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Abstract

This project investigated the novel fabrication and properties of polymer-metal composites
(PMCs) using 3D printing (fused filament fabrication—FFF). Mechanical and physical properties
of acrylonitrile butadiene styrene (ABS)-stainless steel PMCs (with 5,10,15, and 23 wt% stainless
steel powder additions) were generated and compared with those of the base ABS. Tensile testing,
dynamic mechanical analysis, differential scanning calorimetry, optical microscopy, and scanning
electron microscopy were employed to characterize all materials/conditions. A new methodology
to fabricate the composites was first developed. The resulting materials were then extruded into
PMC filaments, which were further used to print tensile specimens. Controlling printing
parameters, deposition layout and orientation were systematically investigated in order to optimize
the process (minimize porosity and enhance homogeneity and interlayer bonding) and improve
materials' properties. The results demonstrate feasibility of using 3D printing to create PMCs with
increased functionality (magnetic and conductive properties), while preserving or enhancing their
mechanical properties.



Executive Summary

Many have tried to blend polymers and metal powders together, yet failed to create a
composite mixture worth pursuing. In order to change this, a novel process was created for
producing such composites. A composite mixture was chosen to be of acrylonitrile-butadiene-
styrene (ABS) and 420 stainless steel (SS) particles at varying SS concentrations suspended in the
ABS matrix. The aim was to create composites of ABS and SS particles with great homogeneity.
Achieving this allowed for production with an easily controllable material, with hopes of bringing
ABS to a more structural stage.

The process for creating our composites began with dissolving ABS pellets in acetone.
Once the plastic dissolved, metal particles were added and the solution was mixed. The solution
had to have a viscosity that would allow for uniform dispersion. If a solution was to thin, the metal
particles would sink to the bottom and it would be difficult to mix. After the material was mixed,
it was put on foil and dried. An oven was then used to get the acetone to evaporate.

The next step was the fragmentation and extrusion process. The fragmentation process for
the dried material was done manually, the plastic was cut into pieces small enough to go through
the extrusion process. It was determined that putting filament into the extruder more than once
decreased porosity and increased dimensional accuracy. The next step was using the filament in a
Hyrel 30M 3D printer. There were many parameters of 3D printing that was taken into
consideration during this project. In order to make sure that tensile bars were having similar
thermal behaviors in between layers, a thermal camera was also used. This was to ensure that a
printed layer had time to cool, but was still hot enough to bond with the next printed layer. The
final step was tensile testing. The tensile bars that were printed were pulled with an Instron
machine. We were able to determine tensile strength, ductility, and young’s modulus from this
experiment.

There are many printing parameters explored for manufacturing the tensile bars. The plain
ABS was optimized before the composite. Preliminary studies were performed on the print and
fan speeds as well as the layout of the tensile bars in the build chamber. The primary focus was on
stainless steel weight percent, filament uniformity, print orientation, and raster orientation.

The weight percent of stainless steel in the ABS was varied between 0 and 23 weight
percent, and the particle distribution in these composites was observed to be uniform. The filament
uniformity refers to both the diameter of the extruded filament and the absence of porosity in the
filament. The print orientations were two consistent variables: half of the bars tested were printed
vertically and the other half horizontally. The raster orientation was the final parameter: how the
infill pattern of the bar is printed. Half of the bars were made with 0/90° raster orientations (rotating
90° on adjacent layers) and the other half was made with -45/45° raster orientations. All of these
parameters were thoroughly explored to improve the fracture surfaces. Initially, the fracture
surfaces established the weak interlayer and infill bonding and many voids. The optimized fracture
surfaces were much improved; showing no voids and strong bonding.



Optimizing our processes up through printing resulted in materials that had average
mechanical properties 40% greater than found in previous literature. Having a high Ultimate
Tensile Strength (UTS) is important for a material to act better structurally in different situations.
This project was able to preserve the properties of the base material in our ABS-SS composites of
10 through 15 weight percent.

It was found that the process of 3D printing affected the percent elongation (ductility) of
our material. The vertically oriented bars experienced on average a 76% decrease in ductility
compared to the horizontal print orientation. This can be attributed to the fact that a vertically
printed bars when tensile tested are subject to a force that is normal to the printed layer plane.
ABS-SS composites of SS concentrations 10 and 15 wt% showed an increase in elastic modulus
compared to the raw ABS prints. This increase then changed to a decrease at a SS concentration
of 23 wt% (ultimately decreasing by 10%); which shows a potential inflection point where the SS
concentration in ABS starts to drastically decrease from original properties.

Differential scanning calorimetry was used to observe and compare the thermal behavior
of the different materials. Heating and cooling runs on this test reaffirmed the homogeneity of our
materials because of the uniform phase transitions. The amount of SS particles in the material
lowered the shift in heat capacity after the glass transition temperature.

The composite with thermal behavior closest to plain ABS was the 15% PMC. This also
corresponds to the 10 and 15% composite results that had a UTS within 4.4% of the plain ABS.
This means that we were able to achieve a composite that had similar mechanical and thermal
properties to ABS which is a very promising result.

Dynamic mechanical analysis is a process executed to understand the viscoelastic behavior
of the materials as a stress is applied. As seen in the graph, the raw ABS and the 10% ABS behaved
the same in the testing and therefore the 10 weight percent SS was the most effective in maintaining
the properties of ABS while also having a filler.

Overall, by using a thermal camera a g-coded printing process was created to produce print
specimens with unprecedented mechanical properties and very low filament porosities.
Furthermore, being able to create a polymer-metal composite with mechanical properties that rival
a print of the plain base material opens many doors to research on this topic. Having composite
materials of similar properties means they can be used in various situations for their now added
functionality.

This project can be used as a first step into research for 3D printing composite materials
with enhanced properties and functionality. Composites with different metal powders and different
weight percentages could yield more unique properties. Functionalizing powders could lead to
metal particles that achieve better bonding with the polymer matrix.

Exploring these fields could lead to materials with increased thermal and electrical
conductivity. Enhanced mechanical properties and even magnetic properties can be achieved.
These materials could have customizable characteristics for applications in prototyping and much
more. Through this project’s success, there is the potential for composite functionality within
additive manufacturing for structural applications.
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Introduction

Additive manufacturing (AM), a form of rapid prototyping, offers many advantages
including reduction of cost and time, a product development cycle, and the possibility of creating
shapes that are difficult or impossible to machine. These advantages have led to the use of AM for
aircraft and aerospace applications as well as architectural modeling and medical applications [1].
The growth of rapid prototyping can be shown in Figure 1.
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Figure 1: Growth of rapid prototyping [2].

Due to increased industrial interest in AM, research has focused on finding more
applications, developing new materials, and improving the processes of fused filament fabrication
(FFF) [2]. FFF additive manufacturing uses melted or softened materials to produce each layer
while printing. A depiction of FFF can be found in Figure 2.

Filament is led Filament spool
to the extruder

The extruder uses torque
and a pinch system to feed
and retract the filament
precise amounts.

A heater block melts the
filament to a useable

temperature.
The heated filament is forced

out the heated nozzle at a
smaller diameter

The extruded material is laid down
on the model where it is needed.

The print head and/or bed is moved
to the correct X/Y/Z position for placing
the material

Figure 2: FFF representation [3].
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The common materials used in FFF are acrylonitrile butadiene styrene (ABS), polylactic
acid (PLA), nylon, and various glass filled nylons. Within this project, ABS is used for different
purposes. ABS is the most common polymer in FFF due to its average mechanical properties. This
makes ABS an excellent choice for models and prototypes. ABS is a versatile material which has
the ability to be sterilized, have an increased transparency, and have increased electrostatic
dissipativity [4]. Filaments used for FFF are created by the extrusion of thermoplastic polymers.
The polymers start as pellets, granules, or powders in a hopper. The particles are then fed into the
barrel of the extruder and an internal screw starts to push the polymer through the barrel to the die.
Barrel heaters and mechanical friction from the screw(s) is used to liquefy the polymer material
[5].

There are many variables to consider when using an FFF machine such as temperature,
speed, and how the part is built. The print head temperature as well as the print bed temperature
must be set to melt the filament to the most suitable viscosity and adhere the filament onto the bed.
These temperatures will vary from material to material. Fans are also in FFF machines and their
speeds can be altered to help with the cooling rate of the printed material. The speed of the print
head is also closely related to how the part cools.

The printing protocol is very important when using FFF machines. These protocols may
include programming print parameters, build direction, or patterns. Parts can be produced with or
without a perimeter, as seen in Figure 3. The direction in which the interior of the parts is built is
called the raster orientation. Examples of different raster orientations can be seen in Figure 4. Layer
infill is the proximity of the lines of material that the printer extrudes. Infill is the density of the
part.

b
Figure 3: (a) Part printed with a perimeter, (b) part printed only with the raster pattern.



Figure 4: The left side shows the different raster orientations in vertical prints, while the right shows the
different orientations in horizontal prints.

Objects printed by means of FFF are not strong enough to be utilized as a finished part, nor
do they achieve the surface finish standards of today’s marketed products. The major disadvantage
of FFF is the low resolution of its z-axis when compared to other AM processes, meaning that a
finishing process may be required to achieve a smooth surface [1]. The FFF specimens can have
decreased mechanical properties due to their voids. These voids create a light material that has the
opportunity to be improved through control of void geometry and distribution. Taking advantage
of filling voids with additives through infiltration or other means can lead to a variety of property
improvements [6].

To try and make up for these setbacks, polymer AM is evolving to use polymer composites.
Fillers have been added to native print materials to increase their mechanical properties. So far
these composites have only been created by adding the fillers directly to the polymer matrix as the
filaments are being extruded. Previous research has found that there is a lack of cohesion between
the fillers and the polymer matrix, thus resulting in lower mechanical properties.

The overarching goal of this project is to create and produce a polymer-metal composite
with enhanced mechanical properties for FFF. The objectives to reach this goal are outlined below.

1. Achieve wetting between the polymer matrix and metal powder:
We hypothesize that increased wetting between the filler (metal powder) and matrix
(polymer) will increase the mechanical strength of the composite.

2. Achieve homogeneous dispersion within our composites:

Composite mixtures were created by dissolving the native polymers into solution so as to

suspend the filler evenly throughout the mixtures. Having an even dispersion will improve

the quality of the printed specimens.
3. Successfully print tensile samples:



Each new composite will have a different set of printing parameters. Some of these
parameters include: build orientation, raster orientation, and metal composition.

4. Analyze the mechanical properties of the created composites:
The data from the tensile strength testing was compared to other tests from this project as

well as literature values.
The following chapter is a literature review that provides information about projects that

have data and findings useful to guide this project. Chapters 3, 4, and 5 discuss the methodology,
results/discussion, and conclusions of the project respectively.



Chapter 2: Literature Review

Previous studies on fused filament fabrication (FFF) with composites has led to further
understanding of additive manufacturing (AM) and how a material behaves throughout the printing
process. Multiple reports assisted in the preparation for this project, providing the behavior of
material throughout FFF as well as print parameters to alter. The following sections discuss studies
on bond formation, 3D-Printing parameters, and tensile data of AM composites.

2.1 Bond Formation During Fused Filament Fabrication

The report, “Investigation of Bond Formation in FDM process,” investigates the heat
transfer that the polymer, ABS, undergoes during FFF [7]. In this work, the bond formation
between layers of the FFF prototypes are critical in understanding the mechanical properties of
material that is used in FDM and the prototypes that it forms. [7]. Li et al. investigated adhesion
between polymer filaments during sintering. Their research focused on the sintering process of
two cylindrical particles (diameter 470 um and thickness 300 microns) that were cut from sections
of extruded filaments from the FFF machine. Both constant and ramped temperatures were studied.
The experiment found that the material degraded rapidly above the temperature of 240°C. Figure
5 shows particles that are being sintered at a high temperature and how they deform over time. The
report claims that this deformation may contribute to the thermo-oxidative degradation of the
polymer [7]. This experiment is relevant to the current work because the knowledge of bond
formation of particles during FFF is critical to this project. The rate and level of wetting that are
achieved between polymer filaments are highly dependent on the extrusion temperature and
convection conditions. By understanding the relationship between surface wetting and
temperatures, this project will be successful.

a) b) ¢) d) e) f)
Neck growth evolution for ABS P400 at constant temperature (200°C) a) 0s, b) 120 s,
¢)240s.d)390s,e)570s, 1) 840 s

Figure 5: Particles that are being sintered together at a high temperature [7].



2.2 Process Parameters

There are multiple variables that can be changed during the 3D printing process, including
travel time, layer thickness, raster orientation, and build orientation. In order to fabricate a sample
with high and consistent tensile properties, these parameters were altered to find the best
combination that produces the most desirable mechanical properties.

2.2.1 Build Orientation

A major component that has been analyzed through testing is the build orientation, or what
direction the sample will be created at. Figure 6 depicts the horizontal and vertical orientations
used in experiments.

Figure 6: Build orientation terminology: (a) vertical bars, (b) horizontal bars.

The horizontal orientation had higher tensile strength than the vertical [8-11]. This is
because the tensile forces are pulling along the beads of filament that are laid on the print.

2.2.2 Raster Orientation

A variable that causes noticeable differences in tensile strength is raster orientation. Raster
orientation is the pattern of the internal structure of the additively manufactured part. Studies have
been performed to test raster orientations of the same angle per layer, and angles offset by 90° for
adjacent layers. Figure 7 depicts the raster orientations studied. It was determined that the raster
angles did have an effect on the tensile properties. The findings were that tensile bars with raster
angles of 0° (parallel to the direction of tensile testing) had the highest strength. Specimens with
an orientation of 90° consistently had the lowest tensile strength. For raster orientations that are



offset by 90° for adjacent layers, it was concluded that the raster orientations of -45/45 created

slightly stronger bars than 0/90 [9, 11, 12].

Tensile testing is used to measure the mechanical properties of the tensile bars and provides
information on which build orientation and raster orientation result in the better properties. The

OO

90°

0°/90°

-45°/ 45°

Figure 7: Raster angles of the samples.

ultimate tensile strength for raw ABS as studied in literature can be seen in Table 1.

Table 1: Tensile data from literature of pure ABS [11-15]

Author Orientation| UTS (Mpa)
Catrell et al. 244 +/-05
Riddick et al. 13.61+/-1.13
Perez et al. 00V 141
Torrado et al. 17.73
Catrell et al. 258 +/-0.3
2 Riddick et al. 4045V 19.8+/-2.22
< Catrell et al. 29.1+/-0.3
g Riddick et al. 25.69+/-1.75
o Perez et al. 0/90H 285
Torrado et al. 33.96
Chockalingham et al. 33.94
Catrell et al. 28.8 +/-0.2
Riddick et al. -45/45 H 27.77+/-92
Ziemian et al. 16.90+/-0.09




2.3 Polymer-Metal Composites

Past studies have analyzed the feasibility of polymer-metal composites for FFF
applications. ABS was mixed with iron powder at different concentrations and bound together
with surfactant powder material in order to find the effects of iron powder added to the ABS
polymer on the material's tensile strength, hardness, and flexural strength. The surfactant binder
was added to help maintain homogeneity in the composite and allow for higher amounts of iron
powder to be added to the polymer matrix. The homogeneous compound was injection molded
into a horizontal NP7-1F molding machine for the tensile and hardness test specimens. The
specimens were prepared based on DIN EN I1SO 527-2 standards for tensile tests and ASTM
D2240 standards for hardness tests. The results of the tensile tests, which can be seen in Figure 8,
showed that the polymer-metal composites with increased amounts of palm stearin had increased
max stress and break stress. The hardness tests showed that the polymer-metal composite with the
most iron powder and surfactant had a significant decrease in flexural properties with a relative
increase in hardness. It was also determined that with proper application of surfactant agents,
polymer-metal composites of ABS and Iron could be created with more desirable properties for
filaments used in FFF [16]. Unfortunately, the combination of ABS and iron did not increase the
mechanical properties as expected [16].

Sample | ABS-Palm stearin | ABS-Paraffin wax
Max Break Max Break

Stress Stress Stress Stress
(MPa)  (MPa) (MPa) (MPa)
| 5.26 4.70 12.80 12.62
2 7.50 7.36 12.64 12.22
3 922 8.72 11.00 11.00

Figure 8: Tensile strength for Iron-ABS-Binder composite [16].

The polymer ABS is amorphous and has no polar characteristics, meaning that it will not
interact well with fibrous fillers [16]. Successful addition of metallic powder to ABS represent
validity in experimenting further with reinforcing a polymer’s native matrix. Though the iron did
not increase the UTS of ABS, these results show room for improvement and reasoning to test for
different methods of adding the metallic fillers to a polymer matrix.
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Figure 9: Additives: (a) jute fibers, (b) TPE, and (c) TiO2 [13].

Tensile specimens were printed using the Makerbot Replicator with an extrusion diameter
of 1.77 mm. The various additives used in the ABS composite are shown in Figure 9. The tensile
bars were printed to the ASTM D638 standard Type V shape. The tensile tests were done at 23°C
with an Instron® 5866 machine equipped with a 10 kN load cell at a speed of 10 mm/min. The
ABS/jute fiber composite experienced a 9% lower UTS. The ABS/TiO, composite showed a
13.2% increase in its UTS. The ABS/thermoplastic elastomer (TPE) composite had a reduced UTS
by 16%. Contrary to speculation, the addition of additives to the native ABS matrix resulted in