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CHAPTER 1: INTRODUCTION

1.1. Statement of the problem

Additive manufacturing (AM), now more commonly known as 3D printing, has been
classified as efficient, fast, and practical in the prototyping sector of product development. In the
work presented here, we will use one of the AM techniques known as Material extrusion 3D printing
(ME3DP), which has all the advantages of AM. In ME3DP the material is deposited in successive
thin layers on top of each other until a 3D solid object is created. However, one of the biggest
challenges facing ME3DP technologies is the limitation of the range of materials used by this
technique. Acrylonitrile butadiene styrene (ABS) and poly-lactic acid (PLA) are currently the most
common thermoplastics materials used in ME3DP because of their ability to melt and be
reprocessed. PLA is rapidly becoming the most widely used material among users of desktop-grade
material extrusion 3D printers, due to the perceived health hazards of ABS [1] and the fact that PLA
is a biopolymer. PLA is a biodegradable polymer derived from renewable sources such as corn, and
sugarcane [2]. The expanded use of this polymer over traditional petroleum-based plastics (ABS)
will decrease the demand on petrochemicals, and also lead to less non-biodegradable polymeric
waste [3]. While PLA offers an eco-friendly solution for polymeric 3D printing, the mechanical
performance is limited by PLA’s inherent characteristics (such as moisture absorbance) that may
degrade the plastic during processing. PLA novel systems were used through this research
maintaining the compatibility with material extrusion 3D printers. The purpose of this investigation
is to alter the physical properties of PLA with sustainable additives in order to improve the end use
products from this material. Moisture tests were also performed in some of the material systems, to
obtain a better understanding of how the mechanical performance of the matrix PLA and the selected
materials systems are affected by external moisture conditions. Moreover, a crystalline study was
performed in order to understand how the material chain structure interferes in the biodegradability

of the material, the possible influences of the additives on the degradation rate of the matrix material



and in to the materials systems and an analysis of the final mechanical and physical properties of

PLA and other selected systems after different compostable conditions.

1.2. Background

In 1984 Charles Hull, invented the technology of stereolithography (SL) whose principle was
the creation of three- dimensional solids objects by building thin layers of a liquid monomer creating
a solid polymer using a laser causing covalent cross-linking at the surface of the photopolymer
through a STL file. Hull consolidated a patent collection covering many fundamental aspects of
today’s additive manufacturing technologies in which the process currently includes 3D printing[4].
The AM process starts with the design of the object using 3D modeling software (Computer Aided
Design or CAD), and then the model is generated through a stereolithography file format (STL).
This file is processed again with AM software incorporated to an AM machine, which is able to read
the CAD file. During these step parameters such as layers, temperatures, diameters, and patterns can
be selected to build the layering material until the 3D object is obtained [1]. The technology allows
for highly complex structures; it provides a high degree of design freedom. Also, AM or 3D printing
industry has been classified as a fast, efficient, and easy technique [2]. The notable growth in additive
manufacturing techniques has been made possible by the creation of powerful tools such as 3D
printing machines. Additive manufacturing can be classified in different system technologies,

discussed on following Table 1.1.



Table 1.1 Additive manufacturing technologies [1]

Classification Technology Description Materials
Binder Jetting 3D Printing Creates objects by depositing Metal, Polymer,
Ink-jetting a binding agent to join Ceramic
S-Print powdered material.
M-Print
Direct Energy Deposition Direct Metal Deposition Builds parts by using focused Metal: Powder and
Laser Deposition thermal energy to fuse wire
Laser Consolidation materials as they are
Electron Beam Direct Melting deposited on a substrate.
Material Extrusion Fused Deposition Modeling Creates objects by dispensing Polymer
material through a nozzle to
build layers.
Material Jetting Polyjet Builds parts by depositing Photopolymer, Wax
Ink-jetting small droplets of build
Thermojet material, which are then
cured by exposure to light.
Powder Bed Fusion Direct Metal Laser Sintering Creates objects by using Metal, Polymer,
Selective Lase Melting thermal energy to fuse Ceramic
Electron Beam Melting regions of a powder bed.

Selective Laser Sintering

Sheet Lamination Ultrasonic Consolidation Builds a part by trimming Hybrids, Metallic,
Laminated Object Manufacture  sheets of material and binding Ceramic
them together in layers.
VAT Photopolymerisation Stereolithography Builds parts by usinglight to  Photopolymer, Ceramic
Digital Light Processing selectively cure layers of
material in a vat of
photopolymer

Additive manufacturing (AM), currently more commonly known as 3D printing, is a process
in which a material is deposited in a layer-by-layer manner in the creation of a solid object. The
process of 3D printing consists on digital data converted into something tangible by using different
techniques and different materials Table 1.1. In the case of Materials Extrusion 3D printing the
material or “ink” can be plastic, metal or ceramic [5]. In 2012, 3D printing was predicted to be a
profitable area in several markets including industrial manufacturing, the biomedical sector,
entrepreneurs, designers and artists wishing to create more complex and high- tech products. The

3D printing industry has had an annual growth rate of 19.9% from 2013 to 2018 [6].

Besides household applications, the emerging demands of these new materials cover a wide
range of industry sectors, such as coatings, adhesives, electronics, energy (photovoltaic), aerospace

and medical devices (where polymer blends provide innovations in biocompatible materials) [7].
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Currently, the most commonly used 3D printing technique is material extrusion 3D printing

(ME3DP) which uses a polymeric monofilament in the creation of 3D objects. The process is

described in Figure 1.1 below:

Figure 1.1 Material extrusion based 3D printers use a polymer filament as “ink” to 3D printing objects

1.3. Additive Manufacturing

1.3.1. Materials Extrusion additive manufacturing

Material extrusion 3D printing process (ME3DP) also known as fused deposition modeling
(FDM) was developed by S. Scott Crump in the late 1980s and was commercialized by Stratasys
[1]. The process consists of the extrusion of thermoplastic through a nozzle to form layers; every
time a layer is fully printed, the printer platform is lowered as shown in (Figure 1.2.) This
sophisticated technique has allowed users and companies to create any solid objects from a variety
of different digital models without the risk of high investments in the actual creation of parts from

bad designs. At the same time, any kind of objects will be easier to produce, repair or replace [2].

,
T
I -
L

Figure 1.2 Material extrusion 3D printing (ME3DP) or FDM [2]
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Recently, most people started to take advantage of the development of the 3D printing
technologies, ME3DP has popularized and personalized approach to manufacturing, where the final
solid objects can be personalized by the individualized specifications, that is now falling to the point
where owning a personal 3D printer is affordable. As a result, the improvement of 3D printer
materials has become a necessity, due to the fact that 3D printed objects are less durable than the

ones that are traditional manufactured [8].

Many efforts have been done to improve the properties of the materials used in 3D printing,
but these improvements are still limited by the strength of the thermoplastic used and the printing
orientation. Parameters such as extrusion rate, extrusion temperatures, bed temperatures and sample
geometries can be modified for strength improvement during 3D printing. During ME3DP is
possible to select the infill density of the desired part, which is the plastic to air ratio. The most
common infill percentages for ME3DP are 35 and 100%. When using an infill percentage, a pattern
is used to create the desirable strength on the fabricated part. Varying combinations of infill
percentage and pattern can influence in parameters such as strength, material used and printing times

of the fabricated part [1, 9].

During last decade materials technologies in plastics have been playing a prominent role in
the 3D printing industry; plastics commonly used in 3D printing have been growing significantly to
widen the range of thermoplastics materials used for this technique as well as the improvement of
the materials currently in use. Polymer composite materials and blends can be considered as an
option to improve the mechanical, physical and chemical properties of the common substrates used

in 3D printing: Acrylonitrile Butadiene Styrene (ABS) and Poly-lactic Acid (PLA) [10].

1.4. Polymers

Many materials we use every day are made of polymers. Polymers are organic materials that
can be described as long molecules comprising of repeating structural units. These units are well

known as monomers and are connected mainly by covalent chemical bonds. Polymers are also



known as macromolecules, as their chemical properties depend on the size of the molecules that they

are composed of, thus short molecular polymers are often weaker in strength [11].

Because of their atomic arrangement, they can be crystalline, amorphous or semi crystalline:
Crystalline polymers (Figure 1.3 a) are those whose atomic arrangement is in a regular order this
characteristic makes them strong, but also lowers their impact resistance. Amorphous polymers
(Figure 1.3 b) are those, whose atomic arrangement are irregular, cannot have an orderly manner to
form crystals, and in contrast to crystalline are softer polymers, but they present special toughness
properties, such as the ability to twist without breaking. Semi crystalline polymers (Figure 1.3 ¢) are
a mix of crystalline and amorphous polymers; they become low viscosity liquids when exposed to
high temperatures, and are the largest group of commercial polymers because they can be strong as
crystalline and flexible as amorphous. These provide shaping and molding flexibility provided their

viscous liquid state at high temperatures [12].
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Figure 1.3 Polymer atomic arrangment [12]

It is thought ancient Mesoamericans were the first in the world to use polymers. Based on an

article published by Andrady et al., 2009 [13]; Mesoamerican people utilized rubber as long as 1600



BC. Several investigations reveal that the Mesoamerican cultures were utilizing rubber and latex in
sandal shoes, medicines and to create rubber balls for one of their most important rituals known as
the Mesoamerican ballgame. The ancient cultures synthetized the rubber by taking the latex from

Castilla elastic trees and mixing with varying concentration of alba vine juices.

The history of rubber usually begins in 1839 when Charles Goodyear discovered
vulcanization, mixing sulfur with natural rubber and heating the mixture to a high temperatures
resulting in a commercially product used for car tires. Later, in 1907 Leo Baekeland developed the
first synthetic polymer known as Bakelite, this material is well recognized for its hardness and high
resistivity and its non-conductive properties, for which it is commonly used for electrical

components, and also acts as heat and chemical insulator [13, 14].

1.5. Plastics

Plastics are polymers, best defined as larger chains of “mers”. Mers or monomers are basic
units commonly made of hydrogen, carbon, oxygen and/or silicon. These individual units are
chemically joined together by: polymerization or condensation. Plastics are an important part of our
modern society due to their promising properties such as chemical resistance, electrical and insulator
properties, lightweight, high strength and highly processable design [15]. Examples of this are the
automotive and aerospace industry, which have progressively replaced several metal pieces for
plastic materials during the last decades, due to their lighter weight, cheaper price and similar

properties that can withstand high temperatures and pressures [16].

Plastics can be divided into two classes: Thermoplastics (TM) and Thermosets (TS).
Thermoplastics have high molecular weights, when increasing temperature, the intermolecular
chains are weakening and the material tends to soften, this process can be repeated, with the plastic
melting and solidifying as the temperature increases above and descents below the melt temperature,
respectively. Yet, the material can be increasingly subject to deterioration, so there is a practical
limit to the number of times that this reprocessing can take place before material properties undergo
[15]. On the other hand, thermosets are described as network polymers that are heavily cross-linked.
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Cross-links are formed by the polymerization of a liquid and a hardener; this will make a
permanently amorphous structure. Thermosets have properties such as: high thermal stability, high
rigidity, high dimensional stability, and lightweight. In addition, they are very resistant to creep and
deformation under certain load, and they provide high electrical and thermal insulating properties

[17].

1.5.1. Plastics in society

Plastics offer products with handy properties such as good chemical resistance, lightness,
and low price, flexibility in thermal and mechanical properties, durability and easy processability.
The diversity of polymers and the versatility are used to make an immense amount of products; they
have helped to improved technology and replace materials such as metal, ceramic, paper, glass and

wood [18].

Plastic production has expanded by approximately 6.8 percent in 2014 compared to the
previous year according to a recent data released by the Federal Reserve Board published in Plastics
News. This production increment has not only occurred during the last two years, but it has increased
since 1993-94. According to the author’s prediction, 2015 has been the year with the second highest
demand on plastics[19]. Moreover, predictions revealed that the industry of plastics would be
increasing in areas such as construction, automotive, electrical and electronics. It is expected that in
2022 the electronic sector will be continuing growing until become the number #1 market consumer

sector of plastic industry just in the U.S [20].
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Figure 1.4 U.S Plastic compounding market volume by product in million tons (2012-2022) [20]

Plastics are highly used in all areas of modern society in applications such as biomedical,
food packing, automotive, 3D printing, and cosmetics among others [2]. Car industry has been
extensively benefited from plastic industry. The transportation industry has been one of the most
benefited by plastics. Weight savings accomplished through the use of plastic parts have save fuel
consumption over the metal motors; meanwhile the amounts of CO> have been reduced due to this
light weighting. Textile fibers (nylon, polyester and acrylic), footwear (reducing food waste and
prolonging the life of food), communications (disposable cellphones and computer parts), medical
technology, cameras, jeweler, high tech and everyday objects have been benefited and improved by
plastic materials. Being the packing sector the most demanded industry. However, problems have
been arising due to the fact that large quantities of plastics end as waste in the environment and that
plastics are commonly petroleum based and not reusable, this ends on pollution and depletion of

non-renewable resources [21].

The production and consumption of plastics differs significantly based on the geographic
area of each country and their accessibility to the necessary natural resources (Figure 1.5). Plastics

contribute the consumption of non-renewable fossil fuels; the production of plastics uses 8% of the



world’s oil production where 4% is used as feedstock and 4% during manufacture [22]. On the other
hand, plastics are very useful materials that last for a long time. Though, they are usually used once

and disposed very easily which ends on landfill producing ocean contamination.
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Figure 1.5 World Plastic Production 2011 [23]

1.5.2. Plastics the environment and human health

“One of the most universal and permanent recent changes to the surface of our planet is the
accumulation and disintegration of plastics,” marked David Barnes, principal author and researcher
for The British Antarctic Survey. The report was published on 2009 in a subject issue of

Philosophical Transactions of the Royal Society B, a scientific journal [24].

Since the last half-century, discarded synthetic plastics on the urban environment and a wide
range of natural terrestrial and marine habitats have become a persistent problem. Plastic is a
significant fraction of solid waste mainly composed of food packing and plastics tools that are
discarded and replaced easily due to their low cost and lightweight. According to EPA reports around
12% of the municipal solid waste corresponds to household plastic materials such as polystyrene

(PS), polypropylene (PP), polyvinyl chloride (PVC) and polyethylene (PE). Some of these materials
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waste is readily recycled, while others are not good candidates due to their composition, as they are

often obtained from polymer blends and not for the pure resin material [25].

During the disposal of plastics, certain portion is buried on landfills causing a dispersion of
harmful chemicals that percolate into the groundwater. Additionally, many single-used plastic
products and packaging materials, which account for approximately 50% of all plastics produces,

are wrongly disposed of at or near the location where they end their usefulness to the consumer.

The incineration process on waste disposals is another disadvantage of the use of plastics for
human health. When plastics are being incinerated they produce emissions of dioxins. Dioxins are
insoluble and water and soluble in lipids, this condition allowed them to enter to human body;
minimal expositions to these dioxins are crucial to several damaging to human and animal health.
As a result, the toxicity of these dioxins can cause several diseases such as: cancer, malformations

of fetus, liver damage, declined reproduction and contribute in mental behavioral alterations [26].

According to Plastics Europe, just in 2010 approximately 12 million tons of plastic waste
was discarded into the oceans by countries with ocean coastlines. If we take into account that this
huge amount of waste is discarded into the ocean each year and that the plastic production is
increasing enormously every year we can estimate that up to 80 percent of the world’s marine

pollution is plastic debris [27].
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Figure 1.6 Global Plastic Production during 1950 to 2010 and approximate volume of discarded plastics
into the oceans. Estimated in different years by different authors [28]
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Plastic debris can be defined as persistent solid waste that affects marine environment; this
material can float for thousands of years in water acting as transporting devices for invasive species
causing a habitat disruption [25]. As a result of this debris accumulation two major ocean vortices
have formed, they are better known as “garbage patches”. These debris accumulations consist mostly
of plastic materials with an approximate amount of 46, 000 pieces per square mile according to the

United Nations Environmental Programme (UNEP).

The Great North Pacific Garbage Patch being the most popular was first revealed to the
general public in 1997; and is composed of the Eastern Garbage Patch and the Western Garbage
patch. The Eastern extends within the North Pacific subtropical (between California and Hawaii);
the second is smaller and is located between Hawaii and Japan. Additionally, there are other waste

accumulation sites in areas of the Indian Ocean and the Atlantic Ocean [29, 30].

Subtropical
Convergence Zone

Western Garbage Patch Eastern Garbage Patch or

N. Pacific Subtropical High

Figure 1.7 Map Marine debris [31]

Land and ocean animals have been the victims of this plastic disposal culture. Numerous
marine animals have been harmed or even killed by mistakenly ingesting marine debris. Research
conducted in 2006 reported at least 267 marine species have been affected worldwide including sea

turtles, sea bird species and of all mammal species not to mention the huge amounts of fish and
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crustacean species. Furthermore, plastic debris is affecting the ecosystem by blocking the amount of
oxygen necessary for some deeper sea organisms. In addition, there have been assumptions related

to the potential transfer toxic substances to the food chain, and subsequently to humans [27].

For these all-aforementioned problems, the work presented here is concerned with making a
sustainable engineering polymer that can be reusable and can help to reduce environmental and

health effects.

1.5.3. Environmental Alternative

The emergent environmental awareness of the accumulation and the impact of plastic debris
in oceans and landfills and moreover the potential chemical impacts of plastic in the ocean have
concerned many global organizations around the world to raise awareness of these problems and
new rules and regulations are forcing the plastic industry to look for the development of more
ecologically friendly plastic materials [32]. Successful management of the aforementioned problems
will require the development and implementation of more ecologic plastic materials such as bio-
based materials. According to the American Society for Testing and Materials (ASTM) a bio-based
material is an organic material in which carbon is derived from renewable source via biological
process. Bio-based materials include all plant and animal mass derived from CO: recently fixed via
photosynthesis, per definition of a renewable resource [33]. The use of bio-plastics promises to be
biodegradable, consequently removing those products from the waste stream and saving space in
landfills [34]. The use of bio-plastics emerged since 1980. The first bio-plastic utilized was celluloid

used for the substitution of ivory in billiards balls [2].

Crops such as corn and soybean have been gaining attraction as a source for sustainable bio-
based materials, in order to prevent environmental problems using petroleum, which is the most
common, and for typical plastics. Figure 1.8 depicts how different crops can be converted into
intermediate chemical products by using different techniques such as gasification, pyrolysis,
catalytic conversions, fermentations, extractions, enzymatic conversions among others, to obtain
bio-based plastic materials [2].
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Figure 1.8 Crops to bio-based and bio-plastics conversion [2, 35]

The work presented here will focus on biodegradable and bio-based polymeric systems, it is
important to note that not all biopolymers are biodegradable. For example, it is possible to produce
polyethylene from corn-based ethanol sources. While the synthesis of polyethylene from a

sustainable source decreases demand on fossil fuels, the result is still a non-biodegradable polymer.

Poly-lactic acid (PLA), Poly-hydroxyalkanoate (PHA) are the most common bio-based
plastic materials known by researchers because of their potential contribution to sustainable
materials development and for the potential to lower the environmental impact caused by
conventional fossil-fuel based plastics [36]. In the field of 3D printing ABS and PLA are the most
common materials used attributable to their promising properties [2]. PLA has experienced a rapid
increase in its use in 3D printing applications particularly in the desktop grade market where several
companies such as Maker-Bot Industries are now manufacturing printers specifically intended for

the printing of this biopolymer.

14



1.6. Sustainable Materials for 3D printing

Scientists in the plastic research community are concerned about the negative impacts of the
plastic materials on the environment as well as in human health. Therefore, plastic materials have
been constant research subject. Various studies have noted that humans are exposed to chemicals
daily, and that some are caused by plastic production. Chemicals derived from plastics end up in the
human body via ingestion, inhalation or dermal absorption [37-41]. For instance, in the field of 3D
printing researchers are exposed to different particles that are toxic during the thermal processing of

thermoplastics while using materials such as ABS and PLA.

During the thermal decomposition of the ABS at high temperatures, gases such as carbon
monoxide (CO) and hydrogen cyanide (HCN) as well as volatile organics are released. These
chemicals have centered the attention of many health researchers into 3D printing community
because of the high concentrations of these ultrafine particles that can lead to pulmonary health
issues, cardiorespiratory mortality, hospital admission for stroke and asthma symptoms [42, 43]. A
recent article published by Stephens et al., [43] concluded that the toxicity among the use of ABS
and PLA as well as the emission rate on 3D printing is different depending on the composition of
both materials. For instance, the toxicity of ABS has been determined to be higher than the one of

PLA, and this is due to the fact that PLA is a bio-based material.

1.6.1. Poly-lactic acid (PLA)

PLA is a linear aliphatic polyester biodegradable obtained from renewable sources such as
corn, and sugarcane [1, 44]. Even though, PLA is a bio-based material the process to obtain it goes
through a synthetic route [3]. There are two chemicals routes to convert lactic acid to high molecular
PLA. One synthesis uses a continuous process and a novel distillation technology with no solvents
involved. The second process, converts lactic acid directly to high molecular weight PLA by using
solvents in an azeotropic chemical process. The chemical and physical properties of the final product
such as biodegradability, crystallinity, and transparency are controlled by the copolymerization of L

and D isomer ratios of lactic acid or lactide [45].
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Figure 1.9 Conversion of L and D isomers into high molecular PLA [46]

The future use of this biopolymer over typical petroleum-based plastics will lessen the
demand of fossil fuel based polymers as well it will lead less non-biodegradable polymeric solid
waste and CO; emissions will be reducing [47]. Poly-lactic acid is considered the best biopolymer
among the others known because of its mechanical properties such as good stiffness and strength,
its recyclability, low toxicity, compostable with the environment and the fact when its produced
from renewable resources the CO, emissions are eradicated. However, PLA suffers from moisture
susceptibility, which contributes to the degradation of the material and reduction of its impact
resistance. To improve these undesirable properties many efforts have been made to modify this
biomaterial, by making composites, blends, copolymerization processes, plasticization and the use

of additives that can optimize the material for particular use applications [3, 48].

PLA has been compared to the most common thermoplastic polymer; polyethylene
terephthalate (PET) used in a huge variety of applications such as; plastic bottles, cosmetics holders,
storages for cleaners and chemicals, plastic bags, frozen good packing among others [49]. Both PLA
and PET share optical, mechanical and physical characteristics (Figure 1.10). Although when
compared to PET, the disadvantages of PLA disadvantages arise with brittleness, lower resistance

temperatures and higher gas permeability. On the other hand, studies on PET have reported the
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presence of inorganic species such as antimony (Sb), traces of metals such as Cobalt (Co),

Chromium (Cr), Iron (Fe) and Manganese (Mn) [50].
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Figure 1.10 Graph comparing the optical properties of some polymers materials [51]

Also the presence of carbonyl compounds such as formaldehyde and acetaldehyde have been
reported during the thermo-mechanical and thermo-oxidative degradation of this material. Because
of these undesirable properties food- contact packing using PET is strictly regulated. However,
according to analytical investigations made by Cristina et al., [50] despite these safety regulations,
during the decomposition of PET several toxic chemicals are released produced by the initial

reactants and additives [3, 50].

The importance of using PLA has been the center of attention for many plastic industry
companies who desire to provide products of improved quality that protect the environment and
human health. For this reason, PLA can be used for future developments in biomaterials for 3D
printing. Bio-blends can provide a wide range of applications with better properties such as higher
stability, giving a whole range of new application and products. As a result, PLA can be modified

and adjusted to achieve the desired properties for different industries [2].
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In the following image Figure 1.11 different plastics are shown in a pyramid shape. From the
top of the peak representing the most dangerous and not eco-friendly plastics can be observed,
decreasing to the bottom in terms of hazards such as toxicity, chemical composition and recyclability

being the bio-based polymers the most desirable materials [21].

Figure 1.11 Plastic hazardous pyramid [21]
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CHAPTER 2: SIGNIFANCE OF STUDY

2.1. Problem statement:

While PLA offers an eco-friendly solution for polymeric 3D printing, the plastic performance
is limited by PLA’s inherent characteristics (such as moisture absorbance) that may degrade the
plastic during processing. There is a huge need to create technology more environmentally
sustainable as well as the usage of ME3DP. Overcoming this barrier, the amount of new polymeric
material needed by the manufacturing method will be significantly reduced by providing a clear

route towards the environmental sustainability of ME3DP.

2.2. Research Goals:

In order to achieve this, novel composite material systems based on PLA will be created with
sustainable additives in order to improve the end use products from this material. At the same time

a wider range of environmentally sustainable materials would be developed for the ME3DP industry.

e Alter the physical properties of PLA with sustainable additives in order to improve the end

use products from this material
e Maintain compatibility with material extrusion 3D printers

e Test the biodegradability of the PLA matrix and the created systems

2.3. The outcomes of this project will:
e Lead to a wider range of materials compatible with material extrusion 3D printing
e Lead to the development of a new class of engineering biopolymers
e Decrease the environmental impact of 3D printing and polymeric materials

e Provide new materials for the 3D printing community avoiding the hazardous fumes that

other material such ABS produce
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2.4. Research Questions:
e What will be the effect of the fillers recorded on Table 2.1 on the physical properties of PLA?
e Will PLA biodegradability be maintained after the inclusion of additives?

e Which of the created systems will help to improve the mechanical, physical and biodegradable

properties of the PLA material?

Table 2.1 Material and filler loadings

Materials Matrix (wt%)  Filler (wt%)
PLA 400 0
PLA/ SALT 5% NO MILL 400 20
PLA/ SALT 5% 400 40
PLA/ SALT 10% 400 60
PLA/ SALT 15% 400 80
PLA/ SALT 20% 400 20
PLA/ MgCl2 400 20
PLA/BPO4 5% 400 20
PLA/MAYAN YELLOW 400 20
PLA MAYAN BLUE 400 20
PLA/JUTE FIBER 5% 400 20
PLA/ JUTE FIBER FUNCT. W SALT 400 20
PLA/ JUTE FIBER FUNCT. W CHEM SILANE 400 20
PLA- CARBON JUTE FIBER 5% 400 20
PLA/FUNCT.JF W SALT/ MYW 2.5% 400 10
PLA/FUNCT.JF W SALT/ MB 2.5% 400 10

As mentioned before, there are two “great garbage patches” [52-54]: one in the Atlantic
Ocean, and the other one in the Pacific Ocean. On every surface of the Earth we can find plastic
refuse [55-58]. This is a clear example of the importance for reducing the amount of material type
most people use and discard. Additionally, humanity is currently residing on a layer of plastic waste

of what is called the “Anthroprocene” geological period.

As an illustrative example we can analyze the large amount of plastic material discarded
every time a toothbrush is used up, when the fibers end up their lifetime the hole plastic is thrown
away, this ends as other source of plastic waste, other controversial easily disposable materials are
straws. Just in America around 500 million of straws are produced every day in order to fulfill the
demand of these products. This is the main reason why there is a big need of a model by which 3DP

can operate as a sustainable manufacturing process. Awareness has been rising in the 3DP
20



community about the environmental impact of technology [59], but more effort is still needed in
making 3DP more sustainable. Figure 2.1 illustrates discarded toothbrushes and straws and how easy

the society discarded them creating a massive amount of polymeric waste.

Figure 2.1 The ease at which society discards polymeric materials presents a need that can be filled by
making 3D printing more environmentally sustainable.
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CHAPTER 3: METHODOLOGY OF RESEARCH
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Figure 3.1 Methodology process proposed for the PLA systems

3.1. Selected materials

All materials used in this study will be sustainable/ biodegradable with the intent of imposing
minimal environmental impact. The PLA used in this study was Ingeo Biopolymer 4043D PLA
(NatureWorks LLC, Minnetonka, MN, USA). This particular grade has been recommended by
NatureWorks as the grade to use for 3D printing applications. MayaCrom® Pigments (Mayan
Pigments, Inc. El Paso, TX, USA) were also used in this study. These pigments are palygorskite-
based pigments originally developed by the Mayan culture of Mesoamerica. The combination of
these pigments with polymers such as high-density polyethylene (HDPE) has shown an increase in

strength [60]. The sodium chloride (NaCl) was an analytical grade acquired from Sigma- Aldrich.
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The Jute Fiber used was obtained from recycled rope originally purchased at Home Depot. The
Boron Phosphate (BPOa) used on these first experiments, was donated from a project previously
developed by Dr. Arrowood’s. All the filler materials were incorporated in a 5 wt. % to the baseline
material (PLA). Before processing PLA was dried in vacuum oven (80 °C for 4 hours) while the

master batched materials were dried in air circulating oven for 4 hours at 80 °C.

3.2. Master batching Process

The master batching process consists on the creation of “material sandwiches”. The process
starts with the creation of PLA sheet films with the help of a hot press. Once the sheet-films of the
pure material are ready the filler/fiber is placed in the middle of two films and sealed under
temperature and pressure creating the “sandwich”. This process was repeated until the material and
the filler had a homogenous appearance. The advantage of this process is that the material is partially
premixed prior to performing the extrusion process. In this case, the material was melted at a
temperature of 180 ° C; the final product was a circular thin sheet. During the master batching for
this investigation, several thin sheets of PLA were produced; the filler was then introduced in
between two thin PLA sheets. Once the material was master batched the sandwiches were granulated
and then diluted with virgin PLA pellets in a certain quantity according to calculations is selected in
order to reach the desired weight percent filling. An example of the master batching process can be

seen in Figure 3.2.
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Figure 3.2 The master batching process used in this study.

3.3. Extrusion

The extrusion process was used to produce plastic filaments using a Dr. Collin-Twin-Screw
Extruder/ Compounder Model ZK 25T. (Dr. Collin GmbH, Ebersberg, Germany). The extrusion
process is critical to the application of 3D printing since robustness of the filament is critical to the
printing process. Extrusion is a process in where materials from solid to liquid are comprised into a
single component. Everything starts as pellets that are fed from a hopper into a jacketed screw. The
screw starts turning on its axis transporting, melting, and pressurizing the material. Then, the
material is forced through a die that will shape it into a wire with the desired diameter approximately
1.75 £ 0.05 mm. For this particular research, the filler/fiber materials content was 5 wt. % for all the
PLA systems. The final compounded materials were produce in order to be compatible with open
source printers such as Maker Bot Replicator (Maker Bot Industries, Brooklyn, NY USA) material
extrusion 3D Printer and Rostock Max 2 delta printer (See Me CNC, Goshen, IN). For this work the
Rostock Max was primarily used. An example of the extrusion process used to make filaments is

exhibited in Figure 3.3.
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Figure 3.3 Process used to make filaments for 3D printing

The extrusion parameters used for all the PLA systems can be found in Table 3.1

Table 3.1 Extrusion parameters used for the PLA systems

Main

T T T T T Serew oo P Load
Screw
. Speed
Material Main
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 (RPM) Speed (%)
Screw
4] (S (0 ) (°C) (% Main)  (bar)
PLA 180 180 182 182 187 32 100 80 72
PLA 5% MayanCrom®Yellown 145 145 142 140 147 35 100 105 72
PLA 5% Jute Fiber 180 180 185 180 185 40 53 90 63
PLA 5% Boron Phosphate 175 175 177 175 183 20 100 75 72
PLA 5% NaCl 180 180 177 180 183 74 40 70 60
3.4. Printing

For this study, the matrix material used was PLA, and the 3D printing process used was
material extrusion 3D printing (ME3DP). Some of the parameters considered were: Infill %, layer
height and infill pattern, printing directions, temperatures of extrusion and nozzle diameter, as these
parameters play an important role on the final mechanical properties of the final fabricated part.
Type V specimens were used as described by the American Society for Testing and Materials

(ASTM) D638 standard. To verify commercial printability, these samples were printed with a
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MakerBot Replicator for the PLA/ NaCl of the compounded materials. All other materials were
printed in a Rostock Max 2 delta 3D printer following the parameters presented on Table 3.2 and
Table 3.3. The printing directions of the dog-bone structures for this specific study were isotropic in
the XYZ directions (Figure 3.4). The raster height of 0.4 mm and a raster width of 0.4 mm for all

the blends except for the PLA/ NaCl blend using a 0.8 mm modified nozzle diameter.

Raster Directions

Figure 3.4 ASTM D638 Type V XZY printed directions [10]

Table 3.2 Printing parameters used for the PLA systems using a delta printer at 80°C

Object  Layer Number Feedrate Travel Print Filament G-code Actual

Infill Height of (mm/s) Feedrate Temperatur Diameter Nozzle Nozzle Raft
(%) (mm) Shells (mm/s) (°C) (mm)  Diameter Diameter

(mm)  (mm)
PLA 100 0.27 1 40 55 220 1.75 0.4 0.4 No
PLA 5% MayaCrom®Yellow 100 0.27 1 40 55 220 1.72 0.4 0.4 No
PLA 5% Jute Fiber 100 0.27 1 40 55 220 1.75 0.4 0.4 No
PLA 5% Boron Phosphate 100 0.27 1 40 55 220 1.77 0.4 0.4 No
PLA 5% NaCl 100 0.27 1 40 55 220 1.8 0.4 0.4 No

Table 3.3 Printing parameters used for one of PLA systems using MakerBot printer at 80 °C

Ohject  Layer Number Feedrate Travel Print Filament G-code Actual

. Infll Height of (mm's) Feedrate Temperatur Diameter Nozzle Nozde
Material Raft
(%a) (mm) Shels (mm/s) (°C) (mm} Diameter Diameter
PLA 5% NaCl 100 0.27 1 40 33 220 1.8 0.6 0.8 No

3.5. Moisture analyses

Bio-plastics have gained attention for their contribution to the environment and desirable

properties such as recyclability, negligible CO, emissions solid waste reduction in landfills and
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oceans, reduction in energy fossil-fuel consumption, among other advantages. However, they tend
to be hygroscopic materials, defined as the capability of a substance to attract and hold water
molecules from the surrounding environment due to the interaction of the water molecules and the
polymeric chains [61]. The physical and mechanical properties of bio-plastics are influenced by
temperature and relative humidity causing problems such as material degradation, poor mechanical
properties, viscosity and dimensional changes among others [62]. Hygroscopic behavior of the PLA
systems was tested under moisture conditions established according to the standard procedure
ASTM D618. Samples were exposed to 50% humidity at 25 °C for 48, 96, 192 and 384 hours in a
relative humidity chamber VWR model 2375B with the purpose of examine the moisture absorption

of the PLA systems.
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CHAPTER 4: PRELIMINARY RESULTS

Blends of PLA with the organic-based materials 1) sustainable pigments 2) salt 3) jute fiber
and 4) Boron Phosphate have been prepared with the end goal of producing materials with altered
mechanical and rheological properties that can be of great benefit to the 3D printing field while
retaining the “green” nature of PLA. The reason for the use of 3D printing (3DP) as a test bed is
twofold: 1) 3DP is gaining widespread adoption as a manufacturing method necessitating that a
culture of environmental sustainability be instilled among users and 2) PLA is currently one of the
most common materials used in 3DP meaning that adequate benchmarking exists to test the effects

of our efforts.

4.1. Mechanical testing

The tensile testing was performed according to ASTM standard D638-10 using the Type V
dimensions. The samples were printed using a Maker Bot Replicator (Maker Bot Industries,
Brooklyn, NY) and a Rostock Max 2 type delta printer. Material extrusion test specimens were
conditioned during different periods of time in a relative humidity chamber. Before and after
different periods of time under moisture conditions previously established, the samples were
subjected to loading using an Instron® 5866 (Instron, Norwood, MA) to test the mechanical
properties of the different PLA systems. The resulting ultimate tensile strength (UTS) systems data

are shown in Figure 4.1.
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Figure 4.1 Tensile data of the five PLA systems with and without under humidity conditions (Not

conditioned, 2, 4, 8, 16, 28 and 60 days conditioned).

The tensile test revealed that all the PLA materials systems with the exception of the PLA/
Jute Fiber blend result in a very small increase of the mechanical properties when are combined with
the PLA matrix under non-moisture conditions. After the humidity treatment PLA/ Mayan Yellow,
PLA/Boron Phosphate and PLA/NaCl systems showed a decreasing tendency of the UTS after
certain period of time (16 days). On the other hand, an increasing tendency of the UTS was observed
for the PLA by itself and for the PLA/Jute Fiber system after the same conditions of humidity,
temperature, pressure and time at which the systems were exposed. Further moisture analyses were
carried out on these two systems for 28 and 60 days. Results depict an important increment on the
UTS for the PLA matrix and the PLA/ Jute Fiber system during 60 days under moisture conditions.
Surprisingly, increasing the UTS of PLA and the Jute system contradicts the proven fact that
moisture affects the mechanical properties of PLA. However, a more detailed study under special
establish parameters such as temperatures, moisture percentage and certain atmosphere conditions

will help to understand the behavior of the PLA and jute fiber system under the exposed conditions.

4.2. Dynamic mechanic analysis (DMA)

Dynamic Mechanical Analysis (DMA) is an accurate method for measuring the viscoelastic

properties of materials (elastic behaviors of materials). The sample is subjected by a controlled
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sinusoidal stress known, then the sample will deform after certain amount of stress. How much it
deforms is related to its toughness (stiffness). Since we are applying a sinusoidal force, we can
express the modulus as a component: the storage modulus, and loss modulus. The storage modulus
is the measure of the sample’s elastic behavior. The ratio of the loss to the storage modulus is the
tan delta, defined as a measure of the energy dissipation of a material. Modulus values change with
temperature and transitions in materials can be perceived as changes in the tan delta curves. This
includes not only the glass transition and the melt, but also other transitions that occur in the glassy

transition (above Tg). These transitions indicate refined changes in the material [63].

The thermo mechanical properties of the different compounded materials were evaluated
with a DMA (TA Instruments Q800, TA Instruments, New Castle, DE, USA). The test was
performed in order to investigate the changes and improvement of the thermal properties of the PLA
matrix with the addition of the different filler/ fiber materials, the highest temperature used for the
test was the maximum temperature used for pure PLA. Five materials, PLA, PLA/Mayan Yellow,
PLA/Jute Fiber, PLA/ BPOs, and PLA/ NaCl were tested to find the possible interactions effects
between PLA matrix and the filler materials and also to see the changes in thermal properties of the
PLA by itself and with the different organic filler materials. DMA was run in the dual cantilever-
bending mode with amplitude of 15 um, the sample dimensions were: thickness 3.14 mm, length 35
mm and width 12.74mm. The temperature range was from room temperature, about 25 °C to 120 °C

with a heating rate of 3-5 °C/min and using a linear frequency of 1 to 100 Hz.

The results of the DMA testing are shown in Table 4.1 and Table 4.2, where it can be seen
that pure PLA possesses a glass transition temperature (Tg) of 61.04 °C. The filler/fiber addition of
the four composites to the PLA matrix resulted in a lowering of the Max tan delta temperatures for
MayaCrom® Yellow and the donated boron phosphate composites compared to one of the PLA
matrix. However, after the addition of NaCl and Jute Fiber the glass transition temperature of the

materials decreases slightly (compared with baseline PLA samples) and the tan delta increased
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significantly, resulting in an increase temperature window of elastic behavior between the onset of

viscous behavior determined by the storage modulus curves and the maximum tan delta.

As aresult, the main point of this study was that the addition of NaCl and Jute Fiber materials
to the PLA matrix. In the case of the jute plant fiber, the temperature of the maximum tan delta was
increased from 71.34 to 76.8°C while in the case of NaCl, the max tan delta temperature increased
to 73.91°C which indicates the material is absorbing energy. The elastic window increased from
10.3°C to 14.34 and 18.37°C for the NaCl and jute fiber systems respectively, meaning that a wider
service temperature range could possibly be used for parts fabricated from this material system as

compared to PLA alone.

The temperatures for the five systems start to soften higher than 50°C but the modulus start
to increase at 80 °C especially for the PLA/ MayaCrom® Yellow blend affecting the rheological
behavior of the material. In the other hand, in the case of the PLA/ NaCl system when 80°C is
reached the storage modulus decrease significantly, as a result the sodium chloride increases the
ability of PLA matrix to flow. Finally, the incorporation of Jute Fiber into the matrix resulted in an

increase of the energy stored (elasticity behavior).
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Table 4.1 DMA temperature results

Material Glass Transition Temperature, * °C Max ten delta temp, °C ATg to max ten delta, °C
PLA 61.04 71.34 10.3
PLA/ MayaCrom® Yellow 60.74 70.59 9.85
PLA/ Jute Fiber 58.1 76.8 18.7
PLA/ Boron Phospate 61.28 71.21 9.93
PLA/ NaCl 59.57 73.91 14.34
T 1Hz

*Onset determined from storage modulus curve

Table 4.2 DMA modulus and complex viscosity results

Material Storage modulus at 40 ° C, MPa  Complex viscosity at 80 ° C, Mpa-sec Max tan delta
PLA 2683 8.76 18
PLA/ MayaCrom® Yellow 2146 3.58 0.8233
PLA/ Jute Fiber 2113 2.307 0.8206
PLA/ Boron Phospate 2199 1.408 1.179
PLA/ NaCl 2302 0.4133 1.797
t1Hz

4.3. Fracture analysis

Fracture surfaces of representative from each sample batch were analyzed with a Hitachi
TM- 1000 scanning electron microscope (SEM; Hitachi High- Technologies Europe GmbH,
Germany) operating at a 15 kV accelerating potential and equipped with a backscatter electron (BSE)
detector. SEM imaging allowed fracture surface morphology observations of the matrix and

composite structures to identify common failure modes within these material systems [10].

Representative electron micrographs of the fracture surfaces for the five material systems
studied showed different fracture behaviors. SEM micrographs of the fracture surfaces of baseline

PLA tensile test specimens compared to the other four systems (Figure 4.2). During the SEM
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analysis it was observed that each filler/fiber result in a distinct effect on the fracture surface

morphology.

The tensile test caused a partial ductile deformation of the PLA matrix. However, PLA
mostly revealed a smooth fracture surface (Figure 4.2 a) as a result can be concluded that the PLA
matrix behaves as a brittle material. Micrograph analysis of the PLA/Jute Fiber (Figure 4.2 d) shows
a good dispersion between the PLA matrix and the fibers. However, when the tensile was performed
the fibers pull out apart from the PLA matrix. According to work performed by Wang et al., [64]
moisture absorption increased linearly with the fiber loading in Polypropylene material (PP) and
after their investigations, they concluded that fibers encapsulated into the matrix of the material
inhibited the moisture absorption. During Wang’s investigation they were working with 20% and 40
wt.% loadings [64]. Comparing these results with our PLA/Jute Fiber system we can deduce that
since our loading is lower we had a better dispersion of the fibers through the matrix. The
MayaCrom® Yellow fracture surface is shown in (Figure 4.2 b) an observable fracture surface with
COz inclusion or voids are observed. Micrograph fracture surface of the PLA/ BPO4 (Figure 4.2 c)
shows that the filler did not attach to the PLA matrix. The fracture surface micrograph for the PLA

/ sodium chloride system (Figure 4.2 e) shows a good attachment of the salt into the PLA matrix.
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Figure 4.2 From left to right SEM Micrograph: a) PLA matrix, b) PLA/ MayaCrom® Yellow system, c)
PLA/BPOg4, d) PLA/ Jute Fiber and e) PLA/ NaCl

4.4. In-soil biodegradability study

Preliminary work combining PLA with jute plant fiber is presented in Figure 4.3, which
depicts tensile test data conducted for this project. As can be seen, the jute plant fiber had a

detrimental effect on the mechanical strength of the printed test specimen.
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Figure 4.3 Effect on mechanical strength cause on PLA-based polymer matrix composites.

Of the additives tested here, NaCl shows promise in altering the physical properties of PLA.
From Figure 4.3 we can see that salt adheres well to the matrix. No observable difference to weight
was observed for any of the samples buried in the soil environment for two weeks. However, after
12 weeks, PLA specimens exhibited an increase in weight, while (1.95% 0.02 g increasing to 2.03 +
0.01 g) the PLA/ NaCl composite exhibited a decrease in weight (2.49 + 0.03 g decreasing to 2.24
+0.12 g).

Figure 4.4. In soil- biodegradability study.
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4.5. Discussion and Conclusion

Four PLA filler/ fiber systems were created (PLA/ NaCl, PLA/ Jute Fiber, PLA BPO4 and
PLA/MayaCrom® Yellow) and test in order to be able to compared systems’ results with the PLA
matrix. Preliminary results for the PLA, PLA/NaCl and PLA/Jute Fiber systems showed promising
viscoelastic behavior. MayaCrom® Yellow filler DMA results showed an ability to decrease
viscosity of PLA which can benefit the 3D printing process. Fracture surface of the four systems
determined that NaCl presented the best adhesion to the PLA matrix. In the other hand, the Jute
Fiber didn’t present a good attachment to the matrix; similar results were observed for the BPO4
filler. Finally, the MayaCrom® Yellow filler created voids in the PLA matrix. Ultimate tensile
strength of all systems showed a decrease in mechanical properties of the systems under moisture
conditions, which we can confirm that the materials presented a high moisture percentage, a result a
decrease in the mechanical properties. However, the PLA/ Jute system and the PLA matrix by itself
presented an increase on the UTS after the humidity treatment. Again PLA/ Jute Fiber came up with
interesting results. Future work will be focused in keeping improving the properties of the PLA by
using NaCl and Jute Fiber sustainable materials. Results of the in-soil biodegradability study
indicated there was no weight loss after 2 weeks. Tensile testing of the buried specimen will be
performed to see if mechanical properties were affected. Biodegradability of poly-lactide acid (PLA)
plastic tensile test specimens in garden soil will be repeated and the specimens will be buried for a

month.
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4.6. DMA results
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CHAPTER 5: FINAL RESULTS

Results presented here in Chapter 5 represent the main output of this research effort. The
initial data for composites of PLA compounded with jute fiber, MayaCrom® Blue, MayaCrom®
Yellow and un-milled salt, along with the effect of functionalizing jute fiber in an agueous solution
of NaCl were presented in Chapter 4. That data is intermixed with the data presented in this section

for completeness.

Functionalization of fillers is a critical aspect in the successful creation of polymer matrix
composites. However, the chemicals typically used to achieve functionalization (silanes) are not
environmentally friendly. In order to keep close to the goal of creating environmentally friendly
polymer-based materials for 3D printing, it was decided to explore the use of NaCl as a
functionalization agent for jute plant fiber. As seen in the previous data in Chapter 4, while jute fiber
has a positive effect on the max tan delta, the SEM micrographs indicated poor adhesion to the PLA
matrix. On the other hand, NaCl exhibited good adhesion to the polymer matrix. Here, we seek to
see if treating the jute fiber with NaCl in an aqueous solution will effectively functionalize the fibers.
Comparison to functionalizing jute plant fiber with (3-Glycidyloxypropyl) trimethoxy-silane was

also carried out in order to understand the viability of our process.

Monofilaments were produced using a Dr. Collin Twin Screw Extruder/ Compounder Model
ZK 25T (Dr. Collin GmbH, Ebserberg, Germany). Several filler materials were combined with PLA
in the formation of sustainable 3D printable polymer matrix composites: 1) Sodium chloride (NaCl)
(Sigma); 2) jute plant fiber sourced from rope purchased from Home Depot; 3) Carbonized jute
fiber; 5) MayaCrom® Blue; 6) MayaCrom® yellow (both from Mayan Pigments. Inc., El Paso, TX,
USA); 7) Magnesium Chloride (MgCl>) (Sigma); 8) Boron Phosphate (BPO4) purchased from Alfa
Aesar Company; 9) Jute plant fiber functionalized with (3-Glycidyloxypropyl) trimethoxy-silane
purchased from Sigma Aldrich was also carried out in order to understand the viability of our

process.
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The filler materials evaluated in this study were chosen based on the perceived environmental
sustainability. All additives were blend at a 5% by weight ratio to PLA. With the purpose of study,
the influence of different particle size in the PLA matrix/ salt filler samples were prepared at 10 min
ball milling times in which composites the variation in concentration started from 5 to 20% by weight
ratio to PLA. The changes on particle size before and after the ball mill process are reported on the
following image (Figure 5.1)
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Figure 5.1 Particle size analysis for NaCl before and after the milling process

Hybrid NaCl and Jute-functionalized NaCl MayaCrom® composites were also produced. As
seen in Chapter 4, the benefit of the addition of the MayaCrom® pigments was the decrease in
viscosity; which could benefit the 3D printing process by allowing a greater level of flow to occur.
This has shown to increase surface finish quality and decrease the presence of air gaps between print
rasters according to Rocha et al., [10]. Jute plant fiber functionalized with salt, and both Mayan
Pigment fillers were combined to produce two new polymer composite materials. The composition

of these new materials was 2.5% by weight ratio to PLA.
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Initial research performed on desktop 3D printers presented on Chapter 3 was done with the
purpose of verifying the commercial printability on the XYZ directions and to test the mechanical
properties of the materials’ systems following the common dog-bone ASTM D638 standard type V.
During tensile testing, the final fabricated specimen is affected by different parameters such as the
different additives and the chemical chain structure in the matrix material by itself. Moreover,
according to Umetani et al., [65] and [66], parts manufactured by ME3DP usually exhibit
mechanical property anisotropy; which means that the properties of the final fabricated part depend
on the build orientation and raster pattern. The percentage degree of weakness increases in the Z-
direction because the interface between layers is not as strong as in XYZ directions. For this study
a transversal raster pattern was used to print layers perpendicular to the length of the specimen on
the XY Z directions. In the case of the transversal specimen, there was no edge shell and as previously
reported by Torrado et al., [67] the use of transversal or faux vertical fabricated specimens mimics
the ZXY print raster pattern and allow to evaluate the anisotropy properties of the material avoiding

the typical problems that are present when the specimens are fabricated on the vertical directions.

On this Chapter we evaluated the influence of the fillers in comparison to the PLA matrix as
well as the anisotropy of each material system. To evaluate the percentage decrease in strength due
to raster sensivity ASTM D638 type V specimens were printed on XY Z directions using the baseline
crosshatched pattern print layers alternated by 90° and the faux vertical raster pattern mimics the
ZXY directions under the same parameters conditions mentioned on Chapter 3 on Table 3.2 using

an open source Rostock Max 2 delta 3D printer.

In order to observe the influence on crystallinity by the filler materials into the PLA matrix,
X-Ray Diffraction analyses were performed in a Bruker D8 Discover system employing Cu K-a
radiation (1.54A). XRD analysis has been shown to be a viable method to observe the degree of

crystallinity of PLA [68].

42



5.1. Tensile Results

The mechanical properties’ performance for 3D printing materials PLA, revealed that the
addition of Boron Phosphate (BPOa4), Sodium Chloride in 5 wt.% un-milled and Mayan Yellow®
led to tensile test specimens with slightly higher ultimate tensile strength values than those printed
from PLA alone. For the rest of the systems, the addition of Sodium Chloride at higher wt.
percentage than 5, Mayan Blue®, jute fiber with all different treatments lead to low ultimate tensile
strength values lower than PLA matrix by itself. This decrease in strength may be due to the thermal
degradation of the organic components of jute fiber inside of the PLA matrix, resulting in the
creation of voids. Yet, the addition of jute plant fiber increased the percentage elongation specimens,
an explanation could be that the particles rearrange inside the matrix when the force is applied, in
that way they are able to tolerate more plastic deformation than the PLA plastic by itself or the other
materials systems as noted in Torrado et al., [67]. The created tri-blend composed of MayaCrom®
Blue system affects the mechanical properties of the PLA matrix. Moreover, the tri-blend composed
using MayaCrom® Yellow did greatly affect the mechanical properties of the PLA matrix material
by decreasing the UTS of the material. The results of the tensile strength for all the materials systems

are presented on Table 5.1
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Table 5.1 UTS for the fabricated horizontal systems

Material UTS (MPa) Elongation at break (%)
HORIZONTAL AVG ST. DEV. AVG ST. DEV.

PLA 51936  6.276456325 3.608 1.242807306

PLA/ SALT 5% NO MILL 48.228  0.983817056 2448 0.674625822

PLA/ SALT 5% 43.6 2.376913966 2.652 0.338998525

PLA/ SALT 10% 43932  2.186873567 399 0.597996656

PLA/ SALT 15% 39.358  1.361372837 233 0.293001706

PLA/ SALT 20% 35.7 1.752643717 2.988 0.849040635

PLA/ MgCI2 40.384  5.117087453 5.558 0.412698437

PLA/BPO4 5% 48.112 3.59129169 3.778 1.128392662
PLA/MAYAN YELLOW 4743 2.514507904 2.552 0.112116011

PLA MAYAN BLUE 38.776  0.669256304  15.874 1.128392662
PLA/JUTE FIBER 5% 3905 1.218667305 4.846 0.234029913

PLA/ JUTE FIBER FUNCT. W SALT 40.96 1.24109629 9.358 3420814231
PLA/ JUTE FIBER FUNCT. W CHEM SILANE 4353 3.481970706 1.68 0.636356818
PLA- CARBON JUTE FIBER 5% 42.526  3.784941743 2.848 0.678616239
PLA/FUNCT.JF W SALT/ MYW 2.5% 383 5.80436043 2.812 0.449076831
PLA/FUNCTJF W SALT/ MB 2.5% 40.762  1.772663533 19.81 1.64441479

As expected, overall the specimens fabricated in ZXY exhibited lower strength values than
those printed on the XYZ directions. Surprisingly, this was not the case for the parts fabricated on
the ZY X directions headed for the tri-blend composed of MayaCrom® Yellow and followed by the
inorganic MgCl actually presented a highest roughness compared to the other sixteen systems
composite materials. Parts fabricated with ionic sodium chloride with a 20 wt. % load and the
functionalized jute fiber chemically treated also presented a percentage decrease in strength due to
raster sensivity, meaning that these systems can tolerate higher plastic deformations when they are
fabricated using the print transversal raster pattern on a 3D printer. The results for the parts fabricated

using are recorded on Table 5.2 and Table 5.3
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Table 5.2 UTS Results for the fabricated vertical systems

Material
FAKE VERTICAL

PLA
PLA/ SALT 5% NO MILL
PLA/ SALT 5%
PLA/ SALT 10%
PLA/ SALT 15%
PLA/ SALT 20%
PLA/ MgCI2
PLA/BPO4 5%
PLA/MAYAN YELLOW
PLA MAYAN BLUE
PLA/JUTE FIBER 5%

PLA/ JUTE FIBER FUNCT. W SALT
PLA/ JUTE FIBER FUNCT. W CHEM SILANE
PLA- CARBON JUTE FIBER 5%
PLA/FUNCT.JF W SALT/ MYW 2.5%
PLA/FUNCT.JF W SALT/ MB 2.5%

UTS (MPa)
AVG ST.DEV.
3205  1.564544662
4079 2928146171

35372 1.156397855
37426 2048244126
33062 3.366662442
34314 2460435734
4231 7.054142046
36.196  4.397574786
36296 2.514507904
33408  2.163667257
3459  1.218667305
2681  2.587199258
41442 6359891194
3561  2.839436564
44968  2.533877661
3337  5.327216909

Elongation at break (%)

AVG
1.996
33
2.65
3.746
3.66
398
571
2822
2236
20.702
3.284
5.776
2.384
4464
3.188
7.316

Table 5.3 % Decrease in strength due to raster sensibility

System
PLA
PLA/ SALT 5% UNMILLED
PLA/ SALT 5%
PLA/ SALT 10%
PLA/ SALT 15%
PLA/ SALT 20%
PLA/ MgCI2
PLA/BP0O4 5%
PLA/MAYAN YELLOW
PLA MAYAN BLUE
PLA/JUTE FIBER 5%
PLA/JUTE FIBER FUNCT. W SALT
PLA/ JUTE FIBER FUNCT. W CHEM SILANE
PLA- CARBON JUTE FIBER 5%
PLA/FUNCT.JF W SALT/ MYW 2.5%
PLA/FUNCT.JF W SALT/ MB 2.5%
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18.93%
13.72%
18.87%
14.81%
16.00%
3.88%
-4.77%
24.77%
23.47%
13.84%
11.42%
34.55%
4.80%
16.26%
-17.41%
16.66%

ST.DEV.
0.326236111
0.352420204
0.311287648
0.769304881
1.077334674
1.158511977
0.924472823
1.080680341
0.786625705
5.760357628
0.510715185
2.020378677
0.389846123
1.330405953

0.63903834
1.798410409

% Decrease in strength due to raster sensitivity



5.2. Fracture surface analysis

5.2.1.

Fractography of the systems fabricated on XYZ directions

Fractography of tensile test specimens printed on the XYZ directions from the composites
tested here, allowed for observations related to the heftiness of the filler/matrix interface as wells
the effect of additives to the crack surface morphology induced by exposed stress-strain conditions.
Baseline PLA tensile specimens exhibited a fracture surface morphology indicative of a brittle
failure mode which correlates with the low percentage elongation at break values recorded for the
material. Fracture surface analysis shown NaCl to adhere well to the PLA matrix. Crack propagation
is clear on the surfaces (highlighted in Figure 5.2) of the individual particles. There is also no
evidence of particles pulling out nor were there any gaps between the particles and the matrix. In
contrast, the fracture surface of the PLA/jute plant fiber composite possessed features indicating a
poor interface between the fibers and the matrix (in Figure 5.3 i). The addition of MayaCrom®
pigments had the effect of prompting voids within the PLA matrix; which influenced the decrease

in tensile strength as compared to baseline samples (Figure 5.4 m).

While the addition of jute plant fiber increased the glass transition window, (previously
reported on Chapter 4) the poor adhesion to the matrix at room temperature play an important role
to the overall performance of this composite. NaCl exhibited characteristics indicating a strong bond
with the PLA matrix, for this reason two additional experiments were carried out. One consisted on
a particle refinement process to analyze how the particle size affects the blending of the two materials
and the mechanical properties of the system. After a refinement particle treatment in the ball mill
during 10 min; salt particles were added at different concentrations to the PLA matrix. It was
observed that the addition of 5% salt before the particle refinement process was best dispersed and
attached to the matrix than the system created after the particle refinement process (Figure 5.2 b and
c). Moreover, it was observed that with the increasing concentration of salt in the PLA matrix the
adhesion between the matrix and the particles decreased (Figure 5.2 ¢, d, e and f). These can also be

correlated with the obtained tensile-strength results (Table 5.1).
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Figure 5.2 SEM fracture analysis of PLA/ NaCl system. From left to right a) Fracture surface PLA
baseline, b) PLA/ Salt 5% before the particle refinement, ¢c) PLA/ Salt 5%, d) PLA/ Salt 10%, e) PLA/
Salt 15% and f) PLA/ Salt 20% after particle refinement

The other experiment was performed where the jute plant fiber was first functionalized; in an
aqueous NaCl solution previous to the system compounding. The result was a reduction in
percentage elongation while the UTS stayed mostly the same (Table 5.1). Supplementary analysis
of the fracture surface via SEM (Figure 5.3 i) revealed the presence voids into the PLA matrix that
could be air or other volatile substance trapped inside the composites, which formed during the
thermal degradation of the fibers during the extrusion or the printing process. According to Hongwei
et al., [69] during alkali treatments of jute fibers the hemicelluloses and lignin are partially removed
these facilitated to the inter-fibillar region to be less solid and less rigid. This makes the fibrils more
capable of rearranging themselves along the direction of tensile deformation (Figure 5.3j). There
was a slight increment on the UTS results on the carbonized jute fiber system compared to that one
of the non-functionalized jute and the alkali functionalized jute with the inorganic sodium chloride
aqueous solution, this could be due some chemical and physical alterations could have occurred on
the fibers when were heated at more than 300 °C such as oxidation, dehydration or decarboxylation
[70] (Figure 5.3 1). Jute fibers treated with silanes, shown an improvement on tensile due to the silane
chemical effect as a coupling agent to modify fiber surfaces. According to Kabir et al., [71] the
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composition of silane forms a chemical link between the fiber surface and the matrix through a
siloaxane bridge. However, the strength increment was not very notable in comparison to the green-
alkali treatment. The percentage elongation at break was notably higher for the alkali treated jute
fibers. The increase in ultimate tensile strength for the alkali modify jute fibers compared to the non-

functionalized, the carbonized jute fibers and the silane modify jute fibers systems indicates an

increase in toughness caused by an increase in the bond strength between the fiber and the matrix.

Figure 5.3 Fracture analysis of g) PLA/ BPOa, h) PLA/ MgCly, i)PLA/ Jute Fiber 5%, j)PLA/
Functionalized jute fiber with NaCl, K)PLA/ Functionalizes jute fiber with chemical silane and I)
PLA/carbonized jute fiber

The result of the addition of all material fillers was a decrease in the mechanical properties
as compared to PLA, namely a decrease in the yield strength. However, over all the other systems
boron phosphate was the filler that had the lower impact on the UTS recorded results. Fractography
of the PLA/ BPO4 showed a brittle behavior on the surface and features indicating the BPO4 particles
fairly adhere to the PLA matrix. However, the addition of BPO4 could produce a chemical change
between the matrix and the inorganic filler during the different processes used. According to
Sharmin et al., [72] boron and the phosphorus are network formers. The inorganic phosphate

composed of tetrahedral units (PO4 %) can highly modify the structure of some materials, if the
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inorganic catalyst is in contact with the presence of oxygen bridges, which are present on the PLA

molecule.

Magnesium chloride (MgCl>) Figure 5.3b was reported to have a decrease in strain at break.
The decreased strength was attributed to the presence of small bubbles; these defects were
determinant on propagate the crack along the specimen surface; these small bubbles are very likely
to be water vapor since this filler presented a very high hygroscopicity [73]. It is also observable that
the inorganic filler had an important impact in the plasticity of the PLA material, which could also
be determinant in decreasing the mechanical properties of the material by itself. Magnesium
Chloride is a type of metal halide, which forms proton donating solvated constituents that act as
solvents for plastics. Under certain environmental conditions these agents promote crazing in
polymers under stress conditions, the cracking occurs because the disruption of hydrogen bonding
in the plastic as the environment become attracted to either water in the environment or with hydrated

metal halide such as magnesium chloride [74].

Figure 5.4 Fracture surface analysis of m) PLA/ Mayan Blue®, n) PLA/Functionalized Jute Fiber /
Mayan Yellow, o) Mayan Yellow ® and p) PLA/Functionalized Jute Fiber / Mayan Blue systems
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Fracture surface analyses of the MayaCrom® PLA blends showed crack propagation in the
matrix material indicated by white arrows. According to tensile-strength results there was a much
better mechanical bonding between PLA/ MayanCrom® Blue increasing the percentage elongation
at break of the PLA material. Opposite to the high percentage in young modulus results for the
MayaCrom® Blue, the ultimate tensile strength results benefited the MayaCrom Yellow; results

showed a higher UTS for the PLA/ Mayan Yellow® system.

Fracture analyses for the tri-blend based MayaCrom ® pigments and after the incorporation
of the incorporation of the functionalized jute plant fiber composite seem to have a good interface
between the fibers and the PLA matrix, in presence of Sodium Chloride as a functionalization agent
[75]. Results for the mechanical properties of both tri-blends based on the MayaCrom® pigments
did not have big changes as compared to the PLA/ MayaCrom® systems. However; according to
tensile-strength results there was a much better mechanical bonding between PLA/Functionalized
Jute Fiber / MayanCrom® Blue and also an increase on the UTS properties; which was opposite to
the UTS previously tested for the PLA/ MayaCrom® Yellow system. Decrease on UTS for the tri-
blend based on the MayaCrom® Yellow could occur due to bad printing and the presence of the air

gaps on the final fabricated part.

5.2.2. Fractography of systems fabricated on ZXY directions.

SEM fractography analysis showed a preferential failure within the raster interface for the
systems with higher percentage decrease due to raster sensivity. The fracture for these two materials
was also observed to be smoother with lower plastic deformation as previously observed by Torrado
et al., [67]. Relating the sensitivity to raster pattern between PLA and the PLA/MgCI> (Figure 5.5
a), the tri-blend based Mayan Yellow (Figure 5.5 b) and the PLA/ Salt 20% loading (Figure 5.5 ¢)
composite systems revealed the addition of these fillers to reduce the difference in UTS between the

transversal and crosshatched raster pattern.
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Failure
occurs within
the raster
interface

Figure 5.5 Fractography analysis of a) PLA/ MgCl: , b) tri-blend based Mayan Yellow and c) the PLA/
Sodium Chloride at 20% loading. Failure model [1]
More notable is that this decrease in mechanical property anisotropy did not come at the
expense of overall yield strength, as has been the case in work related to decreasing the anisotropy

of ABS-based ternary polymeric blends as explored in Torrado et al., [66].

5.3. Crystallinity Analysis

The normal room temperature XRD analyses were carried out on a Bruker D8 Discover X-
Ray diffraction system (XRD). The radiation applied was Cu Ka operating at 40 kV and 40 mA.
The samples were measured in air temperature in step-scan mode with a scan speed of 5° locked
coupled 26 and a counting time of 1 s. Data collection and evaluation were performed with EVA
software. Profile fitting was applied to extract information in the samples in order to observe the
influence of the fillers in the PLA microstructure matrix and the effects of crystallinity on the PLA
baseline material and in some of the filler materials (NaCl and BPOa). To analyze the effect of the
different crystalline content PLA specimens, they were annealed at 120°C during 20 min. The Profile
Fitting option of the software uses a model that employs intrinsic parameters to describe phase

analysis, peak identification and cell parameters among others.
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XRD PLA baseline results were fitted with the chemical composition of L-Lactide-poly
(ethylene glycol) - ((CsH402) -(C2H40) -(C3H40O2)) n that is not exactly the same substance of PLA
by itself. However, according to Castillo et al., [76] these two substances share similarities; poly
(ethylene gycol) (PEG) is synthetized from the same L-lactic acid as the poly (lactic) acid (PLA).
Ethylene glycol is used in conjunction with PLA to improve the hygroscopicity of the PLA by itself.
Results depict one significant peak was observed at approximately 26 of 17° for the PLA annealed
an un-annealed baseline specimen. Three more peaks belonging to PLA baseline appeared at + 26
of 15°, 19.3 and 22.5° were detected. These results can be more noticeable on the annealed samples.

These data were also compared with external XRD patterns data in order to verify our analyses [77].
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Figure 5.6 XRD analysis for the ionic compound and the degree of crystallinity at different
concentrations

Regarding the ionic compound three characteristic peaks were observed during the analyses
at = 20 of 27.5° the strongest 31.7° and 45.5°. After heat treatment, it was observed that the

intensities of each material in the case of the ionic systems varies depend upon the concentration of
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each; it was observed that the percentage of crystallinity is inversely proportional to the

concentration in the material; however, the variations were not very noticeable.
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Figure 5.7 X-Ray Diffraction comparison of annealed PLA baseline and systems containing jute fibers

Jute fibers are composed of cellulose, hemicellulose, and lignin. Other components, usually
considered as surface impurities, are the pectin and wax substance. Higher cellulose content leads
to higher stiffness and, therefore, will be most suitable for plastics reinforcement. The chemical
structure of cellulose contains three hydroxyl groups, which in the macromolecular cellulose
structure form hydrogen bonds. This makes cellulose the most important of the chemical
components of plants fibers, particularly in the manufacture of composites. Two of these hydroxyl

groups form intermolecular bonds, while the third one forms intra-molecular hydrogen bonds [78].
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XRD analyses were also performed on the PLA/ Jute fiber composites material; results
showed that jute fiber did not affect the crystallinity of the PLA material by it. However, two minor

peaks were recorded at 15.8 and 22.8 26 belonging to the hybrid NaCl functionalized jute fiber.
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Figure 5.8 X- Ray Diffraction comparison of PLA, the Mayan Pigments and the tri-blends systems

Mayan Pigments were also analyzed using XRD techniques; as was expected the molecule
that constitutes de MayaCrom® Yellow (dehydroindigo) was found in the organic range of the
spectra, also the presence of palygorskite which is the main ingredient of MayaCrome® Blue was
detected, which corresponds to the Magnesium Aluminum silicate patterns at +26 of 7 and 8.5°.

Again the ionic compound was found at the aforementioned range. Results can prove that our tri-
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blend material (Mayan Pigment/ Jute Fiber functionalized with PLA/ NaCl) was successfully

blended without losing the microstructure of each material.
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Figure 5.9 X-Ray Diffraction of PLA baseline and the inorganics MgCl, and BPOs filler materials

During the XRD analysis of the PLA/ MgCl2 blend no specific or special procedure was
followed, which could be the reason that no peak was found in the XRD spectra of this specific
material. Zhang et al., has reported a special treatment before taking any lecture of this specific
inorganic filler due to elevate material hygroscopocity [79]. Detected patterns for the inorganic

BPQO4 were detected at 26 of 25 and 40°.

5.4. Melt Flow Index Study

As an additional test to examine the influence of the fillers previously aforementioned on the

PLA resin and to evaluate their flow behavior properties of these materials a melt flow test was
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performed using a MP1200M Extrusion plastometer melt flow indexer (Tinius Olsen, Horsham, PA,
USA). All of the materials were tested following a detailed procedure based on the ASTM D1238
standard. The mass of the resin (= 8g) was extruded in 10 minutes the resulting value is commonly
called the melt flow rate (MFR), melt index (M), or melt-flow index (MFI). This test measures the
melt viscosity or flow resistance of the polymer at particular shear stress (related to the applied load)

and temperature [80].

Table 5.4 Melt flow index test parameters

Material Melt flow rate (g/ 10 min) Temperature (°C) Test Load (Kg)
CONTROL (PLA BASELINE) 6 210 2.16
PLA Baseline 6.7 210 2.16
PLA/ SALT 5% 26 210 2.16
PLA/ SALT 10% 355 210 2.16
PLA/ SALT 15% 36 210 2.16
PLA/ SALT 20% 40.7 210 2.16
PLA/ MgCI2 5% 8 150 2.16
PLA/ BPO4 5% 26 210 2.16
PLA/ MAYAN YELLOW 5% 14 210 2.16
PLA/ MAYAN BLUE 5% 28 210 2.16
PLA/ FUNCT WITH SALT JUTE FIBER 5% 15.2 210 2.16
PLA/ FUNCT WITH CHEM SILANE 14.85 210 2.16
PLA/ JUTE FIBER 5% 17.62 210 2.16
PLA/ CARBON. JUTE FIBER 5% 345 210 2.16
PLA/ FUNCT. JF WITH SALT/ MB 2.5% 14 210 2.16
PLA/ FUNCT. JF WITH SALT/ MYW 2.5% 27.3 210 2.16

5.5. Discussion and Conclusion

The resulted compounded materials systems were obtained by altering the physical
properties of the biopolymer with the addition of sustainable additives. On this Chapter melt
compounding was used to combine PLA with fourteen different systems results for all the systems
showed an apparent difference in physical properties observed as compared to PLA alone. Explored
in deepest detail was the effect of the addition of NaCl to PLA with and without a particle refinement
treatment. Results after the particle refinement showed a decrease UTS tendency when the salt
concentration increases. Moreover, the incorporation of jute fiber was explored on detailed. Results

of the jute fibers systems lead to a slight increment on the UTS for the functionalized jute fiber with
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NaCl and slightly higher for the carbonized jute fiber system and even more in the functionalized
jute fiber with silane. However, the percentage elongation at break was higher for the non-
functionalized jute fiber system. During the addition of all material fillers, the mechanical properties
of the PLA material were affected decreasing the yield strength of the material. However, over all
the other systems Boron Phosphate was the filler that had the lower impact on the UTS recorded
results. Even though, fracture surfaces analyses showed a poor attachment of the filler into the
matrix. A possible hypothesis is that the inorganic filler had a chemical effect on the PLA matrix.
However, more research is needed to clarify our assumptions and possible evaluations of the filler

in the matrix at different wt. percentages.

In respect to both tri-blend systems the combination of these three materials decreases the
ultimate strength properties of the biopolymer. Anisotropy studies were performed in order to
measure the percentage decrease in strength due to raster sensibility when the tensile specimens were
fabricated on the ZXY directions. Results exhibited a negative anisotropy for the PLA/ MgCl. and

the tri-blend based on Mayan Yellow® systems.

Fractography of tensile specimen’s surfaces revealed NaCl to adhere well to the PLA matrix,
as there was no evidence of particle pullout. The strength of the bond between NaCl and PLA was
also exhibited by evidence of crack front propagation shared between the NaCl particle and the
surrounding matrix. The addition of MayaCrom® pigments had the effect of provoking voids within
the PLA matrix which influence for the decrease in tensile strength as compared to baseline samples.
Additional exploration of the benefit of combining PLA with NaCl was observed through the
functionalization of jute plant fiber with aqueous NaCl. The use of palygorskite-based organo-
nanoclay pigments also shows potential in playing a role in future PLA based 3D printable material

systems.

Crystallinity analyses were performed on almost all materials systems to evaluate the
influence of compounded PLA/ filler materials. Sodium Chloride was the filler with higher

crystallinity when mixed to PLA. MgCl> did not present any crystallinity this could be due to the
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high hygroscopic property of this inorganic material. Complementary melt flow tests were
performed on the material systems to measure the viscosity of the materials systems. All the systems
exhibited an increase on the viscosity being the compounded PLA/ salt 20% the highest value.
Several aspects of this work allow the need for future study such as the increase in crystallinity
observed after the addition of some filler materials. Also, the percentage decrease in strength due to

raster sensibility for the PLA/ MgCl. and the tri-blend based Mayan Yellow® pigment systems.
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CHAPTER 6: CRYSTALLINITY AND BIODEGRADABILITY

Approximately 4% of the world’s oil and gas production is used as a feedstock for plastic
production. Non- renewable petroleum based plastics remain in the environment for long periods of
time after disposal. As a consequence, these types of materials are not the best choice for short time
disposable products; an illustrative example is register in China in which 4 million personal
computers are discarded per year [81]. With important environmental regulations over the world,
plastic recycling has been used in larger scales recently. Recycling diminish the oil consumption,

waste disposal and carbon dioxide emissions.

However, recycling is not an easy process, there are many types of discarded plastic that
cannot recycled together due to their complexity, plastics are often in contact with external
substances such as food or biological matter making them harder to recycle and undesirable for the
environment[45]. Also, the facilities required for recycling are not always regulated. Rudimentary
recycling methods such as: open incineration of plastics and wires, mechanical recycling of
electronics, and chemical acid treatments have contributed to the release hazardous dioxins and
heavy metals that have caused aquatic, air, soil and dust contamination [81]. Moreover, a high-

energy consumption is required for the industrial recycling process of plastics.

On the other hand, biodegradable polymers are produced from natural resources such as corn
crops or soybeans, which facilitate its degradation by organism assistance. Some of these types of
polymers can help to solve the current plastic waste pollution by removing plastic products from the

waste stream [45].

PLA is a sustainable alternative to petro-chemical based plastics; it has captivated significant
interest for applications in different areas of our modern society such as 3D printing, medicine,
packaging and consumer goods sector among others. Beyond, its excellent mechanical properties,
transparency, its bio renewable profile and compostability PLA has also promised potential

degradation properties [68].
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As reported by Shah et al., [82] biodegradation is the enzymatic break down assisted by
biological activity, resulting in an important change in the chemical structure of the exposed material
and resulting in the production of carbon dioxide (COz), water (H20), mineral salts and new
microbial components (solid biomass). Biodegradation can take place in two different conditions:

aerobic in the presence of oxygen and anaerobic without oxygen.

PLA can be degraded under soil or compost conditions, this attractive characteristic could
help to solve many solid contamination problems, since the final products made of this material can
be disposable to composting and degrade, eventually this important characteristic could help to solve
and or diminish the current plastic contamination issue. However, it is necessary to evaluate this
material, such as its behavior during composting, involving the principal causes that affect the

biodegradation phenomena.

6.1. Biodegradation of Poly lactic acid biopolymer

Usually, grades of commercial PLA are copolymers of poly (L-lactide) (PLLA), poly (D-
lactide) (PDLA) and the equimolar poly (DL-lactide). Some physical properties of PLA such as
crystallinity arrangement, molecular weight and melting properties are affected by the D- lactide

content [68].

PLA is a polymer made of macromolecular chains of lactic acid. The first step to biodegrade
this material is to break down the lactic chains (molecular reduction) with a hydrolysis process that
is usually done with the assistance of heat and moisture. PLA contains polar oxygen linkages, which
are responsible for its hydrophilic behavior resulting in increasing the rate of material decomposition
if it exposed to environmental conditions (moisture and temperature). The microorganisms presented
in the composting conditions then consume the resulting break down products resulting in lactic acid

fragments, oligomers and other water-soluble products [83].

However, the degradation of PLA under composting conditions is affected by many factors

such as crystallinity, purity, temperature, molecular weight, pH, water permeability the presence of
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polar linkages and microorganisms, enzymes, or organic fillers may or may not incentive the PLA
degradation. There is no way to simulate the degradation of this material using laboratory
experiments. In order to determine the compostability of the material is necessary to achieve the

degradation methods.

As aforementioned PLA properties are related to the presence copolymers rate. According
to Pantani et al., [68] the degradation rate of PLA depends by the L unit content. They also related
the morphology of the material on the degradation of PLLA under aqueous conditions, resulting in
lower degradation for the samples with higher crystallinity order. Agreeing to Nampoothiri et al.,
[84] the high crystallinity of PLA presents a challenge in reducing its application as biodegradable

bio-plastic material.

6.2. Experimental Details

The aim of the presented work was to test the PLA matrix and PLA materials systems
degradation under composting conditions. Two specimens of each system were printed in order to
compare between annealed and not annealed samples this with the end of test how crystallinity
affects the biodegradation rate of the materials systems under certain composting conditions,

complementary data from Chapter 5 (X- Ray Diffraction and Tensile tests data).

Before performing X-Ray diffraction analysis one of the two samples of each material system
was annealed in an oven at 120 °C during 20 minutes. According to Nature Works technical sheet
data, optimum crystallization temperatures depend on the grade, for this specific grade chosen with

low D isomer content, the material can be crystallized at 100- 110 °C [85].

6.3. Controlled Compost

Biodegradation studies were performed in a homemade compost facility provided by Dr.
Steven Stafford. Compost conditions were selected by following the ASTM standard D5338 test for

biodegradation and other external research literature. The speed of degradation depends on;
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temperature, humidity, number and type of microbes, morphology of the materials system,

molecular weight and the possible influence of the fillers in to the PLA matrix material.
e Initially, the compost was watering before the samples were placed on the ground

e The PLA samples (16 annealed and 16 not annealed) will be placed on the compost and

completely covered
e The samples were buried approximately at 12- 20 inches above the ground
e The compost was watered on top after the samples were buried
e Buried for 5 weeks (Feb 29th-April 5

External atmosphere parameters such as temperature, relative humidity, and solar radiation

may affect the performance of the composting process were also recorded.

eI

Figure 6.1 The annealed samples were marked with a pink tag in order to be able to differentiate them.

6.4. External Environmental Parameters

During the time of the samples were grounded on the compost pile, external weather
conditions were monitored to have approximate ideal conditions for the degradation to occur. The
composting pile was watered regularly in order to maintain a high percentage of moisture and to

allow the microorganisms to act. Data on the mean daily air temperature and the amount of rainfall
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during the experimental period (March 2016) were obtained from the meteorological National

Weather service web site.

El Paso is located in the Chihuahuan Desert of exciting western Texas, along the Rio Grande
River. It connects both the state of New Mexico and the country of Mexico with the Franklin

Mountains.
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Figure 6.2 El Paso Location [86]

El Paso has a dry climate due to its location and enjoys clear sunny days most of the year.
However, El Paso also has a cold desert climate. The report used for this research includes average
data collected by the International Airport at EI Paso TX weather station from March 1974 to 2012.

Results are shown on the following tables [87].
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Figure 6.3 Daily low average temperatures are indicated with the blue color and high average
temperatures are indicated with red [87]
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Figure 6.4 The probability that precipitation will be detected at this location fluctuates throughout the
month. Precipitation is most likely around March 1, occurring in 16% of days. Precipitation is least
expected around March 31, occurring in 12% of days [87]
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Figure 6.5 Average daily high (blue) and low (brown) relative humidity with percentile bands [87]
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6.5. Mechanical Properties

The different behavior of the PLA baseline and the other materials systems to biodegradation
in the presence of compost was supported by the mechanical properties of the materials systems.
This specific study was developed with the end to compare and understand the rate of biodegradation
for PLA and the created systems. Unfortunately, not all the samples could be tested during this
analysis. Our assumptions are that some of the samples got lost under the compost degradation pile

or even some of them actually biodegraded.

With the purpose of obtaining more reliable results the same normalization study previously
explained was carried after the samples were taken from the compost facilities. Results (Table 6.1)
showed that the sample tested which had the most significance changes on UTS after the degradation
was the annealed salt at 15% loading presenting the highest percentage with an approximate 51%
decrease in UTS values. However, data for the not annealed sample could not be obtained. It is
believed that this sample was disintegrated under the compost conditions, since the rate of
degradation for samples with lower crystallinity is higher. Followed by the tri-blend based on Mayan
Blue with an approximate 36% decrease on UTS value was also observed for the not annealed
sample, contradictory to the biodegradation crystallinity principle. However, an important change

occurred as well for the non-annealed sample.

A most important change was found for the BPO4, which had an important decrease of
approximately 45% decrease on its UTS values for the not annealed sample and 26% for the annealed
sample. The percentage decrease for both samples composed of PLA and BPO4 follow the principle

that posits the higher crystallinity the less biodegradability.

Apart from these systems almost all the other samples showed a decrease on their UTS
values after were buried in the compost facilities, with the exception of the both systems based on
MayaCrom® Yellow filler (the annealed tri-blend system and the not annealed PLA/ MayaCrom®
Yellow) and the not annealed and annealed PLA/ Mayan MayaCrom® Blue, in those systems the
UTS even increase after the biodegradation test.

65



Just as an extra point the annealed sample for the MgCl> was obtained from the compost
facilities. However, the sample was extremely fragile, when its mechanical properties were intended
to be measured the sample break down before any data could be obtained. Tough, it was observed a
change in color, appearance and possible dimensional changes on the sample after the degradation
study. Regarding the PLA baseline not annealed sample a little decrease on the UTS value was noted
after the degradation study. As a result, can be concluding that our fillers are somewhat increasing
the rate of biodegradation of the PLA material by itself. Most remarkable biodegradation rate can

be hence with the help of sodium chloride filler at 15 percentages loadings.
Table 6.1 UTS for the samples after compost treatment, showing the percentage decrease on UTS values

NORMALIZED UTS MPa

Material BEFFORE THE ANALYSES AFTER DEGRADATION % DECREASE IN UTS
NOT ANNEALED ANNEALED NOTANNEALED ANNEALED
PLA 62.84224916 62.63105063 - -0.337210576
PLA/SALT 5% NO MILL 58.26617552 48.32883343 50.85967152 -20.56193247 -12.71149845
PLA/ SALT 5% 52.67490364
PLA/ SALT 10% 52,99455518 41.93577527 49.59473898 -26.37075346 -6.41540662
PLA/ SALT 15% 47.40403252 - 23.21880624 - -51.01934371
PLA/ SALT 20% 4293203183 - 36.83247423 - -14.2074748
PLA/ MgCl, 5% 44,56880149
PLA/BPO, 5% 5292482862 36.53276119 39.15340951 -44.86950039 -26.02071555
PLA/MAYAN YELLOW 51.80684757 53.93766736 45.00404981 3.950522698 -13.13107837
PLA MAYAN BLUE 47.09790348 47.85417644 4987911183 1.580369795 5905163799
PLA/JUTE FIBER 5% 46.3660629
PLA/JUTE FIBER FUNCT. W SALT 50.09833376 46.37573641 - -8.027036648
PLA- CARBON JUTE FIBER 5% 44.11161823 39.69984139 - -11.11283241
PLA/FUNCT.JF W SALT/ MYW 2.5% 4729578743 43.73539495 54.97577958 -8.140757577 16.23821608
PLA/FUNCT.JF W SALT/ MB 2.5% 50.33605449 41.93617104 32.15131715 -20.03016309 -36.12666413

The following table (Table 6.2) summarizes the data of the systems tested. It was expected
to have a bigger change on the PLA by itself however the decrease in UTS was just 0.33%. The
systems that behave under the principle of higher crystallinity the less biodegradation were: the PLA/
salt 5% system without particle pre-processing, the PLA/ salt 10% after particle processing and the
boron phosphate systems. The systems that exclude the principle of higher crystallinity lower
biodegradation were: PLA/ Mayan Yellow, the PLA/ MayanCrom Blue and both the tri-blend
systems. Overall in almost all the systems there were changes in the UTS values on the tested
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materials systems. But, there some results that had a different impact that was expected even
increasing their UTS values after the degradation conditions they were: both binary blends of PLA

with the MayaCrom® pigments and the tri-blend based on MayaCrom® yellow.

Table 6.2 Summary of the expected results and the results obtained after the biodegradation study

7% CHANGES IN UTS AFTER BIODEGRADATION (NORMALIZED DATA)

Higher crystallinity the  Crystallinity not influence in
Decrease in MP after BD less BD BD Increase on MP after BD

PLA/MAYAN YELLOW (NOT

PLA BASELINE PLA/ SALT 5% NO MILL PLA/MAYAN YELLOW ANNEALED)

PLA/ SALT 5% NO MILL PLA/ SALT 10% PLA/MAYAN BLUE PLA MAYAN BLUE
PLA/ SALT 10% PLA/BPO, 5% TRI-BLEND MY TRI-BLEND MY (ANNEALED)
PLA/BPO4 5% TRI-BLEND MB

PLA/ SALT 15%
PLA/ SALT 20%
PLA/MAYAN YELLOW

PLA/ JUTE FIBER FUNCT. W SALT

PLA- CARBON JUTE FIBER 5%

TRI-BLEND MY ( NOT ANNEALED)
TRI-BLEND MB

6.6. Discussion and Conclusion

One of the most interesting of features of PLA is the fact that can be biodegradable in soil or
compost and the products made by this material at the completion of their life cycle can be diverted
from landfill to composting. However, the literature survey showed that very little is known about

the degradation of PLA under composting conditions.

Chemical and biological changes during composting depend on different factors such as:
moisture percentage, number and type of microorganisms, molecular weight of the material used,
degree of crystallinity, and the shape and dimensions of the tested samples. Overall, after the
mechanical tests of the PLA matrix and the other material systems showed a decrease in the UTS

values was recorded for almost all the systems available to test. Unexpectedly, the both binary
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systems based on MayaCrom® pigments fillers and the tri-blend based MayaCrom® Yellow,
showed a percentage increase on the UTS values after the biodegradation test. Regarding the PLA/
BPO4 an important decrease on the UTS of the material was recorded for both not annealed and
annealed samples after the degradation study. Remarkably, this was also the system with the higher
UTS before the degradation test overall other materials filler systems. According to Moffat et al.,
[88] boron phosphate is highly used in the industry as dehydration catalyst mainly for organic
synthesis. The catalytic activity of the inorganic material depends on different characteristics and
conditions such as: the surface area, the available acid sites in the molecule, the number of available
acid sites and the processing temperatures of the material. As a result, the degradation of the PLA
may have hence by the help of the BPO; filler. However, two possible parameters could affect the
complete degradation of this system: the temperatures were not high enough to enhance the activity

of the catalyst or the time was not long enough to be decomposed under the used compost conditions.

Due to lack of availability to measure the internal conditions that may affect the compost
used, the possible low percentage of moisture in the atmosphere, the fact that not all the samples
could be tested and the lack of information of microorganisms presented on the compost as well the
CO: fixation; we were not able to prove the higher degradation for materials with low-molecular
weights (low percentage of crystallinity). However, we may have an important discover on the BPO4
inorganic material which accelerate de biodegradation of all materials even when was also the
material with better mechanical properties in conjunction to PLA before the crystallinity and

degradation tests.

Other possible assumption could be that the printed samples of the systems with lower UTS
had a decrease in strength due to a bad printing and the presence of air on the matrix of each material

system.
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CHAPTER 7: CONCLUIDING COMMENTS AND FUTURE WORK

The work presented here reviews one of the biggest challenges facing ME3DP technologies
the limitation of the range of materials used by this technique. Acrylonitrile butadiene styrene (ABS)
and poly-lactic acid (PLA) are currently the most common thermoplastics materials used in ME3DP.
Due to the perceived health hazards of ABS and the increasing environmental problem of the
constant increasing amount of plastics in oceans, landfills and the severe disruption of the
ecosystems, the 3D printing community has the concern to create polymeric materials more

environmentally sustainable. PLA offers an eco-friendly solution for polymeric 3D printing.

The purpose of this investigation was to alter the physical properties of PLA with sustainable
additives in order to improve the end use products from this material. During the first four Chapters
an analysis and evaluation of the possible effects of four filler/ fiber composites (analytical grade
NaCl, MayaCrom® yellow, BPO4 and jute fibers) on the PLA matrix was done by an established
method from the selection and processing of the materials, to the evaluation, testing and analysis of
the final parts. Viscoelastic, moisture, mechanical and fracture analyses were performed on these
systems. During the viscoelastic analysis the system compounded with the sodium chloride
demonstrates an improvement of the viscoelastic behavior of the PLA material by itself, the
MayaCrom® pigments decrease the viscosity of the PLA matrix, which could be an important
benefit to ME3DP. Most remarkable results of fracture results showed that the salt particles showed
a very good attachment to the PLA matrix and that the jute fiber and the MayaCrom® Yellow created
voids on the matrix. During the moisture analysis an increase on the mechanical properties for PLA
and PLA/ Jute fiber system was recorded, which is backwards of what is usually reported on the

literature.

This combination of materials was more deeply investigated in Chapter 5, the same materials
were tested varying the wt. percentages and with the change of the particle size for NaCl in order to
test how the particle size influence on the mechanical properties of the matrix. Previous mechanical
results showed a high percentage of elongation at break. However; the ultimate tensile test was very

69



low, for this reason a functionalization study by an aqueous ionic solution was performed, at the
same time a functionalization process using chemicals was performed in order to compare between
the eco-friendly and not eco-friendly process and how both affect the fiber attachment on the matrix
and the UTS of the final systems. The jute fibers functionalized with the help of silanes showed the
higher UTS result in comparison of those functionalized with the salt. Yet, the difference on these
results was not very noticeable. Deeper analysis of the jute fiber was performed with a thermal
treatment on the fibers, resulting on the best UTS results of the fibers into the matrix. All the systems
tested presented a decrease on the mechanical properties of the matrix materials. Being the inorganic
BPO; filler the one that did not had a big impact on the UTS of the PLA. However, a possible
chemical bonding could take place between the PLA molecule and the boron and phosphate
molecules. The creation of the tri-blend systems showed a decrease on the UTS values for the tri-
blend based on MayaCrom Yellow compared to the previous UTS results recorded for binary PLA/
MayaCrom Yellow system. As a result, assumptions on the percentage air on the final fabricated

parts were made.

In order to have more reliable results normalization analyses were carried out, in which it
could prove that the decrease in UTS values for the final fabricated systems were primarily due to
the presence of air gaps. Under a perfect scenario with a 100% infill density on the samples the UTS
values of the PLA by itself could have been improved with the addition of the salt particles at 5%
(unmilled and milled) salt 10% and salt 20% loadings. And the tri-blend system based on the
MayaCrom® Yellow. Yet, these systems presented the higher percentage of air on the final
fabricated parts. Future material evaluations in ME3DP still requires more precision during the
building of the parts, a deeper analysis of the required parameters such as the infill density and how
the temperature affects each specific material has to be adapted, taking care of minimal defects in
the final fabricated part. On this chapter an extra tensile analysis of the final parts and the evaluation
of the resulting anisotropy showed promising results for the inorganic MgCl, and the tri-blend

system based on the MayaCrom® yellow, these results demonstrates a tendency in favor of the
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combination of these materials with very low anisotropy. These systems could benefit in one of the

most popular barriers presented on 3D printing.

During Chapter 6 a biodegradation study was performed on compost in order to know how
crystallinity affects the rate of biodegradation of PLA and the other materials systems. Due to lack
data and possible defects during the 3D printing (infill lower than 100%) no all the systems could
be tested. However, a very important result was observed for the PLA/ BPO4 system, which actually
degraded after test, more shocking is the fact that this material was first registered to have the higher
UTS value in comparison of the other fifteen systems. This correlates with the hypothesis of the

possible chemical change was induced into the PLA molecule.

This work presented fifteen sustainable novel material systems based on the biopolymer PLA
maintaining the compatibility to the 3D platforms avoiding the hazards fumes released by the most
common materials used in 3D printing. Also, these systems promise important characteristics in the

different evaluated methods used.

The PLA biopolymer in conjunction with sustainable fillers specially the inorganic BPO4
and the systems with the ionic filler at different loadings need a deeper study that can help to degrade
the plastic under normal compost conditions, with the lower effort possible, and the minimal
environmental impact. This work offers a solution for the most demanded area of plastic production:
packaging. The presented PLA/ BPO4 system material can be an important environmental solution
that will help to diminish the amount of plastics in oceans, landfills, etc. Still, more work is needed
in order to understand the influence of the BPOs filler in the chemical and physical properties of the

PLA material as well as a more detailed control on the compost parameters.
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Material extrusion 3D printing (ME3DP) based on fused deposition modeling (FDM) technology
is currently the most commonly used additive manufacturing method. However, ME3DP suffers
from a limitation of compatible materials and typically relies upon amorphous thermoplastics,
such as acrylonitrile butadiene styrene (ABS). The work presented here demonstrates the
development and implementation of binary and ternary polymeric blends for ME3DP. Multiple
blends of acrylonitrile butadiene styrene (ABS), styrene ethylene butadiene styrene (SEBS), and
ultrahigh molecular weight polyethylene (UHMWPE) were created through a twin screw
compounding process to produce novel polymer blends compatible with ME3DP platforms.
Mechanical testing and fractography were used to characterize the different physical properties
of these new blends. Though the new blends possessed different physical properties, compatibility
with ME3DP platforms was maintained. Also, a decrease in surface roughness of a standard test
piece was observed for some blends as compared with ABS.

. INTRODUCTION

Material extrusion 3D printing (ME3DP) is a technol-
ogy which relies upon the extrusion of a thermoplastic
monofilament through a heated nozzle."* Originally
trademarked as fused deposition modeling (FDM™), there
has been a dramatic increase in the use of this technology
with rapid growth in the form of desktop models of various
grades” and do-it-yourself (DIY) kits due to the expiration
of the original patents on the technology in 2009.* As is the
case with other 3D printing technologies, ME3DP presents
many advantages over traditional manufacturing techni-
ques, most notably direct computer aided design (CAD) to
final part fabrication, the capability to print unique and
complex geometries, and short design to product cycle
time. The flexibility of ME3DP makes it an attractive
manufacturing platform; however, the greatest limitation
to this technology is a dependence on amorphous poly-
meric materials as a feedstock, limiting the amount of
printable materials. The lack of a large variety of compat-
ible materials limits the applicability of parts fabricated

Y Address all correspondence to this author.
e-mail: droberson@utep.edu
DOI: 10.1557/jmr.2014.158

J. Mater. Res., Vol. 29, No. 17, Sep 14, 2014

http://journals.cambridge.org Downloaded: 04 Mar 2015

from ME3DP and inhibits the overall growth of this
technology. Currently, two of the most common polymers
used by ME3DP are acrylonitrile butadiene styrene (ABS)
and polylactic acid (PLA).

One method to increase the variety of materials
compatible with ME3DP is the creation of polymer
matrix composites (PMCs) where the matrix material is
a printable material such as ABS. Indeed, several examples
of the creation of printable PMCs can be found in the
literature.” ™ However, in this work, we utilize another
strategy to increase the number of ME3DP-compatible
materials, the use of polymer blends. While there is not
a large body of work in literature performing research on
printable polymer blends, there are commercially available
amorphous polymer blends such as PC ABS (polycarbonate
and ABS) and Ultem 9085 (polycarbonate and polyether-
imide), which are both marketed by Stratasys.

The work presented here demonstrates the develop-
ment of new ABS-based polymeric blends which are
compatible with ME3DP, yet have physical properties
that are different than pure ABS. The lynchpin of the
experiments presented here was the use of the styrene
ethylene butadiene styrene (SEBS) copolymer as both
a blend with ABS and a compatibilizer agent in the
© Materials Research Society 2014 1859
IP address: 129.108.37.79
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blending of ABS with ultrahigh molecular weight poly-
ethylene (UHMWPE)—a material that is semicrystalline
and neither extrudable (without specialized equipment)
nor compatible with ME3DP platforms. The use of SEBS
as a compatibilizer for blends of polystyrene (PS) and high
density polyethylene (HDPE) has been demonstrated in
the literature’ and our work here sought to utilize the
copolymer block to blend the similar materials ABS and
UHMWPE. SEBS has also been widely used as a “rubber
toughening” agent for several polymer systems including
nylon and polyethylene terephthalate (PET) among
others'®'%; and our efforts here strived to achieve a tough-
ened, rubberized ABS which was compatible with
ME3DP platforms.

The polymer blending process has several advantages
over synthesizing new printable polymers: i) by using
known, printable materials as a base, the new blended
material will also be compatible with ME3DP platforms;
and ii) polymer blending can be done away from large-
scale production facilities using small-batch polymer
extruders, providing an expanding area for the development
of new materials that meets the customer demand for
personal 3D printers. This work is focused on altering the
physical properties of printable base polymers (in this case
ABS) for use in 3D printing through the addition of
UHMWPE and the thermoplastic elastomer SEBS. Utiliz-
ing and optimizing these three polymeric materials can
create unique combinations of properties, based on the
individual constituents. For example, ABS is based on
three monomers (acrylonitrile, butadiene, and styrene).
Of particular interest are the acrylonitrile and butadiene
groups, the former is responsible for forming polar bonding
between the chains (producing a stronger material) and the
latter provides better mechanical resilience."? Likewise
UHMWPE offers high toughness, wear and abrasion
resistance, and impact strength.'* However, as mentioned
before UHMWPE is not compatible with most extrusion
equipment and therefore, must be blended with other
polymers for 3D printing, as it lacks the melt flow capability
required for printing, even above the melting temperature.

In comparison, polymeric elastomers such as SEBS
have properties including low melt viscosity, low process
temperature, and low distortion during extrusion."> Also,
SEBS has demonstrated high impact strength and high
elongation at break.'® For these reasons, our work
introduced a blended system of SEBS and ABS to increase
the elastomeric properties and toughness of ABS. Also, by
incorporating a combination of SEBS and UHMWPE to
ABS, it was believed possible to achieve the benefits of
UHMWPE (toughness) with the properties of ABS and
SEBS (printability and relatively low process tempera-
ture). To this end, two blend types were fabricated (ABS
SEBS and ABS SEBS UHMWPE) to take advantage of
these properties and alter one of the most common 3D
printing materials (ABS).

Il. EXPERIMENTAL
A. ABS/SEBS blends

In this study, the ABS used was a CYCOLAC resin
MG37CR produced by Sabic (Pittsfield, MA). The
SEBS used was a powdered Kraton (Houston, TX,
USA) A1536 HU SEBS polymer [Fig. 1(a)] in the
form of globular chunks roughly 0.5 mm in diameter.
Different blends of ABS were made with varying weight
percentages of SEBS: 5, 10, 20, and 50% (in terms of
ABS:SEBS ratio 95:5, 90:10, 80:20, and 50:50) and
compared with baseline samples created from ABS. The
ABS/SEBS blends were pre-mixed and then oven dried.
The oven drying process entailed a drying cycle at 100 °C
for 14 h followed by a ramp to 110 °C for 1 h and a ramp
down to room temperature for an additional 1 h. The
mixture was fed to a twin screw extruder/compounder
(Dr. Collin Model ZK 25T, Dr. Collin GmbH, Ebersberg,
Germany) operating at a temperature of 165 °C, under
a pressure of 45 bar, and a screw rate of 70 rpm. The
extrusion process was used to create a monofilament of
1.75 mm in diameter which is the standard diameter used
by most ME3DP systems.

B. ABS/UHMWPE/SEBS blends

Blends of UHMWPE with ABS using SEBS as
a compatibilizer were made using GUR® 1020 UHMWPE
(Celeanese, Irving, TX) blended with the same ABS and
SEBS materials mentioned above. The UHMWPE was in
powder form with a size distribution [Figs. 1(b) and 1(c)] of
92.6 = 45 pum. The ternary blends tested in this study were
based on mass ratios of ABS:UHMWPE:SEBS (90:10:10
and 75:25:10). We found that we were unable to success-
fully create a printable monofilament when the weight
percent of UHMWPE was greater than 25% compared with
the ABS base (greater than an ABS:UHMWPE ratio of
75:25). The mixtures were fed to the same twin screw
extruder/compounder; however, the operating parameters
used for these blends were at a temperature of 195 °C, under
a pressure of 72 bar, and a screw rate of 40 rpm. In contrast
to both blend systems, the pure ABS filament was created
using extrusion parameters of temperature of 175 °C, under
a pressure of 54 bar, and a screw rate of 50 rpm. All
extrusion parameters for the various blends are shown in
Table I and it should be noted that the difference in physical
properties necessitated different extrusion parameters
which we determined empirically.

C. Materials testing and characterization

The blended materials underwent tensile testing fol-
lowing the ASTM Standard D638-10 using the Type V
dimensions.'” To verify commercial printability, these
samples were printed using a MakerBot Replicator
(MakerBot Industries, Brooklyn, NY) material extrusion
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FIG. 1. SEM image of the (a) SEBS and (b) UHMWPE polymer before compounding. The size distribution of the UHMWPE polymer (c) was

measured to be 92.6 * 45 pm.

TABLE I. Extrusion parameters for the blended materials.

T zone T zone T zone T zone T zone RPM RPM feed Pressure (P) main
Material 1(°C) 2 (°C) 3(°C) 4 (°C) 5(°C) main screw screw (% main) screws (bar) Load (%)
ABS:SEBS
1:0 170 182 187 187 187 35 6 100 72
95:5 170 182 187 187 187 35 6 100 72
90:10 170 182 187 187 187 35 6 92 68
80:20 165 170 170 170 170 55 6 73 64
50:50 160 165 165 165 165 70 6 45 61
ABS:UHMWPE:SEBS
75:25:10 155 185 185 185 185 40 6 80 62
90:10:10 155 195 195 195 190 40 6 72 60

Raster Directions

(a)
FIG. 2. (a) Type V tensile test specimen where the raster direction is
designated by arrows and hash marks. (b) The structure designed to test
surface roughness with surface angles at 10°, 15°, 30°, and 45° with
respect to the surface normal.

3D printer. The print direction of the dog-bone structures
was in the XYZ direction [Fig. 2(a)] with a raster height of
0.4 mm and a raster width of 0.4 mm. The raster path was
set to produce a maximum filling percentage. A slight
modification was made to the MakerBot Replicator; the
stock drive gear was replaced with a “hyena” gear as we
found this gear to work better with the blended polymer
filaments. Additionally, a modified nozzle with a diameter
of 0.8 mm was used to print some of the blends as seen in
Table II. Machine printing parameters used for each
material are listed in Table II and, as was the case with
the extrusion process, the 3D printing process demanded
different properties based on the material type. The tensile

JOURMNALS
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test specimens were subjected to loading using an
Instron® 5866 (Instron, Norwood, MA) tensile tester,
and the resulting stress, strain, and average Young’s
modulus were recorded.

Fracture surfaces of representative specimens from
each sample pool were analyzed with a Hitachi
TM-1000 scanning electron microscope (SEM; Hitachi
High-Technologies Europe GmbH, Germany) operating
at a 15 kV accelerating potential and equipped with
a backscatter electron (BSE) detector. SEM imaging
allowed fracture surface morphology observations of
the blended structures to identify common failure modes
within these new material systems. As the goal of this
paper was to demonstrate the development of new poly-
meric blends, a test to measure the printability of the
material beyond the printing of mechanical testing speci-
mens was developed. A test structure designed to test the
ability to print an inclined plane was developed with
surface angles at 10°, 15°, 30°, and 45° with respect to the
normal surface of the XY plane [Fig. 2(b)]. The specific
angles were chosen based on precedence set in the
literature.'® Surface roughness measurements were taken
using a Mitutoyo surface roughness tester (model SJ-201P
Mitutoyo America Corp., Aurora, IL) and were also made
on the flat top surface and bottom surface of the test piece
(0° top and 0° bottom in the x and y direction).

1861
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! cocooo oo TABLE III. Mechanical testing data for all materials tested in this
~ Z Z Z Z Z Z Z study.
©z Material UTS (MPa) Elongation at break (%)
SE ABS:SEBS
- 8| 22222 Z:Z 1:0 340 = 1.74 8.6 =33
g % 95:5 255 £23 3.6 *0.7
<3 90:10 262 £2.5 40 = 1.1
80:20 252 1.8 119 £ 2.1
o ~ 50:50 18.0 £ 0.03 47.6 £5.0
X E ABS:UHMWPE:SEBS
€| 4+<4cwowo wvo 75:25:10 147 0.7 57+07
—°§ é Sesss e e 90:10:10 23.1 £0.8 84 *+1.0
? 3
©s Sample size, n = 5.
g E R R B N Bt lll. RESULTS AND DISCUSSIONS
— Q
= § A. ABS/SEBS blends
The results of the mechanical testing data are shown in
o Table III. As can be seen, blends that were 5% and 10% by
= weight SEBS (the 95:5 and 90:10 ABS:SEBS blends) do
£ 3 RS2 =8 not exhibit an improvement in mechanical properties and
- i aaaaa ad suffered from a slight decrease in ultimate tensile strength
B (UTS) of 25.5 = 2.3 and 26.2 = 2.5 MPa for 5% and 10%
SEBS as compared with UTS of 34.0 = 1.74 MPa for the
a baseline ABS samples. The blends with 20% and 50% by
% - weight SEBS (the 80:20 and 50:50 ABS:SEBS blends)
- nonnn 00 also displayed a lower UTS (18.0 = 0.03 MPa); however,
z g there was a dramatic increase in the percentage of
= elongation at the breaking strength where the 20% SEBS
blend 50% SEBS blend displayed elongation percentage
2% values of 11.9 £ 2.1% and 47.6 = 5.0% compared with
*;33 E SISSFS =9 8.6 = 3.3% for the baseline ABS specimens. The increase
i in plastic deformation before fracture is indicative of an
increase in toughness over the original ABS base resin.
S The stress—strain data for all blends are represented
5= e e graphically in Fig. 3. Each stress—strain curve is a com-
§ > posite curve of every tested sample for a given blend. The
) data compiling to generate the curves was achieved by
=1 a process described in the study of Torrado et al.'” where
&3 Eb . e oo a MatLab®-based program was used. By comparing the
g = g sgasgs 99 elongation percentage before failure, it is possible to
g 5’ observe the difference in toughness for the new polymeric
- blends as compared with the base ABS resin. It is
% _ important to note that though there were differences in
g 8 ii gsgss8s8 g8 the mechanical properties of the blends, the materials were
g 5 € —T 0T == still compatible with our ME3DP platform.
£ h Scanning electron microanalysis of the fracture surfa-
g w ces from representative specimens from each blend
2 é sample pool revealed different characteristics based on
§ & the weight percentage of SEBS in the blend. In general,
- " E the fracture surface of the tensile specimens is indicative
0 =| 8 Eoo of craze cracking which propagated normal to the
= 5lad .S58 2 G S direction of applied stress as has also been demonstrated
S SI2258g3%¢28 in the literature.'®?° The prominent features of the fracture
1862 J. Mater. Res., Vol. 29, No. 17, Sep 14, 2014
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surface for the 5% and 10% by weight SEBS blends is the
presence of fibrils (indicated by arrows in Fig. 4). These
fibrils appear to have torn out of the surrounding matrix,
and they decrease in number as the concentration of SEBS
increases. In terms of miscibility, this may indicate that
ABS is miscible in SEBS because an increase in SEBS
concentration corresponds to a decrease in fibrils present.

Stress, MPa

—ABS
ABS 95:5EBS 5
ABS 90:S5EBS 10
== ABS 80:5EBS 20
-=-ABS 50:5EBS 50
ABS T5:UHMWPE 25:SEBS 10
-+ ABS 90:UHMWPE 10:SEBS 10

% 10 20 30 50

Strain, (Video) %
FIG. 3. Composite stress—strain diagrams generated from tensile test
data for all material systems tested in this study. Note the difference in
mechanical properties as compared with the base ABS resin. Most
notable is the drastic increase in toughness for the 50% by weight
SEBS blend.

Also, an increase in SEBS concentration causes a shift in
the mechanical behavior of the tensile specimens toward
a material which is more elastic than ABS alone.

The ABS blends with a concentration of 20% and 50%
SEBS were qualitatively different in terms of surface
smoothness than the samples printed from pure ABS.
These two SEBS blends were subjected to surface
roughness testing utilizing the printed test piece discussed
above [Fig. 2(b)] and the results are shown in Table IV.
As can be seen in the table, the 50% SEBS blend led to the
printing of smoother 45° and 30° degree surfaces as
compared with the sample printed from ABS. The reason
for the improvement in surface roughness for inclined
planes is due to the unique characteristics in the way the
material is deposited during the printing process which is
influenced by the rheological differences between the
material systems. As is seen in the SEM images of cross
sections from samples printed from selected blends in this
study (Fig. 5), the filament shape is still discernable for the
sample printed from ABS while the 50:50 ABS:SEBS
blend deposits differently. The difference in deposition
morphology allows for the creation of smoother inclined
planes. The other surfaces of the ABS test piece were
comparable for the blends tested.

B. ABS/UHMWPE/SEBS blends

Mechanical testing data for the two ternary blends
tested here are listed in Table III. In both blended cases,

(b)

(c)

(d)

FIG. 4. Micrographs of ABS:SEBS blends (a) 95:5, (b) 90:10, (c) 80:20, (d) 50:50. The fracture surfaces of the tensile specimens are indicative of
craze cracking, and all fracture surfaces prominently display fibrils, highlighted by black arrows in (a), (b), and (c).
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TABLE IV. Surface roughness measurements (Ra in pm) for selected materials.

Surface

Material 45° 30° 15° 10° 0° top x 0° top y 0° bottom x 0° bottom y
ABS:SEBS

1:0 472 = 8.6 49.8 =54 629 3.6 50.7 £5.8 9.7 £2.1 339 £43 1.06 £ 0.2 5.56 £5.8
80:20 448 24 49.0 = 1.7 59.4 + 2.6 476 = 12.4 13.0 = 4.0 17.1 =73 1.8 =13 1.8 0.7
50:50 359 £0.7 38.8 =47 645 * 1.4 522 £133 11.3 3.0 169 £5.9 1.5 05 28 1.8
ABS:UHMWPE:SEBS

75:25:10 29.7 £ 6.0 470 £ 7.6 409 = 10.1 36.0 £ 11.3 185 £ 6.7 34.0 £ 4.1 204 £54 23.8 £ 6.8
90:10:10 479 £99 402 =52 445 29 299 =47 133 29 28.6 =43 38 =09 3915

Sample size, n = 5.

(a) | T ()

FIG. 5. SEM micrographs comparing (a) ABS, (b) the 50:50 ABS:SEBS blend, and (c) the 75:25:10 ABS:SEBS:UHMWPE ternary blend. Note that
the ternary blend has a propensity to blend raster layers leading to an overall smoother surface finish for inclined planes.

the material’s UTS was weaker than ABS. The average
UTS for the ABS:UHMWPE:SEBS (75:25:10) blend
was 14.7 = 0.7 MPa while the ABS:UHMWPE:SEBS
(90:10:10) blend produced samples with an average UTS
of 23.1 = 0.8 MPa, as compared with 34.0 = 1.74 MPa
for the baseline ABS samples.

The electron micrographs of the fracture surfaces
of representative samples for the two ternary blends
(ABS:UHMWPE:SEBS—75:25:10 and 90:10:10) exam-
ined in this study are shown in Fig. 6. Analysis of the
micrographs confirmed prominent globules of the material
in both ternary blends. Comparing the size of the globules
to the size distribution of the UHMWPE powder confirms
that the globules are most-likely undissolved UHMWPE
particles. The surface features of the globules are much
smoother than the original powder and are most likely due
to particle melt during the extrusion process as the process
was above the melting temperature (7, ~130 °C) of
18 cuRnaLs
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(c)

UHMWPE. The particles also appear to pull out of the
matrix as there are several cavities and free-to-move
particles on the fracture surface. The fracture morphology
of the matrix material is more brittle than even the
comparable mixtures of ABS and SEBS meaning that it
is possible that some of the UHMWPE did dissolve into
the ABS matrix or that the SEBS mixed with the
UHMWPE as the fracture surface of the matrix resembles
the fracture surface of pure ABS (Fig. 7). Also present in
the fracture surface of both ternary blends are fibrils and
voids where the fibrils pulled out of (highlighted by black
arrows in Fig. 6). The mechanics of the fibril tear out is
more prominent here than in the ABS:SEBS blend images
and may point to a threshold of miscibility between SEBS
and ABS.

Surface roughness measurements (Table IV) show that
for inclined surfaces, the 75:25:10 ternary blend pro-
duced the smoothest surfaces of all materials tested in this
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(c)

(d)

FIG. 6. Micrographs of ABS:SEBS:UHMWPE (a), (b) 90:10:10 and (c), (d) 75:25:10. Large globules are of consistent in size with undissolved
UHMWPE. At higher magnifications (b), (d) the undissolved UHMWPE appear to be pulled out of the composite matrix and free-to-move after

testing, in addition to have undergone melting.

FIG. 7. Representative fracture surface of a tensile specimen printed
from ABS.

study whereas the flat surfaces were among the roughest
tested here. As was the case with the 50:50 ABS:SEBS
blend, one reason for the smoother inclined planes may
be the rheological differences for this blend as compared
with the others. Figure 5 compares the print rasters near
the edges of specimens for ABS [Fig. 5(a)], the 50%
SEBS blend [Fig. 5(b)], and the 75:25:10 ternary blend
[Fig. 5(c)]. From the images, it can be seen that the
ternary blend has the propensity to deposit in a more
spread out fashion than the other blends to the point that it
is difficult or impossible to discern the deposition layers.
In all cases, the roughness in the x direction was less than
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that in the y direction due to the fact that in the y direction
the test probe traveled against the print raster direction
while measurements in the x direction were parallel with
the print raster direction. Once again, though the material
displayed different mechanical properties as compared
with ABS, we were still able to use it as the feedstock on
our ME3DP platform.

IV. CONCLUSION

The work presented here had the goal of demonstrating
the development of new polymeric blends for material
extrusion 3D printing platforms through characterization
of mechanical properties, phase morphology, and 3D
printer compatibility of novel copolymer blend systems
(ABS:SEBS and ABS:UHMWPE:SEBS), each having
different physical and chemical characteristics. Toward
this goal, the 3D printability of novel binary and ternary
polymer blends of varying constituent concentrations was
determined by printing standard tensile test specimens
and a roughness testing piece with multi-angled inclined
planes using a commercially available MakerBot Repli-
cator. In terms of roughness, the 50:50 ABS:SEBS
provided smoother flat surfaces and the 75:25:10 ABS:
UHMWPE:SEBS blend provided the smoothest sloped
surfaces due to the rheological differences as compared
with ABS and the other blends in this study. However,
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we were unable to create a filament when the amount of
UHMWPE was increased above 25%. Mechanical testing
was also performed on all printable copolymer blends.
Through this testing, we observed that blending any
amount of SEBS and UHMWPE into an ABS matrix
lowered the UTS of printed tensile specimens. Yet, it was
also observed when SEBS copolymer blends were loaded
greater than 20%, the elongation percentage values
(amount of plastic deformation endured by the material
prior to failure) increased where tensile test samples
printed from the 50:50 ABS:SEBS blend displayed
elongation percentage values approaching 50% which is
indicative of an increase in toughness of the material.

Characterization of the ABS:UHMWPE:SEBS and
ABS:SEBS blends via SEM microanalysis revealed an
insolubility of UHMWPE within the ABS matrix as for
the ternary blends as well as a solubility threshold
between ABS and SEBS for the binary blends. In all
cases, ABS blends with altered physical properties were
created and demonstrated to be compatible with a desktop
grade material extrusion 3D printer. In the case of the
binary ABS:SEBS blend, manipulation of the percentage
of elongation at break was achieved by changing the
ABS:SEBS ratio. While the addition of UHMWPE was
detrimental UTS, the result was a 3D printable material
capable of printing smoother inclined planes than the
ABS base material alone. The work here demonstrates
the ability to create 3D printer compatible materials with
tailorable physical properties which can be customized
for a given application.
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There has recently been a substantial increase in
interest in commercial and industrial applications
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Material-extrusion three-dimensional (3D) printing has recently attracted
much interest because of its process flexibility, rapid response to design
alterations, and ability to create structures “on-the-go”. For this reason,
3D printing has possible applications in rapid creation of space-based devices,
for example cube satellites (CubeSat). This work focused on fabrication and
characterization of tungsten-doped polycarbonate polymer matrix composites
specifically designed for x-ray radiation-shielding applications. The polycar-
bonate—tungsten polymer composite obtained intentionally utilizes low load-
ing levels to provide x-ray shielding while limiting effects on other properties
of the material, for example weight, electromagnetic functionality, and
mechanical strength. The fabrication process, from tungsten functionalization
to filament extrusion and material characterization, is described, including
printability, determination of x-ray attenuation, tensile strength, impact
resistance, and gigahertz permittivity, and failure analysis. The proposed
materials are uniquely advantageous when implemented in 3D printed
structures, because even a small volume fraction of tungsten has been shown
to substantially alter the properties of the resulting composite.

Key words: Polymer composites, material testing, fracture analysis,
mechanical properties, 3D printing

INTRODUCTION of material-extrusion three-dimensional printing

(ME3DP) based on fused deposition modeling (FDM)
technology. The ability to design a structure by
computer aided drafting (CAD) and immediately
fabricate the design may prove to be revolutionary
for rapid prototyping processes by reducing time to

(Received December 17, 2014; accepted February 5, 2015;
published online March 6, 2015)
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thermoplastic-based ME3DP can now incorporate
additional functionality, for example electrical
interconnects and components, directly durmg the
build process.* ' Component integration is possible
because of integratlon of pauses and cavities at
specific positions in the layer-by-layer building pro-
cess of ME3DP.'® Electrical interconnects can also be
integrated within these layers by use of a variety of
embedding processes. When the 3D printing build
sequence is complete, the resulting structure will be
fully formed with integrated electronic function-
ality.™ 41719 Combination of three-dimensional (3D)
printing with such dep0s1t10n methods as direct
write and wire embeddm; ?ves rise to 3D printed
structural electronics.® Although significant
progress has been made in this type of 3D printing, it
is hindered by a lack of prlntable materials with
different physical properties.®?° There has been in-
terest in utilizing the inherent flexibility of 3D
printing to design and fabricate ME3DP structures
for applications ranging from antennas and sensing
to space-based cube satellites (CubeSats). 4131819

For many of these potential applications, for
example CubeSats, electromagnetic and radiation-
sensitive components must be inserted within the
ME3DP structure without compromising the
mechanical strength. On integration of polymer
matrix composite (PMC) thermoplastics into 3D
printed structures, the mechanical advantages and/
or disadvantages of both materials (in this case
tungsten and polgcarbonate) in a single filament
can be combined.?” For this reason, a PMC material
was designed with the specific objective of increas-
ing the x-ray radiation shielding of a polycarbonate
(PC) 3D printable monofilament while simultane-
ously minimizing the effect on such mechanical
properties as ultimate tensile strength (UTS) and
impact resistance. Classically, a composite can uti-
lize the physical properties of two or more material
systems; an example of this effect can be shown in
terms of yield strength, Eq. 1:

0¢ = Vimoe + Vior (D

where o, is the composite yield strength, Vg, is the
volume fraction of the polymer, V., is the volume
fraction of the reinforcing agent (in this case an
x-ray shielding particle), oy, is the ultimate tensile
strength of the polymer, and o, is the ultimate
tensile strength of the reinforcing agent.??

In this work, addition of a radiation-blocking micro-
particle was expected to interrupt the polymer matrix
and reduce such mechanical properties as tensile
strength; the matrix deformation effect could be
worse in the mechanical elastic region.?>?* According
to Eq. 1, however, a low volume fraction of com-
positing agent would not, in theory, be expected to
affect composite yield strength properties. However,
marked improvement in x-ray shielding capabilities
was hypothesized, owing to Eq. 2, which describes
the transmission of an x-ray through a material:

I, = Le ().rd (2)

where I, is the intensity of the x-rays before passing
through the material, u is the linear attenuation
coefficient, [ is the materlal thickness, and p is the
density of the material.>® Specifically, the mass

absorption coefficient of the mixture ﬁ) will directly

affect the x-ray absorption. In a Pl\/inC, the mass
absorption coefficient can be expressed by Eq. 3:

Q)=

where x; and x5 are the mass fractions of substances
1 and 2.%° Also, because of the constant volume of a
3D printer monofilament, filament mass will be
directly related to filament density. Consequently,
the density of a PMC can be approximated on the
basis of the attenuation coefficient and mass frac-
tions, as shown in Eq. 4.

Pe = X1P1 + X2pg (4)
Therefore, Eq. 2 becomes Eq. 5:

I = Lo (@ () #0:(),) @orten) (5)

Equation 5 illustrates that radiation attenuation by
a PMC is highly dependent on mass fraction, and
not volume fraction.?” As such, with the correct
choice in additive, one can 11m1t the effect on
mechanical properties of a high volumetric loading
while still providing large radiation attenuation by
use of larger mass loading.

Because these structures were primarily designed
for space-based applications, for which weight
requirements are high-priority, initial testing was
limited to materials with a five percent increase by
mass as a result of the additive. Tungsten (W) was
chosen as an additive, because of its high density
(19.3 g/em®), known x-ray shielding capabilities,
and non-reactivity during chemical functionaliza-
tion and at extrusion temperatures. As an added
benefit of tungsten’s high density, low percentage
loadings were expected to provide increased
radiation shielding without greatly affecting the
mechanical properties (because of the low volumet-
ric loading, as explained by Eq. 1).

EXPERIMENTAL

In the work presented in this paper we examined
and fully defined the effect of tungsten micro-par-
ticles on the physical properties of 3D-printed
polycarbonate structures. The evaluation consisted
of five specific tests:

1. Dynamic mechanical analysis (DMA);
2. Mechanical tensile testing;
3. Izod impact testing;
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4. X-ray transmission (40 keV to 120 keV); and
5. Characterization of gigahertz (GHz) permittivity
and loss tangent.

The results were also compared with theoretical
values, where available, and the fracture surfaces
were analyzed by wuse of scanning -electron
microscopy (SEM).

Polycarbonate base resin (Lexan FXDI171R,
Sabic, Pittsfield, MA, USA) was compounded with
tungsten micro-particles (12 um particle size, Sig-
ma-Aldrich part number 267511) to create a
metal-loaded PMC. The compounding process was
preceded by a tungsten silane (Xiameter OFS-
6032; Dow Corning) functionalization process to
improve tungsten dispersion within and bonding
with the polycarbonate resin.?¢=2® The functional-
ized tungsten micro-particles were masterbatched
with polycarbonate resin, by use of a Carver hot
press, and manually kneaded to achieve full par-
ticle encapsulation. The PC-W masterbatch
material was granulated by use of a polymer
granulator (Granu-Grinder; Brabender, Haken-
sack, NJ, USA) then manually mixed with pure
polycarbonate resin to furnish distinct batches
containing 1%, 3%, and 5% tungsten by mass
(0.1%, 0.2%, and 0.3% by volume) which were then
fed to a polymer extruder.

The polycarbonate—tungsten mixture was extruded
by use of a Dr Collin (Ebersberg, Germany) ZK 25T

Table 1. Specific gravity calculated by use of ASTM
standard D792-13 and the volumetric loading (W) of
each filament, on the basis of specific gravity
measurements

Specific gravity

Material (g/cm® - STD 0.003) W (%)
PC — FXD 171R 1.199 (MSDS? — 1.20) -~
PC-W 1.214 0.08
PC-W 1.241 0.23
PC-W 1.258 0.33

#Lexan FXD171 Technical Data Sheet, Saudi Basic Industries
Corporation, 2014.
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twin-screw extruder system equipped with co-ro-
tating, intermeshing screws. All four extruded fi-
laments were produced using the same extrusion
conditions: 200°C melt zone in the screw (Dr Collin
zones 1-4), no melt pump (Dr Collin zone 5), 198°C
tip temperature (Dr Collin zone 6), a tip pressure
of 86 bar, extruder screws set to 50 rpm, room
humidity of <40%, and a water bath temperature
of 18°C. Before extrusion, the masterbatch mate-
rial was dried in a circulating oven at 120°C for
19 h, and the polycarbonate base resin was dried
for 3 h at 120°C by use of a compressed air dryer
(Mini 10-CFM; Dri-Air Industries, East Winsor,
CT, USA). The resulting filament (~1.72 mm di-
ameter + 0.05 mm) was analyzed by ASTM stan-
dard D792-13 specific gravity testing to accurately
determine the tungsten volumetric loading; the
loadings and specific gravities are listed in
Table I.°

RESULTS AND DISCUSSION
Material Properties and Print Quality

Initial test specimens were printed with a Mak-
erBot Replicator desktop 3D printer (MakerBot
Industries, Brooklyn, NY, USA) and a TA Instru-
ments Q800 dynamic mechanical analysis (DMA)
system (TA Instruments, New Castle, DE, USA). The
filament was printed into a rectangle (59.74 mm x
12.85 mm x 3.14 mm) by use of a 0.6 mm printing
tip and a print temperature of 270°C. The resulting
DMA samples were frequency cycled (1 Hz to
100 Hz) and temperature ramped (35°C to 180°C)
with a dual cantilever sample stage, the results are
summarized in Table II.

DMA analysis enables measurement of a wide
range of material properties. Of specific interest in
this work were complex viscosity, storage modulus,
and glass transition temperature (T,). The glass
transition temperature seemed to change by ~4°C
in this work, so was expected to have little effect on
printing conditions. Storage modulus is a measure
of the force necessary to move a DMA sample a
specific distance (N/m? or Pa); it is, therefore, an
estimate of the elasticity (stiffness) of the material,
which typically increases as composite loading

Table II. Complex viscosity (measured at 1 Hz), storage modulus (measured at 100 Hz), and glass transition

temperature (measured at 100 Hz) obtained by DMA

Material = Viscosity (45°C) (MPa s) Stor. mod. (45°C) (MPa) T, (°C) (100 Hz) Viscosity (45°C) (MPa s)
FXD 171R 66.36 1222 148.45 0.3503
W-1% 69.67 1280 151.54 0.3742
W - 3% 70.27 1299 151.55 0.5108
W - 5% 71.42 1315 152.29 0.5569

There is a noticeable increase in storage modulus with increased material loading, implying increasing stiffness. The increase in glass
transition temperature is negligible when printing; however, the increase in viscosity suggests a slightly higher print temperature may be

needed to maintain print quality.




Mechanical, Electromagnetic, and X-ray Shielding Characterization of a 3D Printable 2601
Tungsten—Polycarbonate Polymer Matrix Composite for Space-Based Applications

increases. Complex viscosity is a relative value
enabling comparison of possible print conditions for
a specific polymer. For example, high complex vis-
cosity may require a 3D printing head to move at
slow speed, or use of a higher temperature.
Increased print temperature and reduced print
speed are undesirable, because if the printing tem-
perature is too high or the polymer is over-exposed
to the heated print head, polymer degradation may
occur.?>3! Degradation of polycarbonate typically
results in release of aromatic compounds (which is
worse in an air environment), contributing to a
printed structure with voiding.?**! Because of the
low percentage volumetric loading in this work,
little effect on complex viscosity was expected or
observed (~5 MPa s at 40°C and ~0.2 MPa s at
170°C). Therefore, although slight variability in
printing conditions was predicted, the loaded fila-
ment was expected to print sufficiently well under
the conditions used to print specimens from the base
resin (FXD171R). Because the test parts were pro-
duced with commercially available 3D printers,
sections on testing will cover only those printing
properties which could be directly controlled by the
user; all other printing conditions and system con-
figurations used were the standard settings for each
tool.

Normalized XRD Spectrum of Tungsten Powder, a
Printed Polycarbonate Substrate, and a Printed

Tungsten Polycarbonate Composite Substrate
3000

—Tungsten Powder
—Printed PC Substrate
~—Printed PC/W Substrate

AN

Polycarbonate

2500

2000
Tungsten

—

1500

1000

Normalized Intensity (A.U.)
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Fig. 1. X-ray diffraction measurements of tungsten powder, printed
polycarbonate, and a printed PC-W PMC. The peaks highlighted
show the presence of tungsten and polycarbonate. No peaks cor-
responding to any form of tungsten oxide were detected.

When the tungsten-loaded filament had been
shown to be printable, a printed PMC specimen (5%
by mass) and a sample of the base powder were
analyzed by use of x-ray diffraction (XRD) with a
Bruker D8 Discover equipped with a Cu K-alpha
source (Bruker AXS, Billerica, MA, USA). These
samples were tested to determine whether or not
the functionalization/extruding/printing process
oxidized the tungsten, creating WO, or WOj3, which
could, potentially, have reduced x-ray attenuation
factors.?”>* The resulting XRD spectra are shown
in Fig. 1.

As is apparent from Fig. 1, the characteristic
tungsten x-ray diffraction peaks are present in both
samples. A large polycarbonate diffraction peak
between 2-theta values of approximatelgf 13° to 25°
is also obtained for the printed sample.*” Because of
the strength of the peak, and the lack of an identi-
fiable tungsten oxide peak, it was concluded that
our compounding process did not significantly oxi-
dize the tungsten micro-particles.

Because of potential inconsistencies inherent in
the 3D printing process (especially when compar-
ing different filament types or printers), the phy-
sical property values reported in this work are
normalized to percentage air loading (printed air
gap). Air loading was determined by comparing
printed part density to filament density; the results
of this comparison are listed in Table III. It is
worth noting that the print orientation for all
mechanical test specimens was the ZXY orienta-
tion, because this direction has been found to result
in the highest ultimate tensile strength (UTS) and
impact resistance (when FDM-type processes are
used).?® The ZXY orientation values are compara-
ble with most values reported in polymer MSDS
data sets, and enable logical initial comparison
between printed 3D structures. Samples of printed
parts with a tungsten loading of 5% by mass are
shown in Fig. 2.

X-ray Radiation Shielding

To determine attenuation of x-ray radiation, spe-
cimens (10 cm x 10 cm x 1 cm) were printed with
a Stratasys (Eden Prairie, MN, USA) FDM 3000
(liquefier temperature 265°C, combined load 25,
chamber temperature 75°C). The FDM 3000 allows
manual control of the material feed rate and the

Table III. Percentage air fill of printed parts and the associated standard deviation

FDM 3000
Material density (g/cm®) (STD)
FXD 171R 0.926 (0.030)
W -5% 1.062 (0.019)

FDM 3000% air
filling (STD)

22.83 (2.466)
15.56 (1.486)

400mc % air
filling (STD)

400mc density
(g/cm®) (STD)

0.941 (0.0125)
1.046 (0.026)

21.563 (1.04)
16.93 (2.095)

The results in this table were calculated by using the filament specific gravity and will be use to compare the mechanical and electro-

magnetic properties of the final components.
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Fig. 2. Printed parts obtained by use of the PC-W PMC filament
(~5% by mass). The parts shown (tensile testing, electromagnetic
testing, and impact testing) were produced by use of a combination
of the FDM 400mc and FDM 3000 3D printers.

Attenuation Factor of Tungsten Loaded
Polycarbonate
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Fig. 3. Theoretical and experimental x-ray attenuation factors. The
experimental results were measured at the LEXR Facility at Kirtland
Airforce Base; the theoretical results were calculated by use of the
Beer—Lambert law.

print head temperature, which is essential when
characterizing a new 3D-printable material. This
3D printer also allows use of a temperature-con-
trolled build envelope of 75°C. Samples were printed
with approximately 1, 3, and 5% loadings of tung-
sten (by mass). The measured volumetric loadings
are listed in Table 1.

X-ray attenuation was measured at Kirtland Air
Force Base by use of the low energy x-ray (LEXR)
facility and a cobalt-60 source. The resulting
attenuation factors are shown in Fig. 3. The expected

Xin, Wicker, MacDonald, and Roberson

values in Fig. 3 were determined by use of the Beer—
Lambert model and the mass attenuation factors
(Eq. 3) described in the Introduction.?%3*

As is apparent from Fig. 3, the experimental x-ray
attenuation follows the Beer—Lambert model. Also,
the low percentage loading implemented in this
study results in a dramatic increase in x-ray
radiation attenuation (~10%) compared with pure
polycarbonate. At low x-ray energies (40 keV to
70 keV), a volumetric loading of 0.3% results in an
attenuation factor of 96 to 98 (rad/rad) for a
relatively low increase in mass (~5%).

Tensile Testing

After x-ray attenuation characterization, the PC
and PC—tungsten (~0.3% v/v) filaments were
printed into ASTM D638-10 standard type-V dog-
bone samples by use of the Stratasys FDM 3000
printer (liquefier temperature 265°C, combined load
25, chamber temperature 75°C).?6 The ASTM stan-
dard dog-bone samples (gauge section 3.18 mm x
3.2 mm) were tested by use of an Instron® (Nor-
wood, MA, USA) 5866 tensile tester equipped with a
5 kN load cell and a strain rate of 10 mm/min, and
evaluated in terms of UTS and elongation to break,
as shown in Fig. 4.

These tensile testing samples(n = 6) were nor-
malized to percentage air filling, shown in Table III,
to obtain relative tensile strength values (indepen-
dent of print quality) for different materials. By use
of this method it is possible to compare UTS and
elongation between samples with arbitrary raster
filling percentages. Therefore, the changes in
mechanical properties (UTS and elongation to
break) become a function of fracture origin sites and
the inclusion of defect points (composite loaders).
The resulting mechanical performance can be
directly attributed to the inclusion of loading
materials and advantages and/or disadvantages of
these loadings on 3D printed polymer systems.

When normalized to percentage air filling,
tungsten-loaded polycarbonate does not seem to
alter the UTS compared with that of the base
polycarbonate resin. By use of the Tukey—Kramer
honestly significant difference (HSD) test (q =
2.22813, alpha = 0.05) it was shown that the UTS
data were not statistically significantly different
among the data sets. As already mentioned, com-
posite yield strength is a function of volumetric
loading, so this result is expected for low loading of
tungsten (~0.3% by volume). However, the DMA
data in Table II shows a noticeable increase in
storage modulus (~7.6%), implying an increase in
material stiffness. These data were not cor-
roborated by a Tukey—Kramer HSD (¢ = 2.22813,
alpha = 0.05) which did not indicate a statistically
significant reduction in elongation until break
(Fig. 4). However, such a small percentage change
in elongation is within the standard deviation
experienced during testing.
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Fig. 4. ASTM standard type-V dog-bone samples tested for nor-
malized ultimate tensile strength (a) and elongation to break (b).
Individual data points are shown as small points, larger circular
points depict the averages, and the standard deviation is shown as a
bar through the sample points. The results were analyzed by use of
the Tukey—Kramer HSD method, which revealed no statistically
significant difference for UTS or elongation to break.

PC-171R

Impact Testing

Other samples (intended for impact testing and
GHz characterization) warped severely when
printed by use of the FDM 3000; as a result, PC and
PC—tungsten (~0.3% by vol.) impact test specimens
were printed by use of a Stratasys FDM 400mc
(liquefier temperature 316°C, chamber temperature
95°C). Impact samples (12.7 mm x 12.7 mm x
63.5 mm) were printed using the ASTM D256-10
standard for Izod impact testing.>’The notched
impact test samples were measured for impact
resistance (J/m) and normalized for percentage air
loading as described in Table III; the resulting
impact resistances are shown in Fig. 5.

As with the mechanical tensile testing samples,
the impact resistance results (n = 5) were normal-
ized to the printed percentage air fill. This enables
direct comparison between material properties

PC - W: Normalized Impact

. Resistance
(S .
~ 60
=
8 50
c
8 a0+
2
8 30 4 } . 2
o
0 20+
(1)
g‘ 10 T

0

PC-171R PC-5% W
Material

Fig. 5. Normalized impact resistances measured by use of ASTM
standard notched impact specimens. Averages are marked by cir-
cular points, individual measurements are represented by diamond
shapes, and the standard deviations are represented by a bar
through the data sets. Tukey—Kramer analysis revealed the data sets
were not statistically significantly different.

while neglecting the effects of increased air gaps
obtained during the printing process. The resulting
impact resistances imply the possibility of
increased impact resistance with addition of tung-
sten nano-particles. A slight improvement in
impact resistance could have been expected,
because of the increased storage modulus obtained
during DMA testing. However, the large standard
deviation, in comparison with the baseline PC,
between specimens implies that at low loadings
there is some print or filler variability along the
fracture plane. Also, this variability in the
PC—tungsten structures results in a non-statisti-
cally significant difference between the data sets
when using Tukey—Kramer HSD analysis
(g = 2.306, alpha = 0.05). The Tukey—Kramer HSD
analysis implies that impact resistance is generally
unaltered at these low tungsten loadings.

Electromagnetic Characterization

Electromagnetic characterization was performed
on a waveguide vector network analyzer (VNA) from
7 to 13 GHz, by use of terahertz time domain spec-
troscopy (TDS) from 100 GHz to 500 GHz, and mod-
eled by use of the effective medium theory at 10 GHz.
Effective medium theory is useful when the dimen-
sions of all mixtures are much smaller than the
operating wavelength. For a two-phase mixture of a
random inclusion in a homogeneous host, the effec-
tive permittivity depends on the shape and size of the
inclusion, the distance between inclusion particles,
the volume fraction of the inclusion, the alignment of
the inclusion, and the permittivity contrast (the ratio
between the permittivity of the inclusion and that of
the host material). As was observed in this work, a
larger-than-unity permittivity contrast (the ratio
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Fig. 6. Top: permittivity (a) and loss tangent (b) obtained by use of a VNA and a micro-strip waveguide; error bars are shown as shaded areas.
The micro-strip permittivity (a) also shows the theoretical value expected by use of the Bruggeman effective media model. A slight increase in
permittivity (~4%) and an almost constant loss tangent are observed as a result of addition of W (5% by mass) to the polycarbonate. Bottom:
permittivity (c) and loss tangent (d) obtained by use of THz TDS. A slight increase in permittivity is again observed when W is added; however,
both PC and PC-W (5% by mas) have similar permittivity and loss tangents.

between the permittivity of the inclusion and that of
the host material), inclusions of low volume fraction,
and the existence of clusters, enables the Bruggeman
model to be implemented.®®

The permittivity and loss tangent data were
measured by use of a microwave VNA in waveguide
mode from 7 GHz to 13 GHz and by terahertz (THz)
TDS from 100 GHz to 500 GHz. By filling the rect-
angular waveguides of a VNA with a slab of sample
material under test and measuring the full two-port
S-data, both the dielectric and magnetic properties,
including loss tangents, can be extracted.’® TDS
utilizes a THz time domain signal with and without
a sample, and extracts the dielectric constant and
loss tangent.”” The electromagnetic characteriza-
tion samples were fabricated by use of an FDM
400mc (liquefier temperature 316°C, chamber tem-
perature 95°C) and a sample size of 1cm x
1.1 cm x 2.3 cm. The measured and theoretical
permittivity and loss tangents are shown in Fig. 6.

Electromagnetic characterization, shown in
Fig. 6, reveals an important benefit when choosing
tungsten as an x-ray radiation shielding compos-
ite. The high density of tungsten has previously
been shown to increase the x-ray shielding capa-
bilities of a 3D printed structure. At GHz fre-
quencies, however, the low percentage volume of
tungsten does not seem to contribute to an
increase in as printed loss tangents. This may
enable 3D printed antennas to be constructed
directly within a 3D printed tungsten-loaded
structure without a noticeable effect on antenna
performance. Also observed within tungsten—PC
materials, is a slightly increased permittivity,
possibly enabling future permittivity adjustment
to reduce antenna physical size. It is important to
note that the theoretical permittivity obtained by
use of the effective media theory Bruggeman
model is in agreement with the measured data at
10 GHz, shown in Fig. 6a.



Mechanical, Electromagnetic, and X-ray Shielding Characterization of a 3D Printable 2605
Tungsten—Polycarbonate Polymer Matrix Composite for Space-Based Applications
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Fig. 7. Tungsten particles in a polycarbonate matrix composite (a).
The fracture surface of the tensile testing specimens (b) seems to
have fracture origins at the edges of printed rasters. This implies that
failure occurred not at a tungsten—PC interface but at an air—PC
interface.

Scanning Electron Microscopy

The fracture surfaces of the tensile and impact
testing specimens were examined by use of both
optical microscopy and an Hitachi TM-1000 scan-
ning electron microscope (SEM) (Hitachi High-
Technologies Europe, Germany) operating with a
15 kV acceleration voltage and equipped with a
backscatter electron (BSE) detector. Optical
microscopy enabled determination of whether print
raster errors were present within the part, and
SEM analysis could be used to characterize both
printing error crack initiation sites; only SEM
images are included in this work. If the tungsten
particles, Fig. 7a, act as a failure point or stress
concentrator, crack initiation will be visible under
SEM at the point where the tungsten meets the
polymer matrix.

Figure 7b shows a low magnification image of a
tungsten composite dog-bone structure. On the
fracture surface, many crack initiation sites are

@ e

TM-1000_0764 2014/08/21 12:37 D3.1 x1.5k  50um
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Fig. 8. High magnification of tungsten particles in a crack hackle
region (a) and a region of high craze cracking (b) show that crack
propagation passes around the tungsten particles without the char-
acteristic mirror regions indicative of a crack origin site. This implies
that the particles are defect sites, but not fracture origins.

apparent (some examples are highlighted in red).
However, these sites appear to be initiated from the
edge of printed rasters. Failure occurring at the air—
PC interface and not the PC-W interface implies
that inclusion of the tungsten does not create points
of failure within the structure. On analysis under
higher magnification of a crack hackle region
(Fig. 8a) and a craze cracking site (Fig. 8b), it
becomes apparent that the fractures tend to propa-
gate around the tungsten particles without the
characteristic mirror and mist zones, which implies
the particles act as a defect rather than a crack
origin. If the tungsten particles were acting as a
point of failure, one would expect the UTS to be
noticeably reduced, which was not observed in this
work. Therefore, as a defect, the tungsten particles
should have little effect on UTS or impact resistance
(because of the low percentage loading of tungsten),
as was demonstrated by the tensile testing results
and, to a lesser extent, the impact testing results.
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CONCLUSION

Comprehensive analysis of tungsten-loaded poly-
carbonate 3D printing filaments is reported in this
paper. The polycarbonate—tungsten polymer matrix
composite was shown to be printable and resulted in
marked improvement of x-ray radiation shielding
(~10%), even for low-volume loadings of tungsten
(~0.3% by volume). Furthermore, because of the
low-volume loading, the electromagnetic properties
of the polycarbonate composite were not degrad-
ed—there was no significant increase in loss tan-
gent or change in permittivity within the GHz
frequency range. These electromagnetic properties
may enable antennas to be embedded within the
PC—W substrates with little loss of antenna perfor-
mance. The PMC will also furnish electrical com-
ponents with improved x-ray shielding capability.

The mechanical properties of the tungsten PMC
were also characterized. DMA, tensile testing, and
impact testing were performed to determine any
associated changes in mechanical properties. DMA
analysis showed that increased tungsten loading
increased the storage modulus and complex vis-
cosity of the polycarbonate while maintaining a
fairly constant glass transition temperature. By use
of Tukey—Kramer HSD statistical analysis it was
shown there was no statistically significant change
in UTS, elongation to break, or impact resistance.

Fractography, by examination of SEM micro-
graphs, led to the discovery that the vast majority of
crack initiation sites originated from printed raster
edges. On closer examination, the fracture surface
morphology indicated that cracks propagate around
the tungsten micro-particles. This propagation
behavior implies that, although the tungsten parti-
cles are a defect in the material, they do not act as
crack-initiation sites.

The characterization performed in this work
reveals the ability of tungsten micro-particles to act
as a radiation shield within a 3D printable polymer
matrix composite. Addition of the tungsten has little
effect on electromagnetic and mechanical proper-
ties, and the low percentage loading volumes result
in a slight increase in total mass only, as is neces-
sary for most space-based applications.

ACKNOWLEDGEMENTS

We would like to thank the Intelligence Commu-
nity Postdoctoral Research Fellowship Program,
The University of Texas at El Paso, the W. M. Keck
Center for 3D Innovation, the University of Arizona,
COSMIAC, and NASA Glenn Research Center. The
research presented here was performed as a result
of funding in part from The America Makes
Manufacturing Initiative, the State of Texas
Emerging Technology Fund, the National Aero-
nautics and Space Administration under grant
number NNX13AB53G, AFOSR YIP under grant
number FA9550-14-1-0260, the National Science
Foundation under awards 0823864 and 0925220,

Xin, Wicker, MacDonald, and Roberson

and the state of Arizona under TRIF. This project
was supported by a grant from the Intelligence
Community Postdoctoral Research Fellowship Pro-
gram through funding from the Office of the Direc-
tor of National Intelligence. All statements of fact,
opinion, or analysis expressed are those of the
authors and do not reflect the official positions or
views of the Intelligence Community or of any other
US Government agency. Nothing in the contents
should be construed as asserting or implying US
Government authentication of information or
Intelligence Community endorsement of the author’s
views.

REFERENCES

1. D. Espalin, D. Muse, E. MacDonald, and R. Wicker, Int. J.
Adv. Manuf. Technol. 72, 963-978 (2014).

2. C. Rocha, A. Torrado-Perez, D.A. Roberson, C. Shemelya, E.
MacDonald, and R. Wicker, J. Mater. Res. 29, 1859-1866
(2014).

3. A. Torrado-Perez, D.A. Roberson, and R.B. Wicker, «J. Fail.
Anal. Prev. 14, 343-353 (2014).

4. E. Aguilera, J. Ramos, D. Espalin, F. Cedillos, D. Muse, R.
Wicker, and E. MacDonald, In Proceedings of Solid Freeform
Fabrication Symposium, pp. 950-961 (2013).

5. A. Lopes, M. Navarrete, F. Medina, J. Palmer, E. MacDon-
ald, and R. Wicker, In Proceedings of 17th Solid Freeform
Fabrication Symposium, pp. 644-655 (2006).

6. R.B. Wicker, F. Medina, and C. Elkins, In Proceedings of
15th Solid Freeform Fabrication Symposium, pp. 754-764
(2004).

7. F. Medina, A. Lopes, A. Inamdar, R. Hennessey, J. Palmer,
B. Chavez, D. Davis, P. Gallegos, and R. Wicker, In Pro-
ceedings of 16th Solid Freeform Fabrication Symposium, pp.
39-49 (2005).

8. A.J. Lopes, E. MacDonald, and R. Wicker, Rapid Prototyp. J.
18, 129-143 (2012).

9. J.A. Palmer, B. Jokiel, C.D. Nordquist, B.A. Kast, C.J.
Atwood, E. Grant, F.J. Livingston, F. Medina, and R.B.
Wicker, Rapid Prototyp. J. 12, 148-155 (2006).

10. M. Navarrete, A. Lopes, J. Acuna, R. Estrada, E. MacDonald,
J. Palmer, and R. Wicker, In Proceedings of 18th Solid
Freeform Fabrication Symposium, pp. 575-585 (2007).

11. D. Periard, E. Malone, and H. Lipson, In Proceedings of 17th
Solid Freeform Fabrication Symposium, pp. 503-512 (2007).

12. E. DeNava, M. Navarrete, A. Lopes, M. Alawneh, M.
Contreras, D. Muse, S. Castillo, E. MacDonald, and R.
Wicker, In Proceedings of 19th Solid Freeform Fabrication
Symposium, pp. 362—-369 (2008).

13. C. Gutierrez, R. Salas, G. Hernandez, D. Muse, R. Olivas,E.
MacDonald, M.D. Irwin, R. Wicker, M. Newton, K. Church,
and B. Zufelt, In Proceedings of 2011 IMAPS Symposium
(2012).

14. D.A. Roberson, R.B. Wicker, and E. MacDonald, «J. Electron.
Mater. 41, 2553-2566 (2012).

15. R.B. Wicker, F. Medina, E. MacDonald, D.W. Muse, and D.
Espalin, U. S. Patent Pending (Application 13/343,651—3/
14/2013).

16. R.B. Wicker, F. Medina, E. MacDonald, D.W. Muse, and D.
Espalin, U. S. Patent Pending (Application 13/829,723—3/
14/2013).

17. E. MacDonald, R. Salas, D. Espalin, M. Perez, E. Aguilera,
D. Muse, and R. Wicker, Access IEEE 2, 1-12 (2013). doi:
10.1109/ACCESS.2014.2311810.

18. C. Shemelya, F. Cedillos, E. Aguilera, E. Maestas, D.
Espalin, D. Muse, R. Wicker, and E. MacDonald, In Pro-
ceedings of 2013 IEEE Sensing, pp. 1-4 (2013).

19. C. Shemelya, F. Cedillos, E. Aguilera, D. Espalin, D. Muse,
R. Wicker, and E. MacDonald, IEEE Sens. J. 15, 1280-1286
(2014). do0i:10.1109/JSEN.2014.2356973.


http://dx.doi.org/10.1109/ACCESS.2014.2311810
http://dx.doi.org/10.1109/JSEN.2014.2356973

Mechanical, Electromagnetic, and X-ray Shielding Characterization of a 3D Printable

2607

Tungsten—Polycarbonate Polymer Matrix Composite for Space-Based Applications

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.

D.A. Roberson, R.B. Wicker, and E. MacDonald, Mater. Lett.
76, 51-54 (2012).

R.B. Wicker and E.W. MacDonald, Virtual Phys. Prototyp. 7,
181-194 (2012).

D. Askeland, P. Fulay, and W. Wright, The Science and
Engineering of Materials, SI ed. (Stamford: Cengage
Learning, 2011), p. 661.

M.Z. Ronga, M.Q. Zhang, Y.X. Zheng, H. M. Zeng, R. Walter,
and K. Friedrich, Polym. 42, 167-183 (2001).

C.L. Wu, M.Q. Zhang, M.Z. Rong, and K. Friedrich, Compos.
Sci. Technol. 62, 1327-1340 (2002). doi:10.1016/S0266-
3538(02)00079-9.

B.D. Cullity, Elements of X-ray Diffraction, 2nd ed. (Read-
ing: Addison Wesley, 1978).

S.C. Tjong, Mater. Sci. Eng. R 53, 73—197 (2006).

Y. Xie, C.A.S. Hill, Z. Xijao, H. Militz, and C. Mai, Compos. A
41, 806-819 (2010).

S.-Y. Fu, X.-Q. Feng, B. Lauke, and Y.-W. Mai, Compos. B
39, 933-961 (2008).

ASTM Standard D792-13 (2013).

B.N.Jang and C.A. Wilkie, Thermochim. Acta 426, 73-84 (2005).

31.

32.

33.

34.

35.

36.

38.

39.

40.

W. Zhoua, H. Yang, and J. Zhou, J. Anal. Appl. Pyrolysis 78,
413-418 (2007).

N.Z. Noor Azman, S.A. Siddiqui, R. Hart, and I.M. Low,
Appl. Radiat. Isot. 71, 62—-67 (2013).

E.B. Saloman, J.H. Hubbell, and J.H. Scofield, Atom. Data
Nucl. Data Tables 38, 1-197 (1988).

J.H. Hubbell and S.M. Seltzer, Tables of x-ray mass atten-
uation coefficients and mass energy-absorption coefficients,
version 1.4 (National Institute of Standards and Technology
2004), http://physics.nist.gov/xaamdi. Accessed 29 Jan 2015.
M.F. Garbauskas, Handbook of Polycarbonate Science and
Technology, ed. J.T. Bendler (CRC Press, New York, 1999),
p. 294.

ASTM Standard D638-10 (2010).

ASTM Standard D256-10 (2010).

A. Sihvola, IEEE Electromagn. Waves Ser. 47 (IEE Press,
London, 1999).

L. Wang, R. Zhou, and H. Xin, IEEE Trans. Microw. Theory
Technol. 56, 499-506 (2008).

M. Liang, Z. Wu, L. Chen, L. Song, P. Ajayan, and H. Xin,
IEEE Trans. Microw. Theory Technol. 59, 2719-2725 (2011).


http://dx.doi.org/10.1016/S0266-3538(02)00079-9
http://dx.doi.org/10.1016/S0266-3538(02)00079-9
http://physics.nist.gov/xaamdi

Evaluation of 3D Printable Sustainable Composites

David A. Roberson **, Carmen R. Rocha > , Monica Pifion -3

1. Polymer Extrusion Lab, W. M. Keck Center for 3D Innovation,
The University of Texas at El Paso, El Paso, TX 79968
2. Department of Metallurgical and Materials Engineering,
The University of Texas at El Paso, El Paso, TX 79968
3. Department of Mechanical Engineering,
The University of Texas at El Paso, El Paso, TX 79968
*Corresponding Author: D. A. Roberson, droberson@utep.edu

Abstract

Polylactic acid (PLA) is rapidly becoming the mainstay material for use in desktop grade
3D printers based on FDM technology in part due to the environmental sustainability of this
polymer. While biodegradability is an advantage; as compared to other materials used by FDM-
type platforms, there is a lack of desirable physical attributes. The work presented here evaluates
the altering of the physical properties of PLA through the addition of sustainable additives. Here,
the physical properties of PLA were modified while, at the same time the two desirable aspects of
3D printer compatibility and biodegradability were retained. Rheological analysis of the material
systems was performed by dynamic mechanical analysis and failure analysis of 3D printed tensile
specimens was carried out through the use of scanning electron microscopy. Finally,
biodegradability of the novel PLA-based material systems was assessed based on in-soil exposure
testing.

Key Words: 3D Printing; Materials Characterization; Polymer Matrix Composites

Introduction

Desktop-grade additive manufacturing (AM) platforms based on Fused Deposition
Modeling (FDM) technology have become a mainstay among home users, educators, and
entrepreneurs. Predominantly relying on acrylonitrile butadiene styrene (ABS) or polylactic acid
(PLA) as feedstock, there has been a recent trend of PLA-specific platforms such as the fifth
generation MakerBot Replicator and the Printrbot Simple 3D printer. The reason for this shift in
material type to PLA is debatable and could be related to perceived health detriments due to the
use of ABS in 3D printing applications [1] or the environmentally friendly nature of PLA due to
its biodegradability [2, 3].

PLA is a biopolymer derived from renewable resources such as corn and sugarcane and
while there are examples of other polymers; namely polyethylene, which have been synthesized
from the same sustainable resources, the biodegradable aspect of PLA sets it apart from other
engineering plastics. The need for biodegradable polymers stems from the environmental impact
of the use of polymeric waste most exemplified by the great garbage patches found in both the
Atlantic and Pacific oceans [4-6].
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Though PLA does have the unique aspect of being a biodegradable biopolymer; other than
3D printing, the main use of this material is food packaging and disposable utensils. To find a
broader range of applicability, the physical attributes of PLA must be altered. As demonstrated by
Roberson et. al, [7] expanding the applicability of FDM-type 3D printing also lies in the altering
of the material properties of feedstock constituents. Therefore, the broadening of the physical
capabilities of PLA will contribute to expanding the applicability of polymer extrusion 3D printing
technologies.

Several instances of the development of 3D-printer compatible polymer matrix composites
(PMC)s with specific end use applications can be found in literature. For example, Shemelya et al.
[8] demonstrated a tunable polycarbonate matrix tungsten composite for 3D-printable radiation
shielding while Masood and Song [9] demonstrated the capability to alter the heat transfer kinetics
of nylon by compounding either copper or iron particles where the end goal was the creation of
3D-printable injection mold tooling.

The work presented in this paper demonstrates the altering of the physical properties of
PLA while maintaining 3D printer compatibility and biodegradability. Polymer matrix composites
were created from a PLA base resin where the filler materials were sustainable substances. Here,
we combined PLA with NaCl, jute plant fiber and organo nanoclay pigments. Sodium chloride
was chosen due to its abundance, while jute plant fiber was chosen due to examples in literature if
the use of this constituent in plant fiber reinforced PMCs [10-13]. Palygorskite-based (palygorskite
is an organo nanoclay) pigments, originally developed by the Mayan Culture of Mesoamerica were
chosen for this study based on work demonstrating an improvement to the mechanical properties
of high density polyethylene (HDPE) [14].

Experimental Procedure

For this work, Ingeo PLA, Grade 4043D (NatureWorks, LLC, Minnetonka, MN, USA)
was extruded into a polymeric monofilament through the use of a twin screw extruder/compounder
(Dr. Collin Model ZK 25T, Dr. Collin, Ebersberg, Germany) equipped with intermeshing co-
rotating screws. Baseline PLA and composite PLA-based filaments were extruded to a target
diameter of 1.75mm, one of the two standard diameters common among material extrusion 3D
printers (the other being 3mm). In the case of composites, a masterbatch of concentrated material
was first created by manually kneading PLA pellets with filler materials through the use of a Carver
hot press (Carver, Inc., Wabash, IN, USA). The masterbatch was then granulated with a Brabender
GranuGrinder (C.W. Brabender South Hackensack, NJ, USA) and subsequently combined with
virgin PLA material in the extruder system.

Test specimens were fabricated according the Type V dimensions as described in the
ASTM D638-10 standard by printing test specimens with a MakerBot Replicator 2X (MakerBot
Industries, Brooklyn, NY, USA) or a Rostock Max Delta 3D printer (SeeMe CNC, Goshen, IN,
USA) where the latter unit was modified with an E3D V6 hotend (E3D-Online Limited, Chalgrove
Oxfordshire , UK). Tensile testing was carried out with an Instron® 5866 (Instron, Norwood, MA)
tensile testing machine equipped with a 10kN load cell. Dynamic mechanical analysis (DMA) was
also performed on all material systems with a TA Q800 (TA Instruments, New Castle, DE, USA).
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Four individual filler materials were combined with PLA in the formation of sustainable
3D printable polymer matrix composites: 1) Sodium chloride (NaCl) (Sigma); 2) jute plant fiber
sourced from rope purchased from Home Depot; 3) MayaCrom® Blue; and 4) MayaCrom®
yellow ( both from Mayan Pigments. Inc., El Paso, TX, USA). The filler materials evaluated in
this study were chosen based on the perceived environmental sustainability. All additives were
blended at a 5% (by weight) ratio to PLA.

Fracture surface analysis was carried out through the use of a tabletop scanning electron
microscope (SEM) operating with an acceleration voltage of 15kV and equipped with a backscatter
electron (BSE) detector (Hitachi, Model TM-1000,Hitachi High-Technologies Europe GmbH,
Germany). To reduce charge effects within the SEM, all samples were sputter coated with a gold
palladium target for 30s with a Gatan Model 682 Precision Etching Coating System (Gatan, Inc.,
Pleasanton, CA, USA) prior to microscopic analysis.

Results

Tensile test results (Fig. 1)
revealed that the addition of jute plant
fiber and MayaCrom® Blue led to
tensile test specimens with lower
ultimate tensile strength values lower
than those printed from PLA alone.
This decrease in strength may be due
to the degradation of the organic
components of each additive as noted
in Torrado et al. [15] However, the
addition of jute plant fiber increased
the % elongation specimens were able
to endure during the tensile test
process. The addition of NaCl did not
greatly affect the  mechanical
properties.

Subjecting the material types
evaluated here to DMA testing
revealed  differences in  the
thermomechanical behavior of the
composite materials as compared to
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Fig. 1. Tensile test results of materials tested here.

the baseline PLA resin. The addition of both NaCl and jute plant fiber to PLA reduced slightly
the onset of glassy behavior as determined by the storage modulus curve, however the temperature
at which the maximum tan & occurred was increased, which effectively broadened the thermal
window of elastic behavior as compared to baseline PLA (Table 1.) where the addition of jute
increased this window by ~8.4°C. In the case of NaCl, though the temperature at which the
maximum tan ¢ occurred was increased, the actual value of this parameter was virtually the same
as PLA (1.8) meaning the elasticity was not altered. The addition of both types of MayaCrom®
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pigments as well as jute plant fiber decreased the maximum tan d indicating and increase in the
elasticity of these composites as compared to the PLA base resin.

Table 1. DMA Data for the materials tested here.

Storage modulus

Complex viscosity

Material at40°C, MPa |at 80 °C, MPa-sec| 12X tan delta
PLA 2683 8.76 1.8
PLA/ MayaCrom® Blue 2162 1.052 1.166
PLA/ MayaCrom® Yellow 2146 3.58 0.8233
PLA/NaCl 2302 0.4133 1.797
PLA/Jute 2113 2.307 0.8206

Fractography (Fig. 2) of tensile test specimens printed from the composites tested here

allowed for observations
related to the robustness of
the filler/matrix interface as
wells the effect of additives
to the crack surface
morphology to be made.
Baseline PLA  tensile
specimens  possessed a
fracture surface
morphology indicative of a
brittle failure mode which
correlates will with the low
% elongation at break
values observed for the
material. Fracture surface
analysis revealed NaCl to
adhere well to the PLA
matrix. Crack propagation
is evident on the surfaces
(highlighted in Fig 3) of the
individual particles. There

Fig. 2. SEM icrographs of atrials testd inthis stdy: a)

<)

=X e

PLA; b) PLA/jute plant fiber; ¢) PLA NaCl; and d)
PLA/MayaCrom® Blue.

is also no evidence of particle pull out nor were there any gaps between the particles and the matrix.
By contrast the fracture surface of the PLA/jute plant fiber composite possessed features indicating
a poor interface between the fibers and the matrix (indicated by white arrows in Fig. 1b). The
addition of MayaCrom® pigments had the effect of inducing voids within the PLA matrix which
accounts for the decrease in tensile strength as compared to baseline samples.
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Of the additives tested here, NaCl
produced results worthy of  deeper
investigation. While the addition of jute plant
fiber increased the glass transition window, the
poor adhesion to the matrix at room temperature
was a detractor to the overall performance of
this composite. Since NaCl exhibited
characteristics indicating a robust bond with the
PLA matrix, another experiment was carried out
where jute plant fiber was first functionalized in
an aqueous NaCl solution prior to
compounding. The result was a decrease in %
elongation while the UTS remained the same
(Fig. 4). Further analysis of the fracture surface
via SEM (Fig. 5) revealed the presence of
polymer fibrils joining the matrix to the jute
fiber which formed during the tensile testing
process. The presence of these fibrils indicated

Fig. 3 NaCl adhered well to the matrix
and exhibited a robust interface and
shared crack propagation features with
the matrix.

a robust bond had formed between the matrix and the fiber as the formation of fibrils is cause by
the elongating of polymer chains under tension. The decrease in % elongation in conjunction with
yield strength values similar to those of the non-functionalized samples indicates an increase in
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Fig. 4 The effect of NaCl functionalization
of jute plant fiber on the mechanical
properties of PLA/jute fiber composites.
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stiffness caused by an increase in the bond
strength between the fiber and the matrix.

Further analysis of the addition of
NaCl to PLA on 3D printed tensile specimens
entailed examining the effect of NaCl on the
mechanical property sensitivity to raster
orientation of 3D printed tensile test
specimens. Here two raster patterns were used
to print the tensile test specimens: 1) a
crosshatched raster pattern where layers
alternated by 90°; and 2) a transversal raster
pattern where the print layers were
perpendicular to the length of the tensile
specimen. In the case of the transversal
specimen, there was no perimeter shell and it
is noted that Torrado [16] noted this print
raster pattern to be equivalent in terms of UTS
with tensile test specimens printed in the ZXY
print orientation. Comparing the sensitivity to
raster pattern between PLA and the PLA/NaCl
composite revealed the addition of NaCl to
reduce the difference in UTS between the



transversal and crosshatched raster pattern (Fig. 6.). More notable is that this decrease in
mechanical property anisotropy did not come at the expense of overall yield strength as has been
the case in work related to decreasing the anisotropy of ABS-based ternary polymeric blends as
explored in Torrado et al. [17].

Fig. 5. a) non functionalized jute fiber and b) NaCl functionalized jute fiber. Note the presence
of fibrils for the functionalized plant fibers.

Biodegradability

An attempt to assess the Stress

biodegradability of the PLA based composites . | T~ Transversal raster - Cross hatched
evaluated in this study. Samples were buried for @ .gﬁ:f:zs':;“:';:j:ryn 'Eﬁ.s:f w;:lemo
two and twelve weeks in topsoil which was 7 : aiternate by 8-
moistened with food grade vinegar. The effect o] A is decreased

55: / \__

of exposure to the soil environment was 7

assessed by tensile testing of the exposed Eiﬁ IEE

samples as well as the monitoring of weight 5w, ﬁ

change before and after exposure.  No §§ Bp——
observable difference to weight was observed 5 A Tt ell TAA Tt PR AKX

for any of the samples buried in the soil Group

environment for two weeks. However, after 12 Fig. 6 The addition of NaCl to PLA

weeks, PLA specimens exhibited an increase in  gocreases mechanical property sensitivity to
weight, while (1.95+ 0.02 g increasing t0 2.03+  print raster orientation.

0.01 g) the PLA/NaCl composite exhibited a

decrease in weight (2.49 + 0.03 g decreasing to 2.24 = 0.12 g). In terms of tensile strength, both
PLA and the PLA/jute fiber composite exhibited an increase in tensile strength compared to non-
exposed control samples while the PLA/NaCl composite exhibited a decrease in tensile strength
as compared to non-exposed samples (Fig. 7.) Further exploration is needed to understand if the
decrease in tensile strength and tensile strength is due to biodegradation or the effect of moisture.
NaCl is water soluble and the decrease in weight and tensile strength could be due to dissolution
of this substance within the PLA matrix. The increase in tensile strength and weight for PLA as
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well as the increase in tensile strength for the PLA/jute plant fiber composite is also a finding that
merits further study. Future work will include subjecting samples to biodegradability testing
following ASTM D6954, a standard for assessing the biodegradability of polymers.
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Figure 7. The effect of moist soil exposure to PLA, PLA/jute fiber composite and PLA/NaCl
composites.

Conclusions

Tailoring the physical properties of the biopolymer, PLA is possible through the addition
of sustainable additives. Here, when melt compounding was used to combine PLA with jute plant
fiber, organo nanoclay pigments, and NaCl a discernable difference in physical properties was
observed as compared to PLA alone. Explored in greatest detail was the effect of the addition of
NaCl to PLA. Fractography of tensile test fracture surfaces revealed NaCl to adhere well to the
PLA matrix as there was no evidence of particle pull out. The robustness of the bond between
NaCl and PLA was also displayed by evidence of crack front propagation shared between the NaCl
particle and the surrounding matrix. Further exploration of the benefit of combining PLA with
NaCl was observed through the functionalization of jute plant fiber with aqueous NaCl. The use
of palygorskite-based organonanoclay pigments also shows potential in playing a role in future
PLA based 3D printable material systems. Several aspects of this work bear the need for future
study such as the increase in strength observed after exposing PLA and PLA/jute plant fiber
composites to a moist soil environment for durations of two and twelve weeks.
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