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Abstract

3D printing is a revolutionary technology for the consumer and industrial markets. As
the technology for 3D printing has expanded, the need for multi-materials that support
fused deposition modeling and other forms of additive manufacturing is increasing. 3D
printing filaments infused with carbon nanotubes and graphene are now commercially
available, with the promise of producing conductive composites. This chapter explores
some of the research, products, and challenges involved in bringing the next generation
of functional printing materials to the consumer market.

Keywords: 3D printing, additive manufacturing, graphene, carbon nanotubes, carbon
black

1. Introduction

Johannes Gutenberg catalyzed one of the first revolutions in education, with the development
of the printing press, allowing the dissemination of information to take a more structured
pathway. In the modern world, computers, smartphones, and the internet have all contribut-
ed to the advancements in science, technology, and engineering. 3D printing is another
revolutionary technology for the consumer and industrial markets. Although the consumer
market is still relatively young, the industrial sector has matured with its inception in the
mid-1980s. Thefirst3D printer was created by Charles W. Hull of 3D Systems Corp. He published
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patents detailing many of the concepts involved in 3D Printing, some of which are used today.
Developments in the various forms of printing have resulted in the use of the umbrella term of
additive manufacturing. At its core, 3D printing simply uses additives to create 3D structures
produced fromsuccessivelayersofadditives, suchaspolymers,andisdeposited ontoaplatform.
There are many companies that develop affordable consumer 3D printers such as Makerbot and
Flashforge (Figure 1).

Figure 1. A Flashforge Creator 3D printer. This is a dual-extrusion printer with a build volume of 300 cubic inches.

The most recognizable form of 3D printing is thermoplastic extrusion, commonly known as
fused deposition modelling (FDM) [1], where a filament (typically 1.75 mm) is unwound from
a spool and fed into an extrusion assembly. The use of a motor-driven gear helps feed the
filament into a temperature controlled melting chamber before the melted plastic is extruded
through the tip of the nozzle. A fan is also used to help maintain the temperature as shown in
Figure 2. The design of extruders continues to evolve, making printing more efficient by
improvements in the regulating temperature across the extrusion assembly, and design
modifications to reduce wear and blockages.

Polylactic acid (PLA), a sustainable biodegradable polymer, and acrylonitrile butadiene
styrene (ABS), a strong terpolymer used in a range of manufactured products, are two of the
most popular polymers used for FDM, and have formed the basis of the next generation of
mixed material filaments for researchers. Other polymers used include polyvinyl alcohol
(PVA), which is water soluble and biodegradable, and are support structures for 3D printing.
Polyamides (nylons) are strong, abrasion resistant, and typically used for mechanical parts.
All of these polymers have the potential for the inclusion of carbon nanostructured additives
to extend their utility in multi-functional 3D printed composites.

There are many crowdfunded initiatives that are helping to further reduce the cost of entry
level 3D printers and their accessories. Kickstarter, a world leading crowdfunding platform
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has seen a large interest in 3D printers providing a unique opportunity for both early adopters
and industry specialists to evaluate cutting edge technology. ‘Form 1: An affordable, profes-
sional 3D printer” is an example of a successful Kickstarter initiative with 2068 backers who
pledged a total of $2,945,885 to bring the project to life. The printer retails at $2799 from
Formlabs. Another example of a successful Kickstarter initiative was Printrbot which raised
$830,827 with 1808 backers, and sold units for $199.

Filamant
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Heat Sink

Heating Elemaent

Figure 2. A picture of a dual extruder assembly from a FDM printer and a schematic of the extruder.

Selective laser sintering (SLS) is used to produce 3D components with a laser and powdered
thermoplastics. During this process, a laser pulses onto a platform, creating a cross-section of
the desired object on the powder. The laser is set to heat the powder just below its melting
point causing it to fuse together. Fusing the powder in specific locations defined by the
software creates the layers. An advantage of this method is the ability to process combinations
of polymers and metals, and unused powder can be easily recycled. However, the particle size
of the powder determines the precision of the print. This process has the potential for the
incorporation of carbon nanotubes, but more research needs to be applied toward heat transfer
processes [2].

Digital light processing (DLP) is another way of producing high resolution 3D objects. The
process uses a vat of photopolymer with controlled exposure to the light from a DLP projector
or an instrument using a digital micromirror device (DMD) [3]. The stage/build plate moves
as the exposed liquid polymer hardens (Figure 3). Essentially, a 3D model on a computer is
sliced into 2D cross-sectional layers to produce images that are sequentially sent to the DLP.
The process continues until the 3D object is complete. Any remaining liquid photopolymer is
then purged from the vat and the completed print removed.

229
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Figure 3. Diagram of a digital light processing printer.

Stereolithography is similar to DLP printing with the use of photopolymers, but differing with
the laser based light source. Objects are produced by printed layers, one at a time, by the use
of a laser beam on the surface of a vat of the liquid photopolymer. The polymer hardens over
the areas where the laser strikes and a stage is moved down into the vat by one layer. De-
pending on the model of the printer, a recoater blade would move across the surface of the
vat, helping to deposit the next layer of liquid polymer. This process is repeated until the print
is completed and the printed object is raised from the vat and the liquid polymer drained. The
printed object is then cleaned and cured in ultraviolet light to finish the processing. Stereoli-
thography has been used with a range of materials including graphene oxide [4]. There are
many potential applications that directly relate to the inclusion of carbon nanotubes and
graphene as additives for 3D printing [5, 6] in a sector that is currently undergoing rapid
growth. The 3D printing sector took over 20 years to reach $1 billion by 2009 and over the
following three years it reached $2 billion. Analysis of the market suggests it may reach $10
billion by 2019 [7].

While there has been much praise for the 3D printing industry, there have also been some
negative consequences on the environment and security. The process of thermal extrusion
consumes a lot of electricity and the estimates of emission rates of ultra-fine particles were
large for printing with PLA feedstock and even higher for printing with ABS thermoplastic
feedstock [8]. Security has become an important issue after the fabrication of a 3D printed gun.

The US State Department is trying to implement a ban on the distribution of files for the 3D
printing of guns; however, the nature of file distribution on the internet may make this almost
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impossible to police. Initially only files for replacement gun parts were available, but a video
soon demonstrated the successful operation of a printed gun.

2. Polymers in 3D printing

Additive manufacturing is developing to meet the demands for durable replacement parts,
which need to conform to specific mechanical and design requirements. With thermal
extrusion, new printing materials must have suitable rheological and thermal properties to be
able to be extruded and solidify while maintaining the accuracy of successive layers. The use
of polymers in additive manufacturing are governed by the glass transition temperature,
melting point, heat capacity, melt viscosity at elevated temperatures, and the shear stress of
the material. Understanding the relationship between the structural properties will aid in the
development of advanced functional printing filaments and materials.

The glass transition temperature (Tg) is the temperature below which the polymer becomes
brittle and hard like glass. The glass transition temperature is not the melting point, that is
defined by the temperature at which crystalline or semi-crystalline polymers change from its
crystal structure to its liquid form. Amorphous polymers have no sharp melting point due to
their non-crystalline structure but they have a Tg temperature. Semi-crystalline polymers have
both a Tg and melting temperature. Polymers that have a Tg below room temperature are
elastic, while those with a Tg above room temperature tend to be rigid and brittle. The Tg is
higher for polymers with stiff backbones and pendant groups that interact with nearby
structures. Both of these features result in polymer chains requiring elevated temperatures to
move. One example of a rigid backbone is a benzene ring as found in poly(p-phenylene) while
a flexible backbone can be found with the CH,-CH, bond in poly(ethylene) (Figure 4). A bulky
branch may act as a plasticizer and lower the Tg by decreasing the packing of polymer chains.
This can be seen with poly(methyl methacrylate) with a Tg = 100-120°C as compared to a Tg
of 20°C for poly(butyl methacrylate), a difference of three additional carbons in the branch.

Polviethevlene) Polyvip-phenylene) Folvimethyl methacrvlate)  Polvibuty] methacrylate]

Figure 4. Structure of poly(ethylene), poly(p-phenylene), poly(methyl methacrylate) and poly(butyl methacrylate).



232 Carbon Nanotubes - Current Progress of their Polymer Composites

Amorphous polymers decrease in strength above the Tg and start to soften gradually while
the viscosity changes.

The lower the Tg of the polymer, the faster it reaches the optimal viscosity for extrusion. Heat
capacity also plays a role in homogeneity during the heating process. The Tg should be lower
than the degradation temperature of the polymer, or in a temperature range where there are
no chemical changes. The heat capacity of semi-crystalline polymers has a greater change
compared to amorphous polymers. As a polymer is heated above its Tg, the viscosity will
change based on the temperature and shear rate as it reaches the printing nozzle. The shear
rate is higher at the printing nozzle (100-200 s™) compared to the other parts of the extrusion
assembly.

The effect of viscosity is even more pronounced as the polymer is extruded from the nozzle as
there is a possibility of radial flow. This phenomenon, typically known as swelling at the
nozzle, can be quantified by calculating the ratio of the maximum diameter of the extruded
material to the diameter of the nozzle. The addition of inelastic (ceramics) and carbon fillers
to the polymer reduce swelling at the nozzle and results in an increase in the resolution of
printing [9]. A sphere of polymer melt is then deposited on the substrate. The cross-sectional
area of that sphere is proportional to the flow rate (q) of the polymer melt and inversely
proportional to the velocity of the printing head, as shown in Eq. (1). The effect of the flow rate
is shown in Eq. (2), where k is a constant depending on dimensions of the liquefier/melting
chamber, AP is the change in pressure, and 1) is the viscosity of the polymer melt. The higher
the viscosity, the lower the flow rate and cross-sectional area of the deposited sphere. A small
cross-sectional area results in a higher resolution of the object or part printed.

_ q
a=- M
printing head
_mkAP )
-5 e

The interaction between the printed melt and the surface depends on the surface tension and
roughness. The polymer melt should adhere to the substrate allowing it to be removed once
the polymer solidifies. The next interaction is between the first deposited polymer layer and
the next layer. This interaction will have a critical role in mechanical properties, structure, and
success or failure of the object or parts. For bonding to occur at thatlevel, the deposited polymer
needs to reach or surpass its Tg. This can be achieved by the transfer of heat from the melt
polymer to the deposited polymer layer.

2.1. Thermoplastic resurgence

Thermoplastic polymers like polyamide, polyolefin, polystyrene, polyester, and their co-
polymers are favored in many applications from fabrics to packaging due to their excellent
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mechanical properties, durability, relative ease of processing, and the possibility of recycling.
A thermoplastic is a polymer that softens upon heating above a temperature range and then
solidifies upon cooling; this process can be repeated several times. At the molecular level, the
polymer chains are associated via intermolecular Van der Waals forces that are easily broken
at elevated temperatures. In contrast, thermoset polymers harden upon heating and are no
longer moldable, decomposing at high temperatures. For 3D printing, thermoplastic polymers
are the best candidates since they melt and mold during the extrusion process, and this has
caused a resurgence in the production of these polymers with a focus on sustainability for the
3D printing industry [10]. Thermoset polymers are only used with their corresponding
monomers, with an initiator added, as the printed materials are cured by ultraviolet light or
heat during post processing.

The most common materials used in 3D printing (FDM in specific) are amorphous thermo-
plastic ter-acrylonitrile-butadiene-styrene (ABS), PLA (Figure 5), PVA, polycaprolactone
(PCL), and nylon.

Figure 5. Commercially available PLA and ABS pellets.

ABS is a terpolymer that is made from acrylonitrile, 1-3-butadiene, and styrene (Figure 6). The
ratio of each monomer in ABS can be selectively modified, based on the synthesis method used,
to yield different grades of ABS with the required mechanical, thermal, and processing
properties. The percentage of styrene can vary from 65-76% and acrylonitrile by 24-35%. ABS

233
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is a light-weight, rubber-toughened thermoplastic, with low temperature toughness, and is
stronger than polystyrene. It adopts the rubbery properties from polybutadiene, the toughness
of acrylonitrile, while maintaining the reflective property of polystyrene, which can be
enhanced using acetone. ABS is chemically resistant to water, aqueous acids, and alkali
solutions but reacts/dissolves in carbon tetrachloride, concentrated nitric acid, concentrated
sulfuric acid, esters, and acetone. For 3D printing, ABS can be produced in a variety of colors
by adding pigments as raw ABS is translucent. Due to the reactive double bond in the
polybutadiene region of the terpolymer, it may be oxidized in ultraviolet light, so indoor
applications are preferred. Commercially available ABS filaments sold for 3D printing are
extruded at 220-235°C, below the degradation temperature (400°C) at which it decomposes
into its carcinogenic monomers. Due to its amorphous nature, ABS has no specific melting
point and glass transition temperature, but it does have a range of 80 to 125°C. ABS, extrusion
grade, has a tensile strength of 30-55 MPa and an elastic modulus of 897-2898 MPa.

N\, = / \/

CH
Loerylomitrile 1. A-butadicne Styrene

Figure 6. Monomers of ABS.

PLA (Figure 7) is a biodegradable and low toxicity polyester thermoplastic made from lactide
or lactic acid monomers. Both can be derived from the fermentation of carbohydrates which
is a renewable resource, so PLA is considered an ecofriendly thermoplastic. PLA can be
produced in amorphous and crystalline form. The most common way to produce high
molecular weight PLA is by the ring opening of lactide catalyzed by a metal. PLA produced
by this method is a racemic mixture of both L and D PLA (stereocenter is labeled in Figure 7-
red star). PLA is a hygroscopic thermoplastic; it can undergo degradation with elevated
humidity and temperature. PLA has a glass transition temperature of 40-70°C and a melting
point of 130-180°C. Various degrees of degradation at 210 and 240°C have been reported [11],
and the rate of degradation was high at 240°C. Moisture has a strong effect on degradation at
210°C.PLA undergoes thermal degradation, scission of bonds, and results in weight loss which
has an effect on mechanical and rheological properties [12, 13]. It is worth noting that the extent
of degradation also depends on other factors ranging from molecular weight to particle size.
Commercially available PLA filaments are printed at 180-220°C at which it can react with
water, if present, and cause discoloration and degradation, which might affect the end product
mechanically. Amorphous PLA is soluble in most organic solvents, while crystalline PLA is
soluble at elevated temperatures. PLA has a high tensile strength of 48-52 MPa, a tensile
modulus of 3500 MPa, and good heat salability but tends to be brittle.

PVA is a hydrophilic, water soluble, biodegradable thermoplastic polymer (Figure 7). PVA is
synthesized by the hydrolysis or alcoholysis of poly(vinyl acetate) (PV Ac) due to the instability
of its vinyl alcohol monomer. It can be produced in two types: partially hydrolyzed or fully
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hydrolyzed and can reach up to 99% hydrolysis. It has been used in the medical and industrial
sectors, as PVA is biocompatible due to its low toxicity and minimal cell adhesion to its surface.
The molecular weight of PVA depends on the molecular weight of the PVAc and can vary
from 20,000-400,000 g/mol which affects the properties of PVA. When PVA has a molecular
weight of 75,000-81,000 g/mol and is 98-99% hydrolyzed, it has a tensile strength of 17 MPa,
and a tensile modulus of 1470 MPa [14]. PVA with a molecular weight of 146,000-186,000
g/mol when 98-99% hydrolyzed has a tensile strength of 51 MPa and tensile modulus of 443
MPa. PVA being soluble in water makes it suitable as support material for printing complex
objects by forming a support structure. Initially, PVA rafts can be printed or dual extrusion
printing techniques can be used to fill voids or intricate fine details during the print. The
finished object can then be immersed in water to dissolve the PVA and leave the other extruded
polymer in place. Rubber-elastomer filaments made of PVA with another polymer, sold under
name of “Lay-felt”, are commercially available to produce micro-porous objects as end
products by immersing printed objects in water.

PCL (Figure 7) is polymerized from a caprolactone (a five member ring cyclic ester) monomer
by ring opening catalyzed by stannous octoate. PCL is hydrophobic and soluble in chloroform,
carbon tetrachloride, cyclohexanone, benzene, and toluene. PCL biodegrades in the presence
of microorganisms. It has a low glass transition temperature of -60°C [15], which makes it less
brittle than other polymers with glass transition temperatures above room temperature. It also
has a low melting point of 59-64°C with the advantage of low processing temperatures
especially when mixed with other materials to form composites.

OH

FLA PvA PV A-co-PV Ac

rCL

Figure 7. Structures of PLA, PVA, PVA-co-PVAc, and PCL.
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3. Carbon nanotubes

Carbon nanotubes are known for their mechanical, electrical, and thermal properties, which
initially makes them a suitable candidate to integrate into 3D printing polymers. MWCNTs
have structural defects which provide suitable nucleation sites that allow for strong interac-
tions with polymers [16] and for cross-linking and functionalization [17-19]. A homogeneous
dispersion of carbon nanotubes in polymeric solutions are essential if they are to be used for
enhanced CNT based filaments. The familiar problem of the aggregation of CNTs can be
detrimental to FDM, possibly causing blockages at the nozzle and flux instability while
printing, so research has focused on determining the concentration of CNTs that would surpass
the percolation threshold (the transition between an insulating and conductive polymer) while
maintaining the parameters for 3D printing.

The theoretical concentration of carbon nanotubes required to reach the electrical percolation
threshold for a CNT/Polymer composite can be obtained, as a first step, by the use of the power
law:

oo (p—p,)

where 0o is the electrical conductivity, ¢ is the MWCNT volume concentration in the nano-
composite, @, is the critical MWCNT volume concentration at electrical percolation, and a is
a critical exponent [6]. A comprehensive table of percolation thresholds for CNTs in polymer
matrices was assembled by Bauhofer et al. [20]. It was also noted by Bauhofer that there were
conflicting results concerning the dependence of the percolation threshold on the aspect ratio.
The excluded volume analysis conducted by Celzard et al. showed that the percolation
threshold of a fiber suspension would decrease when the aspect ratio increased [21]. Research
by Bai et al. demonstrated a decreasing set of values for the percolation threshold when the
CNT length increased [22]; however, Martin et al. [23] found an increasing percolation
threshold when the CNT length increased. This problem can be reconciled by considering the
type of percolation thresholds. Bai et al. possibly obtained statistical thresholds while Martin
et al. acquired kinetic percolation. This is important to know as theoretical analyses reported
tend to ignore the movement of filler particles and only seem to predict the dependence of the
statistical percolation threshold on the filler aspect ratio.

Ultrahigh molecular weight polyethylene (UHMWPE) has been processed with MWCNTs and
extruded to produce filaments [24]. However, it is not feasible to produce UHMWPE filaments
by conventional extrusion due to the high Weissenberg effects [25] that would likely affect the
flux during extrusion both for filament production and 3D printing. An alternative would be
to use the gel-spinning technique [26] in which the polymer is dissolved and spun. The addition
of MWCNTs can be problematic as they tend to aggregate during the solvent evaporation
stage, but the problems were addressed by using a range of techniques including sonication,
melt mixing, and extrusion [24].
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The compatibilization of a polymer is simply the addition of a material to immiscible blends
of polymers resulting in an increase in stability. Compatibilized polyolefin rubber is an
example of a composite that can be made conductive by the addition of carbon nanotubes [27]
or graphene. The percolation threshold has been widely studied with carbon nanotube systems
[28, 29]. The study of PC, ABS, and MWCNT composites confirmed that localization of
MWCNTs changes from the ABS to the PC phase when the rubber content was reduced from
60 to 5% [30]. At low concentrations of rubber, MWCNTs localized in the PC phase resulting
in an increase in conductivity and a low percolation threshold of around 0.5-1 wt% [28].

Ternary systems could be an important framework for developing advanced 3D printing
materials. With the ternary mixture of PCL, PLA, and MWCNT, it has been shown that the
localization of carboxylic functionalized nanotubes can be identified at the PCL phase and at
the phase interface. When the MWCNTs are not functionalized, they can only be located at the
PCL phase resulting in an elevated percolation threshold. Ternary composites exhibit con-
ductivities that are 3-4 orders higher than binary composites when the MWCNT content
reaches 1 wt% [31]. Potschke et al. developed a method to mix MWCNTs into thermoplastic
matrices of PC and polyamide-6 (PA6) by melt blending the PE based masterbatch with high
MWCNT loading. This improved the CNT dispersion in PC and PA6 and also reduced the
percolation threshold [32]. In general, there are many strategies that can be applied to the
mixing of CNTs with polymers.

Postiglione et al. reported the assembly of conductive 3D structures using a PLA/MWCNT
nanocomposite using liquid deposition modeling (LDM) with dichloromethane (DCM) [6].
They reported a percolation threshold concentration of 0.67% with a conductivity of 10 S/m,
and the highest conductivity was obtained with 5 wt% MWCNT with 100 S/m. Postiglione
found that at a composition of 35% PLA in DCM with 1 wt% MWCNT, the rheological effects
prevent the extrusion through the 3D printer as a higher pressure from the extrusion assembly
would be required. Nanocomposites made from 25 wt% of PLA in DCM with 1 wt% MWCNTs
can be printed out at a lower shear stress with a higher shear rate (1-50 s*) when compared to
30 wt% PLA in DCM with 1 wt% MWCNTs (shear rates 5-11 s™). Although the 25 wt%
PLA/CNT mixture prints at a higher speed, a better resolution product was obtained using a
30 wt% PLA/CNT mixture at 10s” and a low speed of 0.1 mm s™.

Grafting of single wall carbon nanotubes SWCNTs to poly(L-lactic acid) has been investigated
[33] but so far MWCNTs are dominant, possibly due to their increased metallic character.
However, Vatani et al. reported the fabrication of a highly stretchable sensor by dispersing 1
wt% SWCNT (average diameter 1.5 nm, length 1-5 micrometer) in a matrix of a blend of two
photocurable monomers (cyclic trimethylolpropane formal acrylate and acrylate ester) [34].
The monomers/SWCNT composite was printed using direct writing into a polyurethane
substrate on which the monomers were photo cured. The wires sustained strain up to 90%
elongation and resistivity change increased proportionally with the strain.

3.1. Delivering on the hype

Itis well known that the advent of carbon nanotubes caused a flurry of interest with researchers
over how these nanoscale tubes could change the way we live. While it is easy to lead research
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by conjecture, once a plateau is reached, the refinement of the field begins. What we are seeing
now is the development of stronger and highly efficient carbon nanotube based composites
that, without the fanfare, are making their way into products.

An article in Chemical and Engineering News [35] highlighted the difficulty in working on the
tield of carbon nanotubes. Phaedon Avouris, a member of the American Academy of Arts and
Sciences and an expert in the field of carbon nanotubes and graphene said when scientists
work on new materials, there is a rush to characterize it, publish papers in prominent journals,
and then move on to a different material, “We're left with a lot of unfinished work and
unproven claims”. Although a fundamental understanding of the research topic may be
achieved, few people are determined to solve the problems that facilitate the transition to
applications.

Production capacity of multi-walled tubes has peaked with Timesnano and Showa Denko,
each producing over 2500 metric tons every year, but demand is still growing with conductive
adhesives and fire retardant plastics leading the requests for applications [35]. In 2015, over
400 metric tons of multi-walled carbon nanotubes were used for conductive polymer compo-
sites with estimates reaching 1700 metric tons by the year 2020. It is possible that this may
increase further as carbon nanotubes continue to transition into additive manufacturing.

Mihail Roco, the senior adviser for nanotechnology at the National Science Foundation (NSF)
said that carbon nanotubes form a component of nanotechnology. “Components are essential
in advancing nanoscience, but they’re not the end goal in applications.” The NSF intends to
advance toward the goal of building nanotech systems that provide answers to problems in
industry and other areas. Carbon nanotubes have steered researchers toward the development
of prototypes, and will continue to promote innovation over the next decade. Roco also said,
“Carbon nanotubes focused attention on understanding matter at the nanoscale, on making
new tools, on performance, on how to create groups that could cross disciplines”. This shows
that beyond the hype, the legacy of carbon nanotubes for nanotechnology may prove to be an
important milestone.

3.2. Commercial carbon nanotube materials for 3D printing

3DXTech is a company that provides filaments containing carbon nanotubes. Their 3DXNa-
no™ ESD ABS filaments (containing MWCNTs) are available with diameters of 1.75 mm and
2.85 mm. The filament is tailored toward applications that require electrostatic discharge
(ESD). The filament is produced using MG-94 Premium ABS and mixed with MWCNTs, and
process/dispersion modifiers. 3DXTech state that the Tensile strength is 42 MPa in comparison
to 41 MPa for the unfilled ABS. The surface resistance for ‘3DXNano™ ESD ABS’ is 107-10° Q.
An extrusion temperature of 220-240°C with a FDM platform temperature of 100-110°C s also
suggested.

Nanocyl are one of the worldwide leading experts in CNT based materials, producing research
and industry grade carbon nanotubes. One of their product lines, PLASTICYL™, is a collection
of carbon nanotubes thermoplastic concentrates for applications requiring electrical conduc-
tivity with good mechanical properties. The concentrates contain 10-20% of carbon nanotubes
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and are available in a diverse range of thermoplastic resins, including PC, PP, PA, PET, HDPE,
and others. Although these enhanced thermoplastics were not specifically aimed at the FDM
sector, they have a formulation that makes them applicable, subject to the temperature range
of the extruder. PLASTICYL™ can be used in many applications and a surface resistivity range
of 1-10" (), and the typical loading for static dissipative applications are around 2-3% of CNTs
in the final compound. The conductivity can be tailored for a given loading of CNTs, depend-
ing on the compounding conditions, and the viscosity of the basic resin. Nanocyl optimizes
the dispersion of CNTs in a wide range of thermoplastics with the PLASTICYL™ range
(www.nanocyl.com).

F-Electric is a PLA-based filament produced by ‘Functionalize’ that incorporates carbon
nanotubes. F-Electric is one of the best conductive 3D filaments available on the market with
a 0.75 Qecm in volume resistivity. Table 1 shows some of the commercially available carbon
nanotube based materials.

Company Product

3DXTech 3DXNano™ ESD ABS + Carbon Nanotube Filament

3DXNano™ ESD PETG + Carbon Nanotube Filament

Functionalize F-Electric Functionalize F-Electric filament (PLA & Carbon Nanotube)
Filabot MWCNT1 Multi Walled Carbon Nanotube Pellets
Cheap Tubes Inc. Carbon Nanotube Masterbatches CNT-ABS-10
Nanocyl PLASTICYL™ ABS 1501*
PLASTICYL™ HIPS 1001
PLASTICYL™ PC 1501

PLASTICYL™ PP 2001

Table 1. Companies that provide filaments and pellets containing carbon nanotubes.

3.3. Filament production

Consumer 3D printers are perfect for creating replacement parts and tools, and supporting
learning from K-12 to higher education, but the process can produce a lot of waste from failed
prints, supports, and rafts. Recycling these materials can be highly effective in reducing the
costs of printing. Crowdfunded initiatives have been the main driving force in producing
filament reclaimers with products such as the Filastruder (filastruder.com) and the Filabot
(filabot.com) range of extruders and accessories. The process of reusing filaments is further
complicated by the need to break down the waste so that it can be successfully channeled
through a feed screw through to the melting chamber (surrounded by a heater) as shown in
Figure 8. Extruded filaments can be collected on automated systems such as the Filabot
Spooler, allowing the spool to be detached and connected to a 3D printer when completed.
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Figure 8. Diagram of a filament maker and a picture of the ‘Filabot — Original” used for producing filaments by FDM.

Graphene exhibits a range of exceptional qualities including flexibility and conductivity. 3D
printing filaments augmented with graphene have the potential to enhance the manufacturing
process of strong conductive composites. There are many applications of these carbon
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nanostructured additives in 3D printer filaments including sensors, trackpads, electromag-
netic, and RF shielding.

4. Graphene

Graphene has been rising in popularity as a material that would revolutionize electronics;
fortunately, graphene has safely passed the peak of overestimated expectations and is now
settling on some novel applications. Graphene has many interesting properties such as low
resistivity, excellent thermal conductivity, optical transparency, and high electron mobility.

There are only a select few companies that have produced graphene enhanced 3D printing
materials, including Angstron Materials and Graphene 3D Labs (Table 2).

Company Product

Black Magic 3D Conductive Graphene Filament

Conductive Thermoplastic Graphene/PLA Pellets

Filabot Graphite Infused Filament— ABS Based
Angstron Materials Graphene Enhanced Nanocomposites—PP, PC, ABS
Graphene 3D Lab GRAPH-PLA (Graphene/PLA Pellets)

Table 2. Commercial graphene or graphite infused 3D printing materials.

4.1. Polymer integration

The use of graphene in 3D printing started with the Canadian company Grafoid, resulting in
the product MesoGraf, which is produced from raw, unprocessed graphite ore in a one-step
process. It is envisaged that the use of graphene in 3D printing will aid in conductivity and
strength. Grafoid worked with Altamat to construct a facility to produce MesoGraf graphene-
based powders and filaments for 3D printing, and Grafoid intends to supply a diverse catalog
of MesoGraf-based powders and filaments to aid companies with additive manufacturing
processes to produce their end-product prototypes and end-user products.

There are some limitations with current 3D printing technology, especially when attempting
to produce filaments with advance functional materials such as metals, graphene and carbon
nanotubes. Problems may be associated with the size of particles and temperature variations
of the constituents within a polymer matrix.

Research is still ongoing into making FDM more applicable to producing advanced functional
3D printed materials in Dr. Acquah’s research group at Florida State University. The research
group is using a combination of graphene-enhanced and carbon nanotube-enhanced 3D
printing materials to tailor the properties. Research is also focusing on modifying polymers
with graphene [36]. Although graphene has also been referred to as a remarkable material,
homogeneous mixtures of graphene and polymers are essential to exploit the unique proper-
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ties [37]. Wei et al. [38] stated that the major problem confronted by graphene composites was
that of phase separation between graphene sheets. They addressed the problem with the use
of graphene oxide (GO) to substitute graphene as the additive. GO contains oxygenated
functional groups on its basal planes, which may assist graphene’s dispersion in polymer
phases [38].

et

Figure 9. Graphene infused PLA pellets and 1.75 mm filaments.

Graphene 3D Labs is working on 3D printable batteries incorporating graphene, with the
potential to surpass current commercially available batteries. They demonstrated a prototype
battery in 2014 and the following year launched conductive graphene filaments for 3D printing.
The filaments and pellets (Figure 9) contain highly conductive proprietary nanocarbon
materials with PLA. Both the filaments and pellets extruded through a filament-producer are
compatible with commercially available FDM printers. The volume resistivity is listed as 1
Q)ecm which provides an excellent starting point for 3D printed circuitry and capacitive touch
Sensors.

Research by Seung Kwon Seol of the Korea Electrotechnology Research Institute has demon-
strated a process that is capable of 3D printing pure graphene nanostructures [39]. This
achievement marked the first time graphene has been printed by itself without being used as
the additive. The research available in the journal “Advanced Materials” shows potential for
expansion once the challenges such as reducing the size of the extruded material and increasing
the yield are addressed.

5. Carbon structured additives

Carbon Nanotubes and Graphene are some of the popular choices as additives for 3D printing,
but carbon black (CB) and carbon fibres are unique carbon structured additives that have an
extensive history in manufacturing, tailoring the properties of composites for electronic
applications, and structural reinforcement respectively.
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5.1. Carbon black

CB is soot-like in its appearance but differs from soot at the molecular level. CB is produced
from the incomplete combustion of heavy petroleum products such as coal tar. As such, it is
readily available and inexpensive. It is considered one of the most popular conductive
additives because of its low cost and chemical stability [40].

A conductive thermoplastic composite called 'carbomorph’ which can be extruded through a
consumer 3D printer has been produced [15]. In this work, Leigh et al. reported on the 3D
printing of a piezo-resistive sensor from a composite of PCL with 15 wt% of CB as filler. Leigh
stated that the transition from insulating to non-insulating behavior for composites with
conductive filler is generally observed when the volume concentration of filler reaches a
threshold of around 25% [41]. However, their decision to use 15 wt% CB was based on
optimization, considering the thermal and rheological parameters required for successful
printing. The thermoplastic polymer selected for the composite was the polymorph PCL.
Bending the sensor resulted in a change of resistivity of 4%. The conductivity of the printed
tilament made from the PCL/CB composite was 11.1 S/m, which falls within the range of semi-
conductors.

Resistance was tested using 5 mm cubes of carbomorph by two-probe measurements with the
two opposite cube faces (painted with silver conductive paint). The resistivity of the composite,
in-plane with the layers, was 0.09+0.01 ohm m—! and perpendicular to the layers, the resistivity
was 0.12+0.01 ohm m-". This is a significant observation as the reduction in the resistivity of
25% from the perpendicular to parallel orientation is a feature that needs to be considered for
the next generation of functional composites. The plane of the layers of the printed filaments
provides an unperturbed conductive pathway between the electrodes, while perpendicular to
the layers, the conductive pathway depends upon the connection between successive layers.

Lenstruciune cartan black High-atruclung carborn bisck

o

Figure 10. Low-structure and high-structure carbon black. Figure adapted from Balberg [42].
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Work by Balberg into the electrical phenomena in CB-polymer composites looked at the
difficulties in establishing the percolation threshold for the incorporation of CB into polymers
[42]. While he noted that previous studies in his reviews had explained the electrical data
within the confines of inter-particle tunneling conduction [43] and/or that of classical
percolation theory, the observations were far more convoluted. He noted that for different
types of CB, the same volume percent of the CB phase in the composite produces different
values for the resistivity [44, 45]. By investigating the characteristics, Balberg stated that the
values of the (apparent) percolation threshold and the (apparent) percolation critical
resistivity-exponent depended strongly on the particular type of CB. The particles could be
treated in terms of how spherical-like they look, with more spherical CB particles termed ‘low-
structure’” CB, in comparison to ‘high-structure’” CB. Figure 10 shows the closely packed
network of spheres representing the low structure in a polymer composite with nearest-
neighbor tunneling. The black spherical structures are the CB particles, and the blue shells
represent the tunneling distance. The nearest-neighbor connections (black lines) indicate the
dominant conducting elements that result in percolation-like behavior. Figure 10 also shows
a high-structure CB polymer composite. The distances between the nearest inter-particle
surfaces have a narrow, non-diverging distribution of the tunneling-resistor values in the
network.

PLA filaments with CB as an additive are commercially available (Figure 11). Proto-pasta offers
filaments that have a volume resistivity of 15 (QJecm, resulting in 3D prints that are 30 Qecm
perpendicular to the layers, and 115 Qecm through the layers.
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Figure 11. Conductive PLA 1.75 mm filament containing carbon black.
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5.2. Carbon fiber

As a stalwart of modern engineering, carbon fibers are an important part of reinforcement in
composite materials. Properties such as low weight, high tensile strength, and low thermal
expansion are some of the advantages of incorporating these fibers in composites. One of the
known limitations of FDM is the low transfer of strength in the printed composites, but the
use of carbon fibers in 3D printing is an important step toward creating high strength com-
posites. Ning et al. reported printing out parts from an ABS/carbon fiber composite with
different percentages by weight. The highest tensile strength reported for a 5 wt% composite
of carbon fibers in ABS, printed using FDM was 42 MPa [46]. The tensile strength dropped as
the percentage of carbon fiber increased to 10 wt%. The ductilities of all composites were less
than the pure ABS. The 7.5 wt% carbon fiber composite had the largest value for the Young’s
modulus. The reduction in the tensile strength and ductility of composites exceeding 10 wt%
was due to the higher porosity of those composites.

A new start-up, MarkForged Inc., has been working on improving the integration of carbon
fibers. The company has developed a new printer which uses two separate print-heads. The
first head dispenses a polymer such as nylon or PLA, while the other dispenses a carbon fiber
tow which is a coated thermoplastic. As the carbon fiber can be introduced during any part of
the print process, composites can be produced without reinforced sections. MarkForged
reported that tests demonstrated that the parts produced were stronger than 6061-T6 alumi-
num.

Carbon fiber filaments are also offered by Proto-pasta with fibers mixed with PLA. Proto-pasta
states that the abrasive nature of the filament may cause the extrusion nozzle to fail prema-
turely.

6. Discussion

Additive manufacturing is a multi-disciplinary field that encompasses many aspects of
chemistry, physics, and engineering in a manner not so dissimilar from its nanoscale counter-
part, in the field of nanotechnology. The two areas of development that steer advances are the
composition of the next generation of filaments, pellets, and resins for printing; and the
equipment used for filament production. One of the most important examples of the level of
advancement in both areas is the 3D printing of bio-inspired materials. Kang et al. recently
produced life-sized body parts and tissues with living cells acting as the printing materials.
The parts were stable enough to be used as viable replacements that could be tailored to
individual needs rather than generic replacements [47].

One of the limitations of consumer thermoplastic extrusion is the temperature range of the
extruder assembly. While entry level printers were designed to work with ABS and PLA
filaments, this meant that the nozzle temperatures were only required to reach 230-240°C. The
latest generation of extruders such as the E3D V6 hotend are capable of high temperature
extrusion up to 300°C and 400°C when the thermistor is exchanged for a thermocouple. These
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temperatures are essential for multi-material filaments that may require elevated tempera-
tures, and polycarbonate and nylon based filaments. The high temperatures would also create
additional problems with mixed materials. Polymers may degrade at higher temperatures and
the carbon nanostructured additives may cause unfavourable results during extrusion.
Stratasys offer a proprietary product called Digital Materials which are a range of several
hundred combinations of PolyJet base resins. The Objet260 Connex 3D printing platforms use
the PolyJet resin and are capable of depositing three materials with a layer thickness of 16 pm.
The build resolution is 600 dpi on both the X-axis and Y-axis, and 1600 dpi on the Z-axis.

The difficulty in producing mixed material filaments with carbon nanostructures, and the
additional problems associated with the rheology and flux during FDM extrusion may be
addressed by a move toward other additive manufacturing techniques such as the PolyJet
system. Carbon nanotubes, graphene, and CB have been explored as additives for SLS [48—
50]. The main issue again is creating a homogeneous distribution of the carbon nanostructures,
but this can be achieved by simple mixing techniques. Paggi et al. reported on the process for
the optimization of PA12/MWCNT nanocomposites by SLS [48]. They described a procedure
for dispersing the MWCNT powder initially in chloroform using ultrasonic techniques for one
hour. They added the polyamide powder to the suspension and continued mixing on a
magnetic stir plate for 50 min to homogenize the solution. After a filtration process with a
cellulose filter, the mixture was washed with acetone and placed in an oven at 80°C for four
hours. Rotary blades were then used to homogenize the final powder. A CO, laser (10 watts)
with abeam diameter of 250 um was used to fuse the powder. Pulsed mode was used to operate
the laser at 5 kHz and the average layer thickness produced was 200 pm.

The worldwide market for 3D printing, including the services sector, will likely increase at a
compound annual growth rate (CAGR) of 32.2% from 2014 to 2019 [51]. Some additive
manufacturing processes show good potential for growth from 2014 to 2019. The 3D stereoli-
thography sector is estimated to rise to $1.8 billion with a CAGR of 27.5%. PolyJet technology
will rise to a modest $334 million, but with a CAGR of 40.7%. FDM will almost reach $1 billion
with a CAGR of 30%, and SLS is expected to reach $504 million with a CAGR of 32.3%, so
development into additives for these industries will continue to be strong. The industry
segment focusing on services including design and development, manufacturing, and
equipment repair will contribute to 53% of revenues. BCC Research also estimates that
‘services” will reach $7.8 billion in 2019 with a CAGR of 31.4% from 2014 to 2019 [51].

The major advantage in this market is the high level of diversification in the technology and
applications. Advances in the design and function of 3D printers have catalysed the develop-
ment of multi-material filaments and printing techniques that overcome some of the limita-
tions of the durability of printed composites. 3D printing may also have a pronounced effect
on more traditional manufacturing processes, affecting many aspects from the design and
development of materials to the cost savings through the rapid production of custom parts.
For consumers, itis the potential to be able to print replacement parts for household appliances.
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7. Summary

Polymer composites with conductive fillers have the potential to be used in many areas from
engineering to consumer product development, with tunable properties that include elasticity,
durability, water wettability (hydrophobic/hydrophilic), and conductance.

The use of metal fillers in polymer composites have been reported [52], and although the ability
to print with conductive filler such as a metal is a clear advantage, the difficulty resides in the
processability of the composite which may affect the quality and resolution of the 3D object.
To reach a workable conductivity, the percentage weight of filler may need to increase, which
causes an increase in the density and viscosity of the composite. The addition of the filler affects
the rheological properties of the polymer. Metallic fillers are usually susceptible to oxidation,
and most of the conductive fillers used are in a 5-120 um diameter range, which can be a
challenge by itself causing blockages at the nozzle-opening of most types of FDM printers,
which typically have a nozzle diameter of 400 pum.

Carbon nanotubes as an additive for 3D printing are relatively new but an essential step toward
the production of mixed-materials 3D printing. Much of the work in this area has focused on
producing homogenous mixtures with PLA and ABS, with the goal of reducing the percolation
threshold for conductivity. Polyhydroxylated fullerenes may also be an important bridge
toward creating homogenous mixtures in polymers [53].

Graphene has been incorporated into filaments for FDM by a small but growing number of
commercial entities. Its incorporation into filaments and pellets has been marketed primarily
for their electron transport properties, as an improvement over CB based filaments.
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