strength and reduced void
formation in cellulose nanofiber/PLA CMs. TEM analysis showed that there was uniform
dispersion of carbon nanofibers with aligned orientation. Eichenhofer et al. introduced
continuous lattice fabrication (CLF) for manufacturing fiber reinforced thermoplastic composites
and demonstrated its ability to exploit anisotropic material properties [76]. The authors proved
that CLF enables orientation in all the X, Y, Z coordinates and continuous deposition of high fiber
volume fraction along the building trajectory. Farina et al. employed 3D printing to design
reinforced particles in the cement mortar [77]. Rough and smooth reinforced particles were



selected to compare the load carrying capacity of the final product. Results of this study showed
that the matrix reinforced with rough fibers (Ti6Al4V) exhibited shear failure and high interfacial
bond strength compared to the matrix reinforced with smooth fibers (photopolymeric), which
eventually increases its load carrying capacity. Hill et al. analyzed the dependency of material
properties on raster angle [78]. Tensile strength, yield strength, elastic modulus, hardness, and
density of the material were experimentally measured as functions of raster angle.

5. FRAM PRODUCTION TECHNOLOGIES

AM is probably the most versatile technology for manufacturing complex structures, as it is
difficult to fabricate complex structures of 3D printed composite products using conventional
methods like hand layup, spray up, pultrusion, filament winding, compression and injection
molding, etc. [79]. Since AM does not require any special tooling, there is a potential for less cost,
labor, and production time. In this regard, FRAM produced parts are likely to be lighter,
sustainable, and lower cost than traditionally made parts [80]; however, most AM-produced parts
require post-processing like sanding, trimming, infiltrating, and polishing.

Previous research has compared the physico-mechanical properties of conventional methods and
AM methods of making CMs. Kuldeep Agarwal et al. performed a comparison study between
conventional composite processes and composite filament fabrication (CFF) [79]. Elastic modulus,
tensile strength, and fatigue life were compared for the different processes and the effect of
process parameters like fiber volume fraction, fill pattern, etc. were also studied in this work.
Results in this study showed that parts produced with CFF have better mechanical properties
compared to conventional techniques. Van Der Klift et al. fabricated CFRTPs with a Mark One
3D printer using direct digital manufacturing (DDM) [81]. The aim of this study was to compare
tensile properties of 2-layer and 6-layer CFRTPs made by DDM and by conventional methods.
The 2CF specimens came close to the rule of mixing for composites made by conventional
methods due to the formation of many voids in the 6CF composites. Sugiyama et al. used a
continuous carbon fiber 3D printer to manufacture CFRTP sandwich structures with various core
shapes and surface as a single piece. The study investigated increasing the flexibility of core shape
design. It was demonstrated that continuous carbon fiber 3D printers could be applied for flexible
design of core shapes matching the required strength and stiffness [82]. Justo et al. reported
experimental characterization of fully-made nylon-based additive layer manufactured (ALM)
CMs [83]. Results of this study showed that mechanical properties of ALM produced CMs were
not yet comparable with autoclave manufacturing of CMs due to high porosities and low fiber
volume. Dhariwala et al. designed a scaffold using hydrogels combined with cell-encapsulation
to provide mechanical strength and access to nutrients for new tissue using SLA, which was not
quite achievable by traditional cell-seeding techniques [84]. Results showed that SLA is highly
useful in producing complex constructs and the cells were viable and proliferating within the
constructs.

6. MECHANICAL PROPERTIES OF FRAM

6.1 Tensile strength



Mechanical properties of FRAM have been thoroughly investigated. Starting with tensile
properties, different studies have been conducted on different factors. Generally, testing was
done to investigate improving the maximum carrying load capacity and the effects of different
printing parameters on this aspect. Van der Klift et al. conducted a brief study on CF reinforced
nylon specimens using Japanese standard JIS K 7073 [81]. Dickson et al. extended the study by
investigating the effect of volumetric fraction and fiber orientation angles on tensile properties of
Kevlar, CF, and FG reinforced nylon specimens [85]. Results showed that CF reinforced
specimens performed 6.3 times better than non-reinforced nylon specimens in tensile testing.
Melenka et al. evaluated and predicted tensile properties of Kevlar reinforced nylon by using
volume average stiffness [86]. The elastic moduli for specimens with fiber volume of 4.04, 8.08
and 10.1% were 1.76, 6.92, and 9.00 GPa, respectively. Model results differed by 57.5, 6.2, and 0.1%
for the 4.04, 8.08, and 10.1% fiber volume fraction specimens, respectively. Li et al. manufactured
a polymer-based CM using FDM by taking polylactic acid (PLA) as the matrix material and
continuous carbon fiber (CCF) as the reinforcement and investigated the mechanical strength and
thermodynamic properties of the final product [87]. Chen et al. and Imeri investigated the effect
of fiber orientation to tensile properties by changing the number of rings to the specimens [88],
[89]. From these results, CFs with two rings isotropic infill showed the best results with 419 MPa
ultimate strength. Stress-strain curves of different specimens with different fiber reinforcement
materials (Kevlar, FG, and CF) and infills are shown in Figure 3. It can be seen that the most
deformed specimens were the fiberglass reinforced ones (FG5 RC, FG2 RI) regardless of the fiber
direction. All of the specimens showed brittle behavior. However, carbon fiber reinforced
specimens (CF2 RI) were the stiffest ones.

e KVS5RC = KVZRI FG5RC FG2Rl « CFS5RC = CF2RI

Stress (MPa)

0 0.005 0.01 0.015 0.02 0.025

Strain (mm/mm)

Figure 3: Stress-strain graph of tensile specimens with different fiber reinforcement materials and
different infills (CF, KV, and FG) [88]



Further, Alwabel investigated the effect of fabrication process parameters on mechanical
properties of CF reinforced specimens [90]. Factors included build time between successive
layers, arrangement of fiber and nylon layers, fiber start location, and the use of supporting
material. It was concluded that the effect of fiber start location and the use of supporting material
had no significant negative impact on tensile properties. However, arrangement of fibers had a
negative effect on ultimate tensile strength.

In general, FRAM parts performed much better than plain 3D printed parts with ABS, PLA,
nylon, and others. In addition, the effect of fiber orientations is thoroughly understood, but there
is still more work to be done in attempting to predict tensile properties of these parts. Specifically,
parts can be assumed to consist of laminas and then analyzed using classical laminate theory
[91].Still the model will not take into account surface and internal defects which come from the
toolpath of the printer. This remains an open problem for researchers to solve. On the other hand,
the better tensile properties lead to a higher cost. Thus, FRAM is more expensive than PLA and
ABS as shown in Figure 5.
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Figure 5: UTS-cost comparison of FRAM and conventional 3D printing materials [89].

6.2  Fatigue strength

Fatigue failure constitutes 50-90% of all mechanical failures [92]. Hence, it is important to know
how a part would react under cyclic loading. In FRAM parts, it is also important to know how
the parts can be made stronger with varying fiber volume, direction, and other significant



parameters. On the subject of fatigue properties, Kuchipudi investigated the effect of volume
fraction of fiber to the number of cycles up to failure [93]. Specimens of 25 and 50% fiber volume
with 0°, 45°, and 90° fiber orientations, respectively, were fatigue-tested at different loads. In
terms of strength, 0° specimens proved to be the strongest while 90° ones were the weakest. In
terms of ductility, compared to 0° and 90° orientations, 45° specimens elongated more.

Imeri et al. investigated the effect of fiber orientation on fatigue properties [94]. Specimens were
tested at different loads with a load ratio R=0.1. Fiber orientation was divided into two groups:
concentric and isotropic. Concentric specimens with two and three rings failed in the first load of
3.33-0.33 kN and were much weaker than the isotropic ones. Isotropic infill implies the way the
fiber is laid down, not mechanical properties. CF specimens with zero and one rings proved to
be the strongest. Imeri et al. performed analysis of variance (ANOVA) on the experimental data
to understand the effect of load, material, number of rings, and the interaction of load and
material [95]. From ANOVA, it was found that the interaction of load and material was not
significant. However, load, material, and rings with very small p-values, as shown in Table 2,
proved to have a significant effect on the number of cycles.

Table 2: ANOVA results of FRAM fatigue specimens [95]

Df Sum Sq Mean Sq F value p value

Load 3 46.542 15.5141 31.894 3.58E-09

Material 2 33.521 16.7607 34.4567 2.82E-08

Rings 3 27.645 9.2149 18.944 6.57E-07

Load *Material 2 4.331 2.1653 4.4514 0.02096
Residuals 28 13.62 0.4864

Overall, the conducted studies create a base knowledge about fatigue properties of FRAM
components, but there is still research to be done on this subject.

6.3 Creep deformation

Creep is a continuing deformation of material under constant stress over a period of time.
Studying FRAM properties is of great importance due to many applications of FRAM above the
transition temperature. However, creep properties of FRAM have not been investigated
thoroughly. Mohammadizadeh et al. intended to increase the knowledge base of creep behavior
of fiber reinforced (CF, Kevlar, FG) specimens at room temperature and 100°C [96]. Nylon
specimens without reinforcement deformed the most while CF reinforced specimens deformed
the least. Statistical analysis with a 98% coefficient of determination verified there was difference
in the creep models for different fibers. Strain of 3D printed polymer composites at two different
temperatures is shown in Figure 6 for each FRAM specimen.
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Figure 6: Strain of FRAM specimens at two different temperatures [96]

6.4 Fracture toughness

6.5 Fracture toughness is the ability of a component to resist fracture. In FRAM, the
fiber orientation and interlayer bonding are crucial to the crack propagation of the
part. There are a few studies that have attempted to increase fracture toughness of FRAM
parts. Recently, Papon et al. have investigated inter-laminar fracture toughness of short
carbon fiber filled PLA composites with different layer orientations (0°/ 90°and 45°/-45°)
[97]. The authors have shown that square nozzle geometry improves the bond strength and
enhances the contact surface areas between adjacent beads by conducting fracture
toughness tests on the printed specimens. Furthermore, Young et al. has investigated
the interlayer fracture toughness of additively manufactured unreinforced and
carbon fiber reinforced ABS. The fracture toughness of the reinforced specimens was
reduced due to poorly wetting of carbon fiber[98]. Since there are not many studies
in the literature, this property of FRAM materials can be investigated further by
varying fiber composition, fiber alignment, and process parameters.Topology
optimization

Topology optimization (TO) is a mathematical method of structural optimization in which

material is distributed depending on constraints of the design volume or area [99]. With the

ability of AM to create complex parts, the possibility to bridge AM with TO rises for the purpose
of reducing material use and mass [100]. In 3D printing of single materials, there have been
applications of TO for AM [101]-[103]. However, when it comes to FRAM, applications of TO are
fewer in number. Among various reasons, it could be that in addition to boundary conditions,



design volume, and other constrains, optimizing for FRAM has more barriers. First, modeling of
the part has to be for multi-materials. Next, fiber angle optimization has to be conducted, as well.
Even though these constrains exist, there are some studies conducted in the literature. Jacome et
al. have developed an analysis framework for TO of 3D printed reinforced composites [104]. The
approach developed is a multi-step optimization. First, the structure is optimized in a design
volume. The second step is dependent on manufacturability criteria and the design is explored in
the fiber angle space. Since Jacome et al. do not have a specific FRAM hardware system, their
focus is on the first step of this multidisciplinary design optimization framework. Hoglund et al.
presented a TO method for continuous fiber angle optimization approach for fused filament
fabrication parts [105]. Optimization is done in a two-dimensional area and the fiber angle after
was shown to align along with the axis of the structural members formed after optimization. After
testing, parts showed to be stiffer compared to the structures designed without accounting for
tiber direction.

6.6 Machine Learning

Machine learning (ML) is a branch of artificial intelligence, which perceives or recognizes patterns
from complex data sets [106]. This method has proved to be valuable in various research fields
[107]. Researchers have just recently started to apply ML in the field of FRAM, as well. Gu et al.
conducted a study designing bioinspired composite materials using ML [108]. Designs were
simulated, 3D printed, and tested for tensile strength. This study showed that new materials with
bioinspired microstructures can be designed using ML and their properties can also be predicted.
These new microstructures can be printed using AM. ML is not only applicable in AM research
but also in AM industry. AREVO Inc., based in California, has established a machine capable of
printing fiber reinforced composites [109]. AREVO Inc. uses ML in the digital design and process
software of FRAM with parameters including temperature, print path, warpage, shrinkage of the
printed material, and residual stresses. Although ML is still in its early days, it is envisaged that
its potential in FRAM could soon be realized. This may include improving efficiency, real-time
control, and predictive maintenance of machines.

7. APPLICATIONS

FRAM has become the choice of a wide range of applications in automotive, aerospace,
biomedical, and other industries [110]. In the automotive industry, Divergent 3D introduced one
of the world’s first 3D printed CF-made lightweight cars [111]. This culminated in PSA Group’s
strategic partnership with Divergent 3D to build carbon-based vehicle structures [112]. Reduced
weight and high strength are imperative in aerospace industries [113]. NASA accomplished
numerous studies in order to reduce emission and fuel burn and make lighter turbofans for
business jets [114], [115]. Another application of composite-based AM is a jet engine that was
developed by CFM with GE Aviation. This next generation engine called the “LEAP Engine” with
durable and lightweight features offers 15% increased fuel efficiency, 50% reduced emissions,
and 75% lower noise effect [116], [117]. Successful utilization of this process has relatively popular
aircraft applications in various Airbus and Boeing airplane models [115].



Lightweight, high-strength, and individual parts like steering rack extensions, shown in Figure
6, wheel suspension, structural brackets, and other parts have been applied to Formula SAE and
F1 cars, respectively [118], [119]. Apart from cars, AREVO Inc. prints composites using a robotic
arm and has announced the world’s first 3D printed CF eBike frame, which could be a promising
alternative for bike manufacturers [109]. Successful results of these implementations have proven
the functionality of FRAM in robust engineering applications. In general, conventionally
machined aluminum parts could be replaced with FRAM ones out of CF with nylon, based on
the evidence presented in this review [118]. Successful implementation of FRAM-made wrenches
(Figure 8) has provided ergonomic, lightweight, affordable solutions to making tools for
industrial applications. Further, Hofstédtter et al. replaces injection molding inserts with FRAM
ones and showed that lifetime and crack-propagation velocity were successfully improved [120].
Finally, FRAM has been applied to various industries and is growing day by day due to its
advantages over traditional methods.
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Figure 7: Steering rack and its location on Formula SAE car [118]




Figure 8: Aluminum, FRAM, and PLA wrenches

8. FUTURE OF FRAM

Numerous industries and institutions are investigating ways to utilize FRAM to print lightweight
and sustainable products to compete with conventional techniques. Among these are Xi'an
Jiaotong University (China), Eskisehir Osmangazi University (Turkey), Georgia Institute of
Technology (USA), Rochester Institute of Technology (USA), and Tennessee Technological
University (USA) [121]. Further, researchers at Oak Ridge National Laboratory have built car
frames using AM and CF reinforced ABS to replace serial production [122], [123]. Boeing and
Ford Motor Company provided funding for Stratasys” Robotic Composite 3D Demonstrator to
print lightweight and low-volume parts [124]. Another potential application of FRAM could be
in biomedical engineering for load-bearing composite orthopedic implants and prosthetic limbs
[60]. Moreover, fiber-filled plastics are modified to have enhanced thermal and electrical
conductivity, thus making it possible to utilize their full potential in product design [125].

There are other novel FRAM processes. One of them that was invented by Continuous
Composites utilizes fast UV light-curing thermosets reinforced with continuous fibers to print 3D
structures by means of a robotic arm [126]. Similarly, Eichenhofer et al. conduct extensive research
on CLF, which is not based on layer by layer build up, but rather, extruding fiber in three
dimensional space, which allows engineers to fully utilize load bearing capabilities of composites
[127]. All in all, latest developments in FRAM will expand its application field to different
industries such as concrete printing, dentistry, and architecture.

The utilization of FRAM fabricated parts is growing in various manufacturing fields; however,
the current studies report a certain number of barriers which are related to processes, materials,
and machines. It is predicted that the upcoming research studies will focus on the improvements
of parameters related to these factors. The authors of this paper identify the following core
challenges provided in Table 3 that the researchers will be investigating to improve FRAM.

Table 3: Future challenges.

Challenge Clarification

Enhancement of interfacial | High interfacial bonding between the matrix and
bonding reinforcements is desirable in order to enhance the mechanical
properties of the composite materials.

Minimization of porosities Preventing the formation of voids inside the specimen by
selecting the appropriate process parameters like inert
atmosphere, nozzle temperature, fan cooling speed, printing
speed, etc.

Refractory ~ behavior  of | Improving the thermal performance of the polymer matrix
materials composite in order to use them in high temperature
applications i.e. automotive and aerospace industries.




Electric and

properties

magnetic

Improvement of electrical conductivity and magnetic
properties of polymer matrix composites by selecting the

appropriate fiber type and composition.

Flexibility in fiber placement

Increasing the degrees of freedom of the fiber placement inside
the matrix material in such a way that the mechanical
properties get enhanced in all three directions.

Cost reduction of machines
and materials

Due to the limited availability of the industrial-scale FRAM
printers, it is necessary to develop new materials and printers
in order to make them available at lower cost.

Limited adaptation of the
technology

Considering the advantages of FRAM fabricated parts in
making lightweight and sustainable products, integration of
the technology to other field of studies will have to grow.

Generative design based on

TO software tools for FRAM parts along with optimization of

fiber orientation fiber placement angle should be developed.

9. CONCLUSION AND FUTURE DIRECTIONS

The present paper examines the advanced studies held in the field of FRAM and proves that this
technology has a potential to be used in various engineering fields successfully. The research
studies conducted are mainly on evaluating and improving the mechanical properties of the
FRAM parts. It has been shown that mechanical properties like strength, thermal and electrical
conductivity, fatigue life, and creep resistance are greatly improved by using FRAM. Moreover,
FRAM processes also reduce the time and cost associated in manufacturing the industrial
complex workpieces.

Despite these improvements, FRAM faces challenges in the area of post-processing and
porosities. Post-processing needs to be done in order to remove the support materials and
maintain dimensional accuracies. The presence of porosities inside or on the surface of the part
leads to more stress concentration and eventually reduces mechanical strength. Many researchers
put significant efforts into experimental analyses to discover ways to reduce porosity.

Raster angle, infill speed, layer thickness and nozzle temperature have a significant effect on the
porosity level, shrinkage, and microstructure of the material. These process parameters have
direct effect on the ductility, toughness, Young’s modulus and strength of the material. Careful
consideration of these parameters will broaden the application of FRAM in several industries.

Furthermore, linkage of FRAM with topology optimization and machine learning is on its origin,
but very promising. Compared to single material AM, where the topology optimization is
concentrated in the structure mainly, fiber alignment in FRAM structures needs to be optimized.
Not only research institutions but also industrial companies are starting to use the generative
design for making stronger parts. However, significant efforts need to be done in the future to



ease the implementation of topology optimization and machine learning in FRAM processes.
Smart manufacturing system of FRAM will be established by a fusion of current manufacturing
system and artificial intelligence technology in the near future. Thus, smart FRAM printers will
predict defects of products and troubles of printing in advance and adjust process parameters to
perform normal operation. Therefore, the field of topology optimization, machine learning, and
big data analytics will be significant and be expanded rapidly.

Current possible applications of FRAM in multiple industries such as aerospace, automotive, and
biomedicine are presented in this review. In conclusion, FRAM is a promising field with many
challenges to be tackled and different areas to be explored more in the future. It is clear that the
next generation of FRAM-related research will be closely tied to the advancement of computers,
resources, and analytical tools.
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