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There are many limitations within three-dimensional (3D) printing that hinder its adaptation into industries
such as biomedical, cosmetic, processing, automotive, aerospace, and electronics. The disadvantages of 3D
printing include the inability of parts to function in weight-bearing applications, reduced mechanical

performance from anisotropic properties of printed products, and limited intrinsic material performances
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Accepted 17th August 2020 such as flame retardancy, thermal stability, and/or electrical conductivity. Many of these shortcomings

have prevented the adaptation of 3D printing into product development, especially with few novel
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researched materials being sold commercially.
thermoplastics (ET) provide a basis for increased thermal and mechanical performances to address the

In many cases, high-performance engineering
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shortcomings or limitations of both selective laser sintering and extrusion 3D printing. The first strategy to

combat these limitations is to fabricate blends or composites. Novel printing materials have been

implemented to reduce anisotropic properties and losses in strength. Additives such as flame retardants

generate robust materials with VO flame retardancy ratings, and compatibilizers can improve thermal or

dimensional stability. To serve the electronic industry better, the addition of carbon black at only 4 wt%,

to an ET matrix has been found to improve the electrical conductivity by five times the magnitude.

Surface modifications such as photopolymerization have improved the usability of ET in automotive

applications, whereas the dynamic chemical processes increased the biocompatibility of ET for medical

device materials. Thermal resistant foam from polyamide 12 and fly ash spheres were researched and

fabricated as possible insulation materials for automotive industries. These works and others have not

only generated great potential for additive manufacturing technologies, but also provided solutions to

critical challenges of 3D printing.
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1. Introduction

Currently, the additive manufacturing (AM) market is in
demand for a larger variety of feedstock materials with novel
thermal, mechanical, electrical, or biocompatible characteris-
tics. In this review, feedstock materials refer to those that are
commercially available for industries for the use of printing.
The addition of more printing materials with unique mechan-
ical performances might better serve wider range of applica-
tions and industries that currently cannot implement the AM
technologies. A comprehensive review of the current market
solutions discovered in academia could bridge this knowledge
gap for industry and suggest novel materials. Three-
dimensional (3D) printing is an additive manufacturing
process where complex geometric parts can be made in a short
period of time (i.e., without the need for tools and die fabrica-
tion) in a layer-by-layer fashion."? This technology has reduced
the need for machining or tooling products/prototypes, and has
resulted in cost and time saving.® Since the inception of this
technology in 1986, various methods of 3D printing have been
created.” The most common methods are extrusion 3D printing
(E3DP) ie., fused filament fabrication, big area additive
manufacturing, and selective laser sintering (SLS).* However,
other methods include stereolithography, direct energy depo-
sition, and ink jetting.?

Extrusion 3D printing can be further categorized as either
small-scale or large-scale printers. Small-scale printers were
referred to as fused deposition modelling (FDM) prior to
trademarking; however, the same process has been renamed
fused filament fabrication (FFF). These desktop-sized printers
extrude thermoplastic polymer filaments through a heated
nozzle and deposit the extrudate on to a heated bed,” building
components by the bottom up method. The printer and its
products are created at a comparatively low cost to that of SLS.*
However, the limitations of these printers include a minimal
filament diameter and a smaller print area that is limited by the
size of the printer's bed. When developing materials, the size
constraint of the filament diameter may result in needed
additives (increasing costs) or increased time to optimize the
processing conditions.® However, to overcome these challenges,
large-scale extrusion printers were fabricated, which offer the
option for pellet or filament feed systems. Big-area-additive-
manufacturing (BAAM) is another name for these large scale
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extrusion printers” and they are able to increase the produc-
tion rates and times in hopes of adapting 3D printing into mass
production.

Selective laser sintering, also known as a powder bed fusion
process,*® requires the use of a powder bed and a laser to melt
the polymer such that each layer connects to the surrounding
ones. This process can generate larger parts than FFF but
requires more space and resources to do so; i.e., space for the
large powder bed and substantial left-over materials that are not
solidified by the laser. The most common thermoplastic used
for FFF is poly(lactic acid) (PLA) but its use is limited in SLS due
to its thermal stability and mechanical properties.** Similarly,
SLS is limited to resins or other materials that offer minimal
variability in performance.” Engineering thermoplastics, as
well as blends or composites of engineering thermoplastics, can
address some limitations in 3D printing associated with
mechanical and thermal performances. However, a limited
number of polymers have been investigated and transitioned to
industry to date.

Some of the most common printing materials that are
commercially available are engineering thermoplastics. Engi-
neering thermoplastics are noteworthy because they provide
high mechanical performances and high chemical stability.*®
Some commonly used engineering thermoplastics include PAs
(also referred to as polyamides), poly(ether-block-amide), poly-
etherimides (PEIs), polyimides (PIs),"* and polycarbonates
(PCs).** Substantial work has been completed in researching
engineering thermoplastics for injection and compression
molding. Engineering thermoplastics have been used in the
automotive industry,"” the biomedical industry,’® and many
more because of their versatile nature. In some cases, these
materials are blended with other polymeric materials to vary the
characteristics such as mechanical performance, biocontent,
and/or cost."”

The use of blending polymers for injection molding practices
has been studied extensively since the resulting novel materials
display traits that are a combination of both starting materials.
Various engineering thermoplastics have been blended to make
new materials with tailorable properties. For example, Asadi-
nezhad et al.*® blended poly(trimethylene terephthalate) (PTT)
and polyamide (PA)12;'® PTT and poly(butylene terephthalate)
(PBT) were blended for unique performances between those of
both neat polymers,*?** and PBT/PC blends®" were studied to
determine their unique properties. In some cases, engineering
thermoplastics have been blended with commodity polymers.
Codou et al.'®® examined PA 6/polypropylene blends with the
addition of biocarbon to generate thermally stable and
sustainable composites.” Other sustainable blends include
combining PLA and PBT.”* Blending has been quite successful
in injection molding to generate tailor-made, sustainable, or
unique materials and the same strategy has provided consid-
erable potential to the 3D printing market as well. Blends of PEI
and one of PC or glycol-modified PET (PETG) were studied by
Cicala et al®® The studied materials displayed potential as
alternatives to other commercialized PEI polymers or blends
such as Ultem 9085, which is a commercially available PEI
blend manufactured by Stratasys® for fused filament
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fabrication. Although the material was not tested for its FFF
properties, based on the injection molding properties, it was
determined that 90PEI/10PC was a prime substitute. The
authors determined that the mechanical performance was
similar to that of commercially available filaments but obtained
at about half the cost.”

Once the materials are blended, via extrusion or reactive
extrusion, they are collected as filaments. The collected fila-
ments can be size-reduced to powder or pellets before use in AM
equipment. Since FFF uses filaments without further modifi-
cations, the experimental material can be collected immediately
following the extrusion process and maintained in filament
form. This would be beneficial since no other resources (i.e.,
time, energy, or labour) would be required to transform the
materials.** The same is true for the large-scale extrusion 3D
printers that operate on a filament system. However, the pellet
feed systems underwent the size reduction of filaments prior to
use.” Although this can be beneficial since it removes the fila-
ment diameter limitations as mentioned above, it does require
additional energy input and time. This may have an increased
associated cost and would have to be investigated by industry
prior to use. Experimental materials used in SLS require the
most modifications after extrusion. The filaments must be cry-
omilled to generate fine powders® to function well in SLS.

Although the purpose of blending materials is to diversify
and optimize particular aspects like mechanical perfor-
mances,*® filament consistency,® and surface finish.>” There are
other methods to optimize the extrusion output quality as well
as print quality. This can be completed through trial-and-error
processes, strategic experimental design® and tailored
printing parameters. Irrespective of the optimization methods,
such methods are required to generate complete parts without
warpage or delamination and materials with diversified
mechanical performances.

Another technique being studied to generate a greater variety
of feedstock materials and improved mechanical performance
is through the implementation of composite materials. The
composites fabricated for 3D printing can vary from lignocel-
lulosic materials**®' to carbon-based materials®*® and even
inorganic fillers.>® The combinations of composites, blends, or
refined printing materials can assist with the generation of the
materials, and 3D printing technology can expand to the 4-
dimensional (4D) printing market and fabricate novel
products.®

The scope of this literature review is to focus on the use of
engineering thermoplastics for 3D printing via E3DP (small and
large scale) and SLS methods. A critical review will summarize
what has been done with these materials, how engineering
thermoplastics could address some shortcomings of traditional
thermoplastics, as well as examine the feasibility of the mate-
rials for large-scale production. The optimization and imple-
mentation of engineering thermoplastics have the potential to
generate feedstock materials with larger variability in mechan-
ical performance. The newly discovered polymers with
improved performance can better serve the biomedical, elec-
trical and automotive industries.

This journal is © The Royal Society of Chemistry 2020
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2. Methods

2.1 Methods for preparing materials

Filaments are often produced using an extrusion or reactive
extrusion (Fig. 1) that operates via twin-screw or single-screw
configurations. Screws function by either rotating in the same
or opposite directions, referred to as counter- or co-rotating. If
filaments require a specific diameter for use in 3D printing,
then processing conditions such as feed rate, collection rate,
screw speed and melt temperature require optimization.®

2.2 Methods of 3D printing

There are several methods for 3D printing, which have been
implemented to assist the generation of complex designs or
prototypes in a short period of time. The most common
methods include (1) E3DP, which includes fused filament
fabrication (FFF) and big area additive manufacturing
(BAAM);* (2) selective laser sintering (SLS);* (3) stereo-
lithography (SLA);* (4) laminated object modelling.* Although
SLS was the first commercially available process, E3DP and
SLS are the more commonly studied AM processes with engi-
neering thermoplastics. The diversity of printing parameters
and operational practices offers a unique means of generating
complex products over injection or compression molding
practices.

2.2.1 Extrusion 3D printing

Fused filament fabrication. Fused filament fabrication is an
E3DP method where a filament is extruded through a heated
nozzle and placed onto a heated bed/platform (Fig. 2). The
molten filament is referred to as the extrudate and is relatively
simple to place during the print since the computer-aided
design is spliced into layer-by-layer instructions for the printer
to follow. For this type of printing, there are many functional
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Fig. 2 Schematic representation of fused filament fabrication.®
Reprinted with permission from Elsevier: Additive Manufacturing,
Copyright 2020, License: 4743160219820.

materials to be used for a wide range of products functioning in
the automotive,®® electrical®” and biomedical®® industries.
However, more work is required to generate economically and
environmentally-friendly feedstock printing materials. The ease
of use of FFF printers has led to their personal use with desktop
computers, and a general variety of commercially available
feedstocks. However, there are definite drawbacks and limita-
tions to this technology.

| CONVEYOR SYSTEM

|[r = = = - -
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1 Filament

Take-up speed
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Fig. 1 Extrusion set-up for filament processing.*® Reprinted with permission from Elsevier: Additive Manufacturing, Copyright 2020, License:

4838260364616.
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This method of printing requires support for extremely
complicated designs with projections above the bed.* Unfortu-
nately, the requirements of the support material increase the
cost slightly and increase the waste generated. The optimization
of prints can reduce waste and time. Other challenges with FFF
include (1) limited or specifically supported filament diame-
ters,”” which can create challenges for new experimental mate-
rials for E3DP; (2) relatively small print areas.® As a result, an
additional method of E3DP has been created and it is referred to
as big-area-additive manufacturing.’

Big-area additive manufacturing. In industry, large-scale
custom printers have been designed for larger volume prints
and increased printing speeds.*’ This process of E3DP has been
coined big-area-additive manufacturing (BAAM).* Unique to
BAAM printers is their ability to use either filament feedstocks
or pellets to deposit onto the bed. Pellet-based systems require
the hopper to be filled with dried pellets and then fed into
a heated channel with a single screw inside. The channel for the
polymers is often covered in thermal jackets and monitored by
thermocouples. The heated channel is set to the desired print
temperature then the screw ensures that the polymer, blends or
composites are efficiently melted and mixed prior to extrusion
through the nozzle.

Large-scale printers have the added benefit of printing
products with a wider range of dimensions than that of FFF.?
The BAAM printer in Fig. 3 displays the extruder assembly and
common configuration for these printers. Like all technologies,
BAAM is also subject to some challenges. Since there is such
a drastic increase in the print rate, the BAAM printer can
struggle to maintain the intended geometry and has decreased
surface resolution.”” The BAAM is also likely to be far more
expensive and requires a larger production area.

2.2.2 Selective laser sintering. Parts are formed in SLS by
solidifying powder with a laser in a layer-by-layer fashion,**

Gantry

Extruder
Assembly

Heated bed covered in
black ABS build sheets.

Fig. 3 Big-area-additive-manufacturing extrusion 3D printer.*®
Reprinted with permission from Elsevier: Procedia Manufacturing,
Copyright 2020, License: 4743161414193.
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building from the bottom up. Unlike E3DP, the feedstock
materials for print are stored in a secondary bed that serves as
the reservoir. Both beds are held on a piston system to adjust to
the required height and a roller sends powder from the reserve
to the print area when needed (Fig. 4). One disadvantage of SLS
is the resultant rough surface finish. It is recommended that
SLS be used when aesthetics and appearance are less crucial.
However, this printer is very accurate and would be good for
manufacturing large parts. It is important to note that larger
parts require more space and this may be a limiting factor for
SLS in some cases.” The aerospace, biomedical and automotive
industries have benefited from the diverse uses of SLS printers
to generate parts for aircraft, hearing aids, race cars, and many
more structures. However, the materials used are limited for
other applications because of the current mechanical properties
and lack of reproducibility of parts.*

2.3 Methods of optimization prints

Both SLS and E3DP have specific parameters for optimization to
print samples based on the printing instructions, sample size
and orientation. For FFF/BAAM the major optimized printing
parameters include bed temperature, melt temperature, print
speed, percent fill, infill type (orientation and pattern), and layer
height.>*” Parameters often optimized for SLS include laser
power, laser scan speed, and particle size of the powder.”®
Further modifications to printed samples can be implemented
to optimize the mechanical performance. These post-print
treatments include sintering®® or annealing.® This requires
holding the samples at elevated temperatures for extended
periods of time. However, said processes are time-consuming
and require more energy input. Due to the increased time and
cost, sintering/annealing is less likely to be implemented in
large-scale printing processes. The combination of print opti-
mization can lead to function-specific parts. To systematically
optimize prints and observe the influence or dependence of
printing parameters, statistical analyses are performed.

2.3.1 Statistical analysis. The design of experiments (DOE)
is a method of selecting optimal values or ranges of values,
planning and executing a designed plan. Once executed, the

Laser source

Lens

Powder

Fig. 4 Selective laser sinter schematic.*® Reprinted with permission
from Elsevier: Journal of Manufacturing Processes, Copyright 2020,
License: 4743141319375.

This journal is © The Royal Society of Chemistry 2020
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collected products are tested, and the obtained results are
analyzed. Many works have been completed on DOE with the
injection molding of composites® and blends*® to generate
novel materials. The same process is now being implemented in
3D printing to generate tailor-made products to serve a wider
variety of purposes.

For composites and polymer blends, a mixtures design of
experiments can be implemented to optimize samples for
a given quality.” This method systematically varies the content
of each constituent and then analyzes the properties obtained
by each combination of materials.*® This type of DOE focuses on
blending,*®* compatibilizing,"”” or making composites.*® The
most common uses for the mixtures design include the
following: (1) optimizing the filler/fibre/blending polymer
content such that the mechanical properties are maintained or
enhanced, (2) replacing the more expensive polymer with a cost-
effective replacement (i.e., lower cost filler, polymer).*

For 3D printing, the optimization of printing parameters is
often of greater importance; more works have focused on using
the Taguchi DOE.>*** In many cases, parameters such as layer
height, print speed and extrusion temperature are correlated to
other properties such as dimensional accuracy.** These sorts of
correlations are important for understanding and implement-
ing in other works such that materials have tailorable
mechanical properties or desired aesthetics.

Design of experiments has also been used in 3D printing to
optimize the waste generated and the input required to produce
samples.*® One of the most important inputs for optimization is
the energy required for the print.*” However, the input of
materials, which is correlated to the cost of the product, can
also be optimized.”” One important difference between energy
usage regarding E3DP and SLS arises when SLS requires sin-
tering after printing. This requires additional energy to form the
final product. A comparison of the energy consumption for SLS
and E3DP could be beneficial when determining the best
printing method. The production of parts via 3D printing
methods has been noted to reduce the cost and production time
by 30% and 40% respectively.*® The major energy consumption
for SLS is directly related to the volume and height of the final
product.* A comparative life cycle assessment (LCA) would be
important for comparing the energy consumption as well as
waste materials of the SLS and E3DP methods. Further details
are highlighted below in Section 6.5. Both the energy
consumption and waste have associated costs, which could be
reduced if possible to improve the sustainability of the printing
processes.>®

2.4 Optimization and exploration of printing parameters

Often researchers start to test the printability of the materials
through a trial-and-error process to generate complete,
warpage-free samples. The optimization of printing parameters
is not effective unless a range of parameters is known that
reduces the warpage (lack of adhesion to bed) and delamination
(lack of adhesion between layers). In some cases, only one set of
parameters will print after determining the ideal set of param-
eters.® This is referred to as the trial-and-error process.

This journal is © The Royal Society of Chemistry 2020
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2.4.1 Finite elemental analysis. Finite elemental analysis
(FEA) requires the implementation of computational and
analytical practices to model materials and their properties.®
These models can be used to study fluid dynamics, heat transfer
in correlation to the nozzle temperature and dimensional
aspects of the printed parts.®® Many models have been created
and analyzed with respect to the kinematics of layer deposi-
tion.®* A FEA can also assist with determining the thermal and
mechanical stability of printed samples.®> Such analysis could
be implemented to further reduce the warpage in samples.®® An
extended FEA can also be used to model the fracture behaviour
of the samples. This assists in determining which internal
printing structure is the most effective for product application.®*
Such analyses are very important when designing prints for
mass production.

Finite element analysis has been implemented with 3D
printing of the engineering thermoplastic, PEI, to predict the
linear elastic behaviour of the printed samples.®® The FEA
software was able to accurately determine Poissons ratio, as well
as elastic and shear moduli. This is essential in understanding
whether a part can function safely and wholly for the intended
purpose. This process can also be used to optimize the 3D
printed part based on its design. Space frame and shell analysis
are models within the FEA software that analyze the PEI parts
containing an internal lattice structure; these methods are cost-
effective for optimizing prints.

3. Types of printing materials

This section categorizes the printing materials for both E3DP
and SLS. The first type is the neat polymer, which means that
the virgin or recycled polymer is printed alone and often
requires optimization of processing and printing parameters to
generate functional products. The second material type,
referred to as blends, is a combination of polymers or polymers
and additives, which offer unique property differences as
compared to the neat polymer. In some cases, this may include
improved dimensional or thermal stability or unique mechan-
ical performances; such aspects are discussed in the sections
below. The last category of printing materials is composites.
Composites are made from a combination of a distributive
phase and a continuous phase. In many cases, composites are
formed with fibers or fillers and polymer matrices for unique
mechanical performances of printed parts.

3.1 Neat polymers

Although engineering thermoplastics offers superior thermal
stability and mechanical performances* as compared to
commodity thermoplastics, printing can be challenging due to
a combination of high melting temperatures, crystallization
characteristics and viscoelastic properties.®® However, there is
substantial potential for the use of engineering thermoplastics to
address the current limited variability in mechanical properties
between commercially available feedstocks. To allow 3D printing
to serve a larger variety of applications, there is a demand for

RSC Adv, 2020, 10, 36058-36089 | 36063
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materials that are economically feasible, sustainable and that can
fabricate high-quality products each time.

3.2 Blends

Blending polymers is a method for generating diverse feedstock
materials for 3D printing applications and can be used to
counteract the anisotropic properties that currently limit the
performance of many 3D printed products.” The use of
blending technologies has been used in the injection molding
industry with engineering plastics to obtain properties between
those of each neat polymer.

For example, engineering thermoplastics
combined with commodity plastics such as polypropylene
(PP),*® and high-density polyethylene (HDPE).* Other combi-
nations with engineering thermoplastics are formed from
binary or ternary blends of only engineering thermoplastics
such as blending polyesters,"*”® polycarbonates,””> poly-
amides,””* ABS,”"”> and polyether-derived polymers.”>’® More
recently, research has also looked into combining virgin mate-
rial with recycled material to form the same polymer.®® The
process of SLS produces a lot of waste powder that could be
affected by thermal degradation. It has been studied and proven
that recycled materials exhibit some differences in mechanical
performance as compared to virgin materials. However, blends
with these materials could improve the renewability content of
the materials and also give new purpose to wastes. As an
example, recycled ABS and high-impact polystyrene from elec-
trical components were combined to make value-added prod-
ucts.” This diverted waste from potential landfill applications
and increased its sustainability via a circular economic
approach.” In addition to increasing the sustainability of
printing materials, blending polymers has many other benefits.

The benefits of blending engineering thermoplastics with
polymers or polymer-based additives include the following: (1)
developing materials with improved mechanical performance,
(2) reducing the cost of materials since used materials can be
obtained at little to no cost, (3) improving renewable content,
and (4) improving the processability of polymers. If these
strategies are adopted into 3D printing, there is potential
growth for this industry to commercialize new polymer

have been

Table 1 Compatibilizers used in polymer blends and composites
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feedstock materials, either blends or composites, for novel
printing applications.®” One of the drawbacks to blending alone
relates to the immiscibility of some polymers. Essentially the
combined polymers remain as separate and distinctive phases,
which could hinder their performance. In this case, further
additives are needed to compatibilize and improve the cohesion
between the materials. In some cases, the blending materials
are chemicals or polymeric materials considered to be additives
since they either function as an elastomer as compared to the
major system, impact modifier, or compatibilizer. Such mate-
rials will be discussed in the additives section below.

3.2.1 Additive materials. Additives, like blending with
polymers, are used to tailor the performances such as thermal
stability or mechanical properties. Blends with thermoplastic
elastomers such as thermoplastic polyurethane (TPU) can help to
give a balance of toughness and stiffness.” This could be bene-
ficial for applications such as biomedical applications, where
there are often the requirements of flexibility and strength. Other
important blending materials include compatibilizing agents
such as maleic anhydride-grafted polymers and styrene-
ethylene-butadiene-styrene (SEBS). Other compatibilizing
agents work to improve the miscibility of blended polymers.”
Compatibilizers and other additives are important to mention
since they have the added benefits of (1) diversifying mechanical
performance, improving dimensional stability and thermal
stability during extrusion, as well as reducing the melt flow index
such that it is within a printable range (i.e., near 10 g/10 min *°).
There has been some research with these materials in 3D
printing as displayed in Table 1; however, this process was
commonly used in extrusion for injection molding in the past.
Identified below are also additives that have been implemented
in injection molding and may show promise for use in E3DP.

In Table 1, there are also compatibilizing materials that have
been implemented in injection molding and may have
a purpose in 3D printing. More research is needed to confirm
their functionality, economic viability and success.

3.3 Composites

Composites offer benefits in 3D printing, especially E3DP,
because the addition of fibre can reduce warpage and the

Family Compatibilizer Description Use
Implemented in 3D
printing
Styrene Styrene-ethylene-butylene-styrene (SEBS) Thermoplastic elastomer®' With ABS*?
Glycidyl methacrylate Poly(ethylene-n-butylene- acrylate-co-glycidyl methacrylate) Impact modifier® EBA-GMA with PTT®
(GMA) (EBA-GMA)
Styrene maleic anhydride (SMA) Chain extender® SA-GMA with PTT®
Poly(ethylene-co-glycidyl methacrylate) (PE-c-GMA) Grafting co-polymer® PE-c-GMA with PC*®
Anhydride Maleic anhydride (MA) Coupling agent’ SMA with ABS/PA blends’
Implemented in injection
molding
Phosphite Tris(nonylphenyl) phosphite (TNPP) Stabilizer/crosslinker®* TNPP with PA/PLA*
Diisocyanate Polymeric methylene diphenyl diisocyanate (PMDI) Compatibilizer 8
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coefficient of thermal expansion.®® This is a possible solution
for generating products that can better serve load-bearing or
structural applications such as those in the automotive
industry. Since composites have been used extensively in the
automotive industry via injection molding,*** there is potential
for 3D printing to be used for customizable jigs, fixtures, and
other assembly parts.*>** Composites are also used extensively
in the biomedical industry for replacement cartilage products,
bones, implants, grafts, screws, and many more.”* The adapta-
tion of these materials into 3D printing could foster a more
personalized approach to medicine, further diversifying the
uses of AM technologies.***

Like injection molding practices, some additives used in 3D
printing can be fibres or fillers. Most often, the addition of these
materials in both instances serves one or more features including
the following: (1) increasing renewability content,”** (2) reduc-
tion of the cost by the replacement of expensive polymers with
low-cost fillers/fibres,”*® (3) acting as a reinforcing agent®” and
improving mechanical properties. Unique composite materials
that combine polymer/metal powder are of increasing interest in
3D printing applications.” Also, blends of polymers are
combined with metal powders to make hybrid materials for 3D
printing.” The research of these combinations of materials is
recent but there are hopes for these materials to serve the
biomedical implants industry as well as electrical industry.*

4. 3D printing of engineering
thermoplastics
4.1 Acrylonitrile butadiene styrene

Acrylonitrile butadiene styrene (ABS) is an engineering ther-
moplastic derived from a combination of three petroleum
sources. The major constituents include acrylonitrile, buta-
diene and styrene in weight percentages of 15-35, 5-30 and 40—
60, respectively.’® The mixture of these copolymers generates
parts that have a balance of rigidity and light-weight traits. The
versatility of ABS has made this polymer one of the most
popular to use since its development in the 1950s.'°° The poly-
mer has been studied for its use in biomedical applications
such as printing handles for scalpels and forceps, as well as
other surgical tools.' However, this material also functions
well in the industrial and electronics sectors. The adaptability of
ABS has resulted in its use with various other materials for 3D
printing.

4.1.1 Neat ABS in E3DP. The use of ABS in 3D printing was
extensively studied in the early 2000s, which has led to much of
its use to date.'*>'® Designs of experiments were completed to
compare which printing parameters were of the greatest
importance in relation to the mechanical performances.'*
These works laid the foundation for the research completed to
date.

Since there have been many works completed with ABS in
FFF, there has been a shift in focus to printing neat ABS and
then adding surface treatments. The surface treatments allow
the ABS to be used in areas where it had not been used previ-
ously, such as the automotive’ and medical industries.'*

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

Traditionally, ABS would not have been used for medical
implants as it lacked native biocompatibility as compared to
silicones or polyurethanes. However, the lower cost, ease of use
and versatility of ABS resulted in efforts to increase its
biocompatibility.’® As a result, the FFF parts from ABS were first
sealed via submersion in acetone, then treated with poly(-
ethylene glycol) methacrylate and subjected to photoinduced
graft polymerization. This process enhanced the biocompati-
bility and hydrophilicity of the samples.’® Surface modification
to ABS then allowed for its potential use in the medical device
industry where it had otherwise not been used before. Metalized
automotive plastics parts were created through dynamic
chemical processing that mixed two substrates to successfully
make a conductive film on the outside of non-conductive ABS.***
This was completed through OH* and super-radical suspen-
sions mixed closely with ABS, followed by the implementation
of a titanium dioxide suspension that was subjected to UV
irradiation.”™ The successful manufacture of electrically
conductive ABS allowed ABS to better serve the automotive
industry.’® Surface modifications to neat ABS have been found
to increase the performance and use of FFF products in
industries that have not previously used ABS for the described
applications.

4.1.2 Neat ABS in SLS. The use and success of printing ABS
in SLS required the optimization of the laser power and scan-
ning speed. To further improve the print quality, Chen et al.**
found that pre-heating the powder to 100 °C was beneficial for
improved surface finish. To implement ABS in industry, where
surface finish is a crucial requirement, the researchers sug-
gested a laser power of 24 W, a scan speed of 2000 mm s~ ', and
a layer height of 0.2 mm.'*® The printed parts would have the
potential for non-structural components of a car, such as
dashboards and cup holders, which require a smooth surface
finish to maintain the appearance/aesthetics with traditional
injection moulded parts. Parameter optimization studies are
very helpful in learning what factors impact product quality and
production times. These are important aspects to consider
when the mass production of a part is required.

4.1.3 ABS blends used in E3DP. One strategy to modify and
potentially improve the viscoelastic properties of ABS is to blend
with a thermoplastic elastomer. One of the most common
thermoplastic elastomers used in FFF is TPU. In one work, ABS
was combined with TPU in varying weight concentrations.” The
prints were generated through a trial-and-error process to
determine optimized printing parameters. The printing
parameters are described in Table 2. The mechanical perfor-
mances of the blends are displayed in Table 3. The relative
maintenance of mechanical properties was attributed to
supramolecular interactions induced by hydrogen bonding
between the aromatic and polar groups of ABS and TPU,
respectively. Two interesting aspects of this work were as
follows: (1) the increased presence of elastomer increased the
bond strength of the materials, and (2) the presence of elas-
tomer at the highest studied content of 30 wt% was able to
improve the adhesion to the bed and, therefore, result in the
ability to print ABS at room temperature.” Since ABS material
blends can be printed at room temperature, there is no need for
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Table 2 Optimal properties for 3D printing engineering thermoplastics

Materials Method Parameters Ref.
ABS/PA 6 and ABS/PA 6/SMA BAAM Speed: 1.795 in per s, melting temperature: 220-280 °C 7
ABS FFF Melting temperature: 230 °C, speed: 90 mm s~ ', bed

temperature: 100 °C, layer height: 0.1 mm
PA Melting temperature: 260 °C, speed: 72 mm s~ ', bed

temperature: 80 °C, layer height 0.1 mm
ABS/PA/SMA Melting temperature: 245 °C, speed: 30 mm s~ ', bed

temperature: 80 °C, layer height 0.1 mm
ABS FFF Layer thickness: 0.127-0.3302 mm, raster angle 0°-45°, 177

raster width: 0.2032-0.5588 mm, air gap: —0.00254 to
0.5588 mm, part orientation 0-90°

PA 12 FFF Nozzle: 245 °C, bed temperature: 98 °C, layer height: 0.1 168
mm, speed: 25 mm s~ *, infill density: 75%
ABS Nozzle: 240 °C, bed temperature: 80 °C, layer height: 0.1
mm, speed: 25 mm s~ ', infill density: 75%
Poly(methyl methacrylate) (PMMA) Nozzle: 240 °C, bed temperature: 90 °C, layer height: 0.1
mm, speed: 25 mm s~ *, infill density: 75%
PEEK Nozzle: 420 °C, bed temperature: 110 °C, layer height: 0.1
mm, speed: 20 mm s~ *, infill density: 75%
PC Raster width: 0.432 mm
PA 12 SLS Optimized properties for mechanical performance: 45

0.15 mm layer thickness, feed powder temperature 50 °C,
heated platform, 45.7 W fill laser power, 10.9 W outline
laser power, 4000 mm s~ speed, 0.3 mm scan spacing
Optimized properties for accuracy: 0.10 mm layer
thickness, feed powder temperature +100 °C, unheated
platform, 11 W fill laser power, 5 W outline laser power,
5000 mm s~ speed, 0.15 mm scan spacing
PBT SLS Wavelength: 10.6 mm; laser beam diameter: 0.3 mm; 25
laser power for fill and outline: 5, 11, 20 or 30 W; scan
speed 5 m s~ '; powder bed temperature: 190, 193 °C;
layer thickness: 0.1 mm
ABS/SEBS 100/0, 95/5, 90/10, 80/20, 50/50 ME3DP Infill: 100%, layer height: 0.2 mm & 0.27 mm, number of 12
shells: 1, feed rate: 40 mm s, travel speed: 55 mm s,
nozzle diameter: 0.4 mm & 0.8 mm, print temperature
230 °C & 240 °C
ABS/UHMWPE/SEBS 75/25/10, 90/10/10 ME3DP Infill: 100%, layer height: 0.2 mm, number of shells: 1, 82
feed rate: 40 mm s, travel speed: 55 mm s, nozzle
diameter: 0.8 mm, print temperature 230 °C
ABS MG47/SEBS-g-MA ME3DP Nozzle: 230-280 °C, bed temperature: 110 °C, infill
density: 100%, print speed: 30 or 60 mm s ', nozzle
diameter: 0.6 mm
ABS MG94/SEBS-g-MA Nozzle: 230-265 °C, bed temperature: 110 °C, infill
density: 100%, print speed: 30 or 60 mm s~ ', nozzle
diameter: 0.6 mm

PA/ABS/SMA (85/10.5/4.5) BAAM (pellets) Extrudate temperature: 250 °C, print speed: 1.795 inch 7
per s, bead width: 0.289, wall thickness: 0.530 in
PA/ABS/SMA 60/40 with 5 to 20 phr of SMA FFF Neat ABS: nozzle temperature: 230 °C, layer height: 0.1

mm, bed temperature: 100 °C, print speed: 90 mm s~ *

Neat PA: nozzle temperature: 260 °C, layer height: 0.1
mm, bed temperature: 80 °C, print speed: 72 mm s~
Compatibilized blends: nozzle temperature: 245 °C, layer
height: 0.1 mm, bed temperature: 80 °C, print speed:
30 mms '

ABS/TPU 90/10, 80/20, 70/30 FFF Nozzle: 230 °C, bed temperature: 110 °C, infill density: 79
100%, print speed: 