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Composites in Context to Additive i
Manufacturing
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Abstract The very first application in the Additive Manufacturing (AM) is the devel-
opment of prototypes, that too by using plastic in fused deposition modeling (FDM)
3D printing processes, Stereolithography, SLS and others. Apart from printing ordi-
nary shaped objects, Additive Manufacturing is also able to produce composites
by using different materials on a single production platform. Continuous research
and development has improved Additive manufacturing capability to develop various
composite materials including fiber-reinforced composite, Biocomposite, Nanocom-
posites, Polymer matrix composites and Polymers. The primary purpose of this work
is the literature-based study on FDM printed composite materials. For this purpose,
the keyword “FDM Composites” is used in SCOPUS search and research papers
from reputed publishers and Journals were identified and studied. Further, discussed
the methods for the development of composite using FDM, and different composite
materials with their types which can be printed by using FDM are discussed in a
tabular form. It is learned that FDM provides an extraordinary chance to develop
typical AM parts with the use of composite materials. Exploration, expansion and
commercialization of AM materials are a significant extent of the study in the field
of a composite at present.

Keywords Additive manufacturing (AM) - Composites - Fused deposition
modeling (FDM) 3D printing

34.1 Introduction

3D Printing is the rapid production technology for making 3D parts directly from
CAD files [1]. This process can produce 3D parts without using the conventional
technique. It made layer by layer deposition of materials. There are different ways to
produce a layer by using different 3D printers which may be with the help of binders
[2] or by using 3D lithographic method [3] or by sintering using laser [4] or by plastic
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filament deposition [5] or by the electron beam [6]. It observed that the FDM is most
economic and suitable technology [7]. The broad dissemination of Additive Manu-
facturing and innovative performance necessities required advanced composite and
multimaterial solutions [8]. Properties of composites generally depends on compar-
ative quantities, production technique, geometry such as shape and size, distribution
and positioning of reinforcement phase, phases properties and interfacial boundaries
strength [9]. This work comprises the study of composite material printing with help
of Fused Deposition Modeling method. In FDM 3D printing the thermoplastic fila-
ment is used for deposition in a reel form which passes through a hot head. The
temperature in head is maintained above the filaments melting point and the melted
filament is deposited in XY plane developing a solid material layers on build platform
[10]. The Fused Deposition Modeling is found most commonly used method due to
their advantages such as economical, reliable, dimensionally stable, high-quality
resolution [8], customization of a variety of materials [9] easy fabrication method
[10] and capability to develop common geometrical objects in friendly environment
conditions. The highly flexible process simply incorporated with CAD packages.
Researchers are working on the process parameters optimization and concentrate
on the study to inter-relate the various parameters and their response to the final
developed product [11].

The most common classification of the 3DP process is based on the initial state
of materials and working principle [12] (Kindly see Table 34.1).

34.2 Reason to Embrace 3D Printing for Composites

The main reason for AM implementation and its industrial applications are Geomet-
rical independence, Part functionality, economic and environmental sustainability
[13]. The critical application of AM are in the field of energy, aerospace, biomedical,
automotive and others [14, 15].

Composites are used in making light structures in different medical and industrial
applications. In automobile sector, since 2015, itis observed that there is 5% increase
in composites use [16].

34.3 Materials Used in 3D Printing Technologies

3D printing is considered as an important technology in the manufacturing sector
worldwide. Its success mainly depends on the enhancement of the materials for the
requirement of different applications. This enhancement includes the class, strength,
cost and types of materials. There is a variety of materials that can be used in 3D
printing according to the requirements of the market. The different types of mate-
rials used in 3D Printing are briefly discussed here [17]: Nylon (Polyamide)—Flex-
ible, strong and durable. Resin—Delicate but rigid. ABS—Created by filament-like
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Table 34.1 3DP process based on the initial state of materials and working principle
Materials Distinctive Preparation of | Process Method of layer | Uses
initial state | materials material formation
Solid sheet | Metal, plastic, Laser cutting | LOM Sheets binding Models
paper and feeding with | casting and
the help of prototypes
adhesives
Liquid UV curable The resinina |SLA Laser scanning Casting
resin, ceramic vat Paste in Robocasting | Continuous patterns,
suspension nozzle extrusion Prototypes
Ceramic paste Functional
parts
Powder Polymer, Powder in bed | 3DP Drop-on-demand | Casting
ceramic powders | Powder in bed | SLM binder printing shells,
Metal Powder in bed | EBM Laser scanning Prototypes
Electron beams Tooling
scanning Tooling,
functional
parts
Tooling,
functional
parts
Filament Thermoplastics, | Melted in FDM Continuous Casting
waxes nozzle extrusion and patterns,
deposition prototypes

spaghetti and many colour options. Silver and Gold—In the category of Strong mate-
rials. Titanium—In the category of strongest materials. Gypsum—Fragile and rigid
known as rainbow ceramics or sandstone. Ceramics—Found in rigid form but deli-
cate, obtained by printing and glazing the surface. VisiJet CF-BK—Black rubber-like
material, appeared in rubber form, highly flexible good ability to absorbs impacts
and shocks. VisiJet FTX Materials—Parts are micro-manufactured generally used
for Jewelry items. VisiJet CR-WT—Rigid white ABS-like material, high-temperature

resistance greater rigidity highly durable.

34.4 Methods Used for Composites Creation Using FDM

The following methods are briefly discussed here for composite creation using FDM

technique:
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34.4.1 Multi-Material Structures Creation Using an Element

By this method, multi-material structures are created by printing polymer material
layers on wood, metal, ceramic or polymer materials surfaces. The elements obtained
by this method have few materials, and built-in material inhabits much of total volume
[18]. The main limitation is to break the prototype in parts alienated by comparable
planes, successive printing stages to be identified and to resume printing without
interrupting the steadiness of material.

34.4.2 Composite Structure Creation Using a Single Nozzle
with Reinforcement Material

A composite structure is created by printing using a single nozzle on reinforce-
ment material. The method is same as of multi-material structures creation. The
multi-stage method used for composite creation, the amount of stages corresponds
to reinforcement layers of the final element. Each stage is planned by the required
division plate to enable discontinuing the printing and reinforcement phase deposi-
tion on print. Composite may reinforce with cloth and the fibre [19]. The restriction
for reinforcement of material layers thickness is the disadvantage of this method.
The approximately 0.5 mm layer thickness of reinforcement is generally found.

34.4.3 Composite Structure Creation Using a Single Nozzle
with Specific Filament

This method creates composite structure by using different filament with the help of
conventional 3D printing method, in addition to polymeric material has additives like
microspheres, carbon fiber, wood flour, particles of glass etc. [20]. The limitation of
this method is printing material availability.

34.4.4 Composite Creation Using Two Different Materials
Alternatively

The process of printing by two materials alternatively is considered as modern and
most commonly used 3D printing process. In this method, a head with two nozzles
or a nozzle with changeable filament system is used. Alternate layers of different
materials are possible in one printing step [21]. Disadvantages of this method are
contamination due to problem of transition in filaments and fragments.
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34.4.5 Layered Composite Creation Using Two Different
Materials

This method is similar to the method using two materials method only they differ
by way of deposition of materials [21]. In this method first, apply one material layer
then apply the layer of other material.

34.4.6 Skeletal Composite Creation Using Two Different
Materials

This method is similar to the method of creating a layered composite the only differ-
ence is that the material is a skeletal structure instead of solid. Reducing infills algo-
rithm is used, which reduces materials consumption and time in the printing process.
Commonly known skeletal structures are honeycomb, square cells, hexagonal cells
and other self-designed structure can be used.

34.4.7 Layered Composite Creation Using a Special Nozzle
for Continuous Fiber Introduction

The filaments used as matrix material and reinforcing fibers provided independently
to the nozzle. The fiber is heated to increase the mixing capacity to thermoplastic
materials and reinforcement phase before entering the nozzle [21]. Fibers supplied
to printer head by filament motion automatically, and in printer head the plasticized
filament is linked to reinforcement phase. The other stages of printing are the same
as the standard 3D printing method.

34.5 Various Composites Printed by FDM 3D Printing

The various composite materials printed by FDM are arranged in tabular form (Table
34.2) based on types, constituents, findings and references.

34.6 Implications of This Study

The present state of manufacturing methods generally depends on composite, plastics
and polymer because of high strength corresponding to weight ratio, lightweight and
low cost. Various kinds of composites which are commonly used for research are
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discussed here. Researchers mainly focused on mechanical properties, rheological
properties, process parameters optimization, stability, and finding new areas like
dimensional accuracy and tissue engineering. Various composite materials for FDM
use are studied and a brief discussion is arranged in tabular form based on types,
constituents, findings and references.

Table 34.2 Composites by using FDM based on types, Constituents, findings and references

S. No. | Types of Constituents Findings References
composites
1 Fiber-reinforced Fiber-reinforced UTS 165 MPa for Alberto et al. [22]
composites thermoplastic isotropic layers of
composites carbon fiber and
better fatigue
performance
Carbon Impact strength Caminero et al. [23]
fiber—Nylon 82.26 kJ/m>
Glass fiber—Nylon | Impact strength
Kevlar 280.95 kJ/m?
fiber—Nylon Impact strength
184.76 kJ/m?
Carbon 792 MPa UTS and Hao et al. [24]

fibers—Epoxy resin | 161 GPa Young’s
modulus were found

PLA—Carbon fiber | Impregnation Tian et al. [25]
advances on
increasing melting
temperature,
mechanical
properties increases,
above 240°C surface
accuracy decreases

PLA—Carbon fiber | Ellipsoid shaped Hofstatter et al. [26]
holes observed by
SEM. the orientation
of extrusion coincide
with a major axis and
thus decreasing
tensile strength

PLA—Bamboo At 160 °C, 273 MPa | Ochi [27]
fiber flexural strength and
6.8 GPa modulus are
found. Strength
increases at 160 °C
and decreases after
180 °C while
modulus increases at
140 °C

(continued)
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S. No. | Types of Constituents Findings References
composites
2 Bio-composites Woven cotton Fabrics with pore Macha et al. [28]

fabric—PLA

sizes 0.5 mm,

1.0 mm, 1.5 mm and
concentrations of
PLA, 0.01 g/mL,
0.03 g/mL, and

0.06 g/mL used to
develop woven
cotton fabric—PLA
composite

Cow Dung
(CD)—Poly lactic
acid (PLA)

Improvement in
flexural properties
and drop in tensile
and impact strength
with increasing CD
loading

Yusef et al. [29]

Wood
bio-composite

Mechanical
behaviour observed
by changing the
printing width,
porosity increases by
increasing the
printing width

Duigou et al. [30]

Blended
TPS—ABS
Biomass Alloys

Filaments flowing
capability, organic
emissions,
mechanical, thermal
and physical
properties are found
better than that of
commercial ABS

Kuo et al. [31]

Polyester scaffolds | Biocompatibility Sabino et al. [32]
with PCL and PLA | found increases by

proliferation and

adhesion on their

surfaces
TCP-PLA TCPmorphology Drummer et al. [33]

depends on the
process temperature
and affects the
biodegradability.
Superior
compactness and
dimensional accuracy
affect mechanical
performance

(continued)
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S. No. | Types of

composites

Constituents

Findings

References

3 Nano-composites

ABS-Carbon
Nanotubes (CNT)

Optimal CNT
content in the
filament at 6 wt%,
thermal, mechanical
and electrical
properties
investigated

Dul et al. [34]

Graphene-ABS

A significant
reduction in
deformation at
tensile and breaking
strength in the Z
direction and small in
X and Y directions.
Filler content
optimized to 4%,
reduction in creep
compliance and
thermal coefficient

Dul et al. [35]

Nano clay—ABS

Tensile strength and
modulus increases
with increase in
loading weight from
5 to 10% but
decreases if increases
to 15%. For
batch-loading, 5% to
10% hardness
increases to 60.5%
and compressive
strength increases to
24.6% as compared
to ABS material

Francis and Jain [36]

CNT-PLA

Observed

UTS—80 MPa
Young’s
Modulus—1.99 GPa

Melenka et al. [37]

Graphene in ABS
and PLA

Higher mechanical
strength achieved

Wei et al. [38]

4 Polymer matrix

composites

Al O3 powder with
Nylon

Al, O3 significantly
increases the wear
resistance and length
of the part greatly
affects the
dimensional accuracy

Singh et al. [39]

(continued)
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S. No. | Types of

composites

Constituents

Findings

References

Fe-Nylon

Nearly alike
influence of three
parameters, extrusion
temperature 20%,
filler materials shares
25% and extrusion
load 45%

Garg and Singh [40]

Copper and Iron
micro-scale in ABS

Observed

UTS—15 MPa
Young’s
modulus—0.23 GPa

Nikzad et al. [41]

PA6-TiO;

Excellent mechanical
properties of PA6 at
30 weight per cent of
TiO; obtained while
10 and 20 weight
percentage shows
reasonable. 30%TiO,
shows minimum
wear of PA6 at load
20 N and 10 min run
time

Soundararajan et al.
[42]

Fe304 in P301
Nylon

UTS—4 MPa &
Young’s
modulus—0.054 GPa

Masood [43]

5 Polymers

ABS

For impact loading,
the tensile test shows
brittle nature with
moderate Elasticity
Modulus

Owolabi et al. [44]

PEEK

Comparatively best
results are possible at
300 pm layer
thickness and 0°/90°
raster angle

Wu et al. [45]

Nylon

Tensile strength
increased at 77 °K

Cruz et al. [46]

ABS-TPE,
ABS-TiO;.
ABS-Jute fibre and
Pure-ABS

Improvement in the
surface finishes with
TPE, improvement in
ultimate tensile
strength for ABS
with TiO3 in
comparison to pure
ABS, high roughness
for ABS with jute
fiber

Perez et al. [47]

(continued)
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Table 34.2 (continued)

S. No. | Types of Constituents Findings References
composites

ABS Elastic behaviour of | Lee et al. [48]
ABS parts is affected
by the parameters
like an air gap, raster
angle and layer
thickness

34.7 Future Opportunities

The developments in 3D printing have a greater impact on medical and indus-
trial engineering field with different ink designs, enhanced depiction and ink assets
modelling in deposition and improved ink deposition and better robotic control for
smarter précised 3D printing. The capability of locally specify for both structure
and composition is permitting better mechanism concluded the functionality and
possessions of the subsequently developed materials.

34.8 Conclusions

This work presents a literature-based study on composite development with FDM
technology. This has been done to identify the suitability of FDM for the development
of different composite applications. For this research papers from reputed journals
are selected and studied. Identified 3DP processes based on the initial state of mate-
rials and working principles. Also presents in tabular format the types of composites
based on types, constituents and research findings with references. In this study,
various materials like Fiber-reinforced composite, Biocomposites, Nanocomposites,
Polymer matrix composites and Polymers have been studied and found that FDM
seems most suitable for manufacturing parts with composites. Finally attaining chal-
lenges, prospects and future aspects of FDM provides a compelling way to blowout
smooth technique in various areas like building construction, farming and biomedical
fields.
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