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Abstract

Currently, the most common form of additive manufacturing is material extrusion 3D
printing (ME3DP) based on fused deposition modeling (FDM®) technology which relies upon a
thermoplastic monofilament as a base material for the fabrication of three dimensional objects.
The dependence on thermoplastics as a feedstock by ME3DP platforms limits the applicability of
this additive manufacturing method. A clear-cut path towards greater applicability is the
introduction of novel materials with diverse physical properties which maintain compatibility
with 3D printing platforms based on FDM® technology. The work in this paper presents efforts
in the development of polymer matrix composites (PMC)s and polymer blends based on
acrylonitrile butadiene styrene (ABS) and polycarbonate (PC), two thermoplastic materials
commonly used by FDM®-type platforms. Mechanical testing and fractography via scanning
electron microscopy (SEM) were the two main metrics used to characterize these new material
systems. Overcoming barriers to the manufacturing of these novel 3D-printable materials
systems is also presented.
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Introduction

The evolution of additive manufacturing (AM) from a tool used to rapidly create three
dimensional models into to a fully developed technique capable of fabricating multifunctional
devices has undergone significant advancements in recent years. One driving force of significant
innovation has been the hybridization of AM with other manufacturing techniques such as direct
write (DW) where conductive and insulating materials are deposited enabling the creation of
“structural” electronics. There are several examples of these novel electronic devices where DW
was combined with stereolithography (SLA); pushing the forefront of what is possible using AM
[1-5].

While such achievements help to advance the field of AM to greater heights in

applicability and benefit to society, 3D printing platforms must rely, for the most part, on “off
the shelf” material systems. For example, there is a large body of work pertaining to
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characterization of titanium alloys (typically Ti 6Al 4V) as used in electron beam melting (EBM)
and selective laser melting (SLM) [6-9]. So too are there many instances of the characterization
of acrylonitrile butadiene styrene (ABS) for use in FDM applications. However, by allowing a
given platform access to materials with a diverse set of physical properties, the possibility to
fabricate all-3D-printed, multi-functional structures becomes reality. One such example is the
Objet material jetting AM platform which can print either epoxy or elastomeric materials. This
enables the printing of objects with both flexible and rigid sections, and has led to the ability to
fabricate actuators and other objects which can take advantage of rigid and flexible members
such as mechanical actuators among others [10, 11].

The work presented in this paper demonstrates the development of application-specific
material systems meant for use in material extrusion 3D printing (ME3DP) platforms through the
creation of novel polymer matrix composites (PMC)s and polymer blends (PB)s. The new
material systems with three intended applications: 1) the application of ME3DP in
electromagnetic and electromechanical uses; 2) the application of ME3DP in austere
environments; and 3) the application of ME3DP itself. The third goal was geared towards the
development of materials which mitigate issues associated with ME3DP such as build
orientation-related mechanical property anisotropy— an issue documented in the use of nearly
every AM platform [12-24]— as well as aspects other such as surface finish.

The strategy employed by our group, to further the applicability of ME3DP, has been the
creation of PMCs and PBs based upon a known printable material such as ABS or polycarbonate
(PC). The common theme found between the fabrication of PMCs and PBs is the taking
advantage of the physical properties of two or more materials, which have been blended together
in some way.

In general, the equation describing a composite is typically given in terms of yield
strength:

0c = Vimom + Veroy, Q

where o; is the yield strength of the composite, Vi, is the volume fraction of the matrix( in our
case ABS or a similar thermoplastic), Vs, is the volume fraction of the reinforcing agent, on, IS
the ultimate tensile strength of the matrix and o is the ultimate tensile strength of the reinforcing
agent.

While there are several parameters of a material which can be tailored by polymer
blending, an example of blending two polymers in order to manipulate glass transition
temperature (T4) comes in the form of the Fox equation [25]:

1 _ X1 X2

)
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where x; and X, are the weight fraction of the individual polymers and T and T, represent the
glass transition temperatures of the two polymers in a blend. An example of a polymer blend
used in FDM is Ultem 9085 which is a blend of polyetherimide (T, = ~216 °C) and PC
(Tg=~147 °C). In this example, Ultem 9085 has a lower T, (~186 °C) compared to
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polyetherimide alone due to the addition of PC. As will be seen in this work various
representations of the rule of mixtures such as equations 1 and 2 are the lynchpin to increasing
the diversity in physical properties of 3D printable materials.

Experimental Procedure

All PMCs and blends were fabricated through the use of a Dr. Collin twin screw
extruder / compounder (Model ZK 25T, Dr. Collin GmbH, Ebersberg, Germany) which was
designed to fabricate a monofilament 1.75mm in diameter. Each material system necessitated
specific machine properties which can be found in previously reported work [18, 26].
Mechanical testing was carried out through the use of an Instron® 5866 tensile test machine
(Instron, Norwood, MA). Tensile test specimens were printed using a MakerBot Replicator
(MakerBot Industries, Brooklyn, NY) following dimensions specified in the ASTM D638-10
based on the Type V parameters [27]. Fractography was performed on the fracture surfaces of
tested specimens by analyzing micrographs obtained from a scanning electron microscope
(SEM). The SEM used in this study was a Hitachi TM-1000 Tabletop SEM equipped with a
backscatter electron detector and operating with an accelerating potential of 15 kV (Hitachi
High-Technologies Europe GmbH, Germany). As we were examining polymeric specimens, a
preliminary sputter coating with an Au/Pd alloy was necessary and carried out through the use of
a Gatan coating system (Model 682, Gatan, Inc., Pleasanton, CA).

Electromagnetic and Electromechanical Applications

Additive Manufacturing has proven to be
a key enabler for the creation of metamaterial
devices due to the ability to fabricate complex
anisotropic and spatially variant geometries
[28,29] as seen in Figure 1. The major
drawback to the use of AM in this application is
the electromagnetic (EM) properties of the
feedstock material, namely the dielectric
constant— which is ~2 to 3 for most
thermoplastics.  Analogous to increasing the
yield strength of a polymer through the addition _
of carbon or glass fibers, the dielectric constant  Figyre 1. 3D printed anisotropic
of a polymer can be increased through the  metamaterial [28].
addition of materials composites (metal oxides
for example) with a greater relative permittivity. Many equations have been developed to model
the dielectric constant of a mixture; one being the Maxwell Garnett equation [30]:

E—&q Eo—€&1
= 0o ) ()
£+2&1 Eot2&,

where ¢ is the permittivity of the mixture, & is the permittivity of the matrix, &, is the
permittivity of the additive material, and &, is the volume fraction of the additive material.
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Work by our group has dealt with the blending of ABS and PC with TiO; (e=50) in the
development of printable materials geared for EM applications. One problem encountered was
achieving dispersion of the additive within the matrix. We found it necessary to functionalize
TiO; in a process involving a Silane agent (purchased from Sigma-Aldrich) geared for either PC
or ABS which resulted in smaller agglomerations and better general dispersion (Fig. 2).

Another application which stands to befit from the availability of printable materials with
a wider range of physical properties is the 3DP printing of an electric motor (Fig. 3) as
demonstrated by Aguilera et al. [31]. Were the core of the motor to be printed from
ferromagnetic materials, the power of the motor would be increased. En route to achieving this
goal, we have developed printable ferromagnetic composites based on either PC or ABS (Fig. 3)
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Figure 3. a) The process of fabricating a 3D printed motor. From reference [31]. b) 3D-printable
ferromagnetic material which could be used to enhance the motor’s performance.

Applications in Austere Environments

In order for space-based and remote research outposts to effectively utilize ME3DP, the
implementation of a closed-loop manufacturing scheme is needed where printed parts can be
reprocessed into a 3D printer-compatible monofilament. This practice would enable more 3D
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printed structures from the same amount of base materials and allow for the reprocessing of short
lifespan or misprinted parts; requiring less material to be transported to a given production site.
However, a concern for such a material recycling process is the thermomechanical degradation
which will result in decreased mechanical strength [32].

There has also been significant investigation of the effect of additives on the
thermomechanical degradation of ABS. Here the additives investigated were ZnO nanorods,
TiO2 nanoparticles, and a palygorskite organo-nanoclay pigment marketed as MayaCrom® blue.
ABS-based PMCs created from each of the three additives were prepared and printed as tensile
test specimens. The specimens were tested, reprocessed into a monofilament, and then used to
print another second set of tensile specimens. The process was then repeated for two recycling
cycles. As can be seen in Fig. 4, the addition of 2% by weight ZnO nanorods demonstrated the
most promise in the reduction of thermomechanical degradation due to reprocessing.
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Figure 4. Results of thermomechanical degradation testing on ABS-based composites. Here ZnO
nanorods demonstrated the most promise in the mitigation of thermomechanical degradation.

Of particular interest to space-based manufacturing is the ability to print materials with
radiation shield capability. One metric to test this ability is testing of the transmittance of x-rays
through a material. The intensity of x-rays which pass (or are transmitted) through a material of
a given thickness, x, can be calculated based on the following equation [33]:

L, = Ioe‘(F)”", 4

where I, is the intensity of the x-rays before passing through the material and p is the density of
the material. The parameter% is known as the mass absorption coefficient and is pertinent to our

development of application-specific PMCs as it can be manipulated through mixing similar to
the other physical parameters discussed here as described by the equation [33]:
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where the subscript m denotes mixture, x; and x, are the mass fractions of substance 1 and
substance 2. It should also be noted that density plays a large role in the blocking of x-ray
transmission as indicated by equation 4. In our case we chose to improve the x-ray impeding
capability of PC through the addition of tungsten powder and a simple model to describe the
density of our composite can be expressed by the equation:

m

Pc = X1p1 T X202, (6)

which essentially demonstrates the manipulation of a PMC through the addition of dense
material. Indeed it has been shown that even small amounts of tungsten can have a profound
effect on the ability to block x-ray radiation transmission. Figure 5 shows the difference in x-ray
transmission between 3D printed plates fabricated from PC and PC/ W PMCs loaded with 1%,
3% and 5% by weight tungsten, respectively.
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Figure 5. a)The ability to tailor the amount of x-ray transmission based on tungsten loading and
b) 3D printed impact test specimens made from the same materials.

Materials for the Application of 3D Printing

As mentioned before; currently, the vast majority of manufacturing based on 3D printing
relies on traditional or “off the shelf” material systems. While there are examples of the
development of novel materials geared towards the 3D printed fabrication of novel devices, there
remains a need for the development of materials geared specifically for 3D printing.

The development of 3D-printer-specific material systems should be directed towards
those that mitigate issues associated with a given 3DP process. As mentioned before, an issue
encountered by nearly every AM process is mechanical anisotropy based on build orientation.
Initial characterization of the effect on additives on build orientation anisotropy was presented in
Torrado Perez et al. [18] where a blend of ABS and 5% by weight styrene ethylene butadiene

519



styrene (SEBS) was shown to decrease the difference in ultimate tensile strength (UTS) between
samples printed in the XYZ and ZXY directions.

Further development of binary and ternary ABS-based PBs has been presented by
Rocha et al.[26] where it was shown that a ternary blend of ABS, ultra-high molecular weight
polyethylene (UHMWPE) and SEBS in a by weight ratio of 75:25:10 was shown to be able to
print smoother inclined planes as compared to ABS alone. Analysis via scanning electron
microscopy (SEM) revealed that the rheology of this ternary PB led to an intermingling of the
print rasters as seen in Figure 6. The rheological differences altered the deposition
characteristics as compared to ABS and allowed for the printing of smoother planes.
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Figure 6. SEM images of cross sections of a) ABS, b) ABS:SEBS 50:50 blend and c)
ABS:UHMWPE:SEBS 75:25:10. Note the differences in print rasters. From [26] d) Corresponding
surface roughness data from a test piece described in Rocha et al. [26] showing the ability of
these novel blends to print smoother inclined planes.

The same blend has also proven to be an enabler for the improvement of anisotropy by
decreasing the difference in UTS between samples fabricated in the XYZ and ZXY print
directions [34] as is demonstrated in Figure 7. The reason for this decrease was shown to be due
to the intermingling between print rasters as seen by the cross sections in Figures 6 and 7 and the
fracture surfaces in Figure 8. While this blend does experience a dramatic decrease in UTS, as
compared to ABS, it stands as a step towards the development of a material system geared
specifically at mitigating an issue inherent to AM.
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Figure 7. The rheological differences of the ternary blend as compared to ABS obscure the print
rasters leading to a decrease in build orientation-caused mechanical property anisotropy [26, 34].
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250um
Figure 8. The intermingling in print rasters is also apparent on the fracture surfaces of tensile test
specimens printed in different orientations from [34].

Conclusions

The work presented here demonstrates research efforts geared towards the development
of 3D printable materials which are intended for specific applications involving material
extrusion 3D printing. Through the development of novel polymer matrix composites and
polymer blends, new materials have been fabricated which can be applied to: 1) 3D printing of
electromagnetic and electromechanical components; 2) 3D printing in austere environments; and
3) material extrusion 3D printing. The strategy of utilizing known printable base materials has
aided in maintaining printing compatibility with material extrusion 3D printing platforms.

Materials characterization efforts based on mechanical testing and SEM microanalysis
have provided insight into the dispersion of additives, the rheological behavior of new material
systems, and the fracture morphology. This information is critical in building a knowledge base
for the development of new thermoplastic material systems for 3D printing. While the advances
towards the creation of all-3D printed electronic, electromechanical, and electromagnetic devices
will continue, the development of novel material systems remains a critical enabler for the future
of additive manufacturing.
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