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Abstract

The objective of this research is to fabricate and optimize thermoplastic and ceramic
materials that can be fabricated for Laser Sintering (LS), Direct Ink Write (DIW), and Fused
Filament Fabrication (FFF) 3D printing. The fabrication of High-Density Polyethylene (HDPE)
thermoplastic particles into spherical allow for better flowability and packing density for LS
printing which results in better printability and an increase in mechanical properties. The
fabrication of clay ceramic allows the printability application for DIW with the implementation of
an embedded wireless temperature and relative humidity sensor. The use of FFF multi-material
printing allowed the capabilities of 3D printing a UHF RFID passive sensor with copper (Cu) and
zirconium silicate (ZrSi0O4) as the primary materials. The use of this material is based on the
chemical and thermal properties, along with easy fabrication method, reusability and

environmental friendliness.
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Chapter 1: Introduction

1.1 MOTIVATION

The motivation of this research is to use additive manufacturing to fabricate and 3D print
high corrosion-resistant thermoplastics, ceramics, and metalloid materials with freedom of design
and use of various material properties. The demand of materials with corrosion resistant properties
and high temperature resistance is in demand which has led to the desire of fabricating materials
to fit the demand. Thermoplastics, ceramics, and some metallics have great corrosion resistance
properties that can withstand high temperatures, as well as have suitable mechanical properties
that make them ideal for uses in harsh environments in various industries. For this reason, efforts
are made to make materials applicable for specific forms of additive manufacturing as well as
capabilities of uses for embedded sensing of thermal readings. This dissertation aims to fabricate
thermoplastic to be applicable for Laser Sintering and test the mechanical properties. It also aims
in embedded thermal sensors in clay ceramic using Direct Ink Write 3D printing and multi-material
printing copper and zirconium silicate through Fused Filament Fabrication 3D printing.
1.2 Background

Thermoplastics are a type of plastic polymer materials that is able to be molded at specific
temperatures and solidify upon cooling. Ceramics are hard yet brittle materials that are easy to
fabricate and 3D print and post-process. Metallic materials have high thermal conductivity and
great corrosion resistance properties and are typically ductile and malleable. Various respectable
industries use these materials for every day uses such as aerospace, industrial, and nuclear fields
due to unique properties such as recyclability, corrosion resistance, high thermal resistance, and

easy fabricable features that make them feasible for additive manufacturing.



1.2.1 Thermoplastics, Metallic, and Ceramics

Primary materials that will be discussed in the dissertation include high-density
polyethylene (HDPE) as a thermoplastic, porcelain 5 clay and zirconium silicate (ZrSiO4) as the
ceramics, and copper (Cu) as the primary metal. HDPE is a polyethylene thermoplastic made from
monomer ethylene and is a semi-crystalline material and is recyclable. Porcelain 5 clay is an
inorganic material that is easy to fabricate and post-process and is an environmentally friendly
reusable material. ZrSiO4 1s a ceramic that is a silicate of zirconium and is a hard and dense
material. Copper is a ductile material that is found in the free metallic state in nature and is also a
soft and malleable material.
High corrosion resistance and thermally stable materials

The HDPE offers a superior corrosion resistance and higher working temperature range
compared to standard polymers. These materials chemical resistance makes them ideal materials
for harsh environment fields in substitution of other materials because of it. Both clay and ZrSiO4
are ideal materials for use in harsh environments due to their high resistance to corrosion properties
and due to not wearing down as other non-ceramic materials. These two ceramics are also more
thermally stable, making them of higher demand in use for different applications. For Cu, this
metal is nearly immune to corrosion due to its natural protective film that forms on the surface and
also has excellent heat resistant properties which makes them the preferred metal for extreme
temperature environments.
1.2.2 Additive Manufacturing

Additive manufacturing (AM) which is normally referred to as 3D printing, is a technology
for rapid prototyping in order to fabricate three-dimensional parts that are designed through

computer aided design (CAD) software. Per the American Society for Testing Materials (ASTM)



F2792-12a defines the seven classifications for AM, specifically Binder Jetting (BJ), Directed
Energy Deposition (DED), Material Extrusion (ME), Material Jetting (MJ), Powder Bed Fusion
(PBF), and Vat Photopolymerization (VP). AM allows the capabilities to use wide range of
materials and allowing the ability of freedom of design printing.

Various forms of AM technologies are available for printing these materials as shown
illustrated in Figure 1.1. PBF and LS is a user-friendly option to print complex designs with little
feedstock preparation. The limitation to this technology though is it requires the use of only micro
size particles within a preferred range of 20-80 um with materials density decrease after post-
process (= 60 % Theoretical Density). Two forms of ME include fused filament fabrication (FFF)
and direct ink write (DIW). While DIW allows fabrication of high-dense ceramics (= 80-90 %
Theoretical Density) with larger selection of applicable materials. A limitation to this form of
technology includes typical low resolution and constraints in freedom of design due to the printing
technology. Lastly, FFF technique offers a wider selection range of materials applicable for
printing with higher density (= greater than 90 %). However, the current limitation to this is poor

resolution and rough surface finishes.
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Figure 1.1: Additive Manufacturing Technology for thermoplastics, ceramics, and
metals.

Laser Sintering Technique

Laser sintering (LS) is a form of PBF technology that uses a high-power laser to sinter
micro size particles polymer powders into a solid structure based on the designed 3D model. The
main advantage of LS printing is the ability to print high complexity build parts without the use of
inner supports as the compacted powder bed acts as its own support. This allows for extreme
detailed prints with high dimensional accuracy. A drawback to this form of printing is a limitation
in raw materials suitable for LS printing LS powder must meet standards in order to be applicable
for LS printing which requires specific fabrications methods that do not decrease properties of the
materials during the process.
Direct Ink Write Technique

DIW printing consists of the fabrication of a slurry material to be extruded through a nozzle
either through pressure or a piston, which is then deposited onto a substrate surface for a layer-to-

layer print. An advantage of DIW 3D printing is the ability for room-temperature deposition of



materials to print various complex prints. A main drawback of this form of printing is the required
initial pressure to initiate the print and continuously dispense the material to avoid improper
material flowability and deposition.
Fused Filament Fabrication Technique

FFF is an AM process in which desired material is pushed through a heated nozzle to create
objects by layer-to-layer deposition. Main advantages of this form of AM are the large selection
of materials usable for this form of printing that allow the ability for large object printing and
easily scalable. This form of technology also allows the use of multi-material printing
concurrently. A drawback to FFF printing is low resolution prints which make small prints unideal
and printed parts typically have rough surface finishes.
1.2.3 Dissertation overview

This dissertation is structured as follows. Chapter 2 begins by fabricating HDPE non-
spherical particle powder into spherical particles through melt-blend extrusion and characterize
the fabricated powder for LS printability by viewing the morphology, testing powder flowability,
and packing density. Chapter 3 will be establishing the optimal printing parameters of the spherical
HDPE particle powder using DSC to calculate the sintering window and testing the mechanical
strengths through tensile testing and see how the crystallinity percentage factors into the strengths
using XRD to characterize the crystallinity. Chapter 4 introduces porcelain 5 clay with established
fabrication water-clay mixing ratios to make printable slurry to print various shapes and apply that
with an embedded wireless temperature and relative humidity active sensor and conduct thermal
tests. Lastly, chapter 5 uses multi-material printing to embed a wireless passive UHF RFID

temperature and relative humidity sensor within zirconium silicate layers enclosed with a copper



outer structure and test sensing accuracy and distance as well as compression tests to evaluate

multilayered mechanical strengths.



Chapter 2: Fabrication of High-Density Polyethylene Spherical Particles for Laser
Sintering Additive Manufacturing

This chapter describes the implementation of using melt-blend extrusion (MBE) as a form
to reshape HDPE non-spherical particles to spherical shapes. By establishing a mixing ratio
between HDPE and using polyethylene glycol (PEG) as a water-soluble matrix and mix the two
immiscible materials at established extruding parameters. The extruded material is quenched at
room temperature in water to also allow the matrix to dissolve to leave HDPE powder by itself.
Different mixing ratios of HDPE wt. % allowed to control the particle size range as desired.
Literature suggests that spherical particles are the desired particle shapes for LS printing as it
allows better flowability of the powder and increases the packing density with the control of a
range of particle sizes in order to reduce or eliminate porosity during printing. Therefore, the
fabricated spherical particle powder is evaluated for LS printability based on powder flowability,
particle size range, and packing density. This study proves the feasibility of using MBE with two

immiscible materials to fabricate spherical particles for LS printing.

2.1 Introduction

Additive manufacturing (AM) is a growing industry that has allowed rapid production of
materials with rapid prototyping, low cost of production, and distributed manufacturing in various
fields of applications such as aerospace, biomedical, industrial, and other respectable fields of
study [1]. In the AM industry there are seven forms of 3D printing methodologies which include
Material Extrusion, Directed Energy Deposition (DED), Binder Jetting, Powder Bed Fusion
(PBF), Sheet Lamination, Material Jetting, and Vat Photopolymerization [2]. One of those

methods for PBF is Laser Sintering (LS), which consists of a powder bed as a self-support system,



which is commonly used for printing polymer powder materials with complex geometric shapes
[3]. During the printing process, a laser beam is used to melt or fuse polymer particles in a layer-
by-layer deposition while the powder bed acts as its own self-support system [4]. One of the LS
setbacks is the limited availability of printing materials which is due to the irregular morphological
shape of the particles and the desired particle size range of 10-100 pm [5], which are required to
assure printability. Typical available materials for LS printing are polyamide powders, yet the
desire for wider selection of materials such as polypropylene and polyethylene are required [6].
Thermoplastics are of high interest due to their thermal and chemical properties [7], which makes
them desirable in various industries such as aerospace and automotive. The current setback with
using thermoplastics for LS applications is the available morphology of the particle shapes, which
have shown to be non-spherical, leading to flowability and printability complications and thus
making them with poor mechanical properties [8]. A recent approach to make thermoplastics SLS
applicable have been through the fabrication of semi-crystalline spherical particles that would
improve flowability, printability, and packing density of the selected material [9]. Currently, some
methods that are used to change the morphology of powder include Thermally-Induced Phase
Separation (TIPS) and Melt-Blend Extrusion (MBE).

TIPS method involves a liquid-liquid phase separation (LLPS) and crystallization to create
porous membranes that allow the creation of polymer microspheres through the dissolution of the
polymer in a solvent [10]. Wang et al. studied the TIPS with polypropylene (PP) with various
solvents and the effects on their morphology to create spherical particles[10]. Wang et al. applied
TIPS method to create near-spherical polyetheretherketone (PEEK) particles with embedded
carbon nanotubes (CNT) with the desired particle size and size distribution for SLS application

[11]. Hejmady et al. used the method to prove its versatility of it with various thermoplastic



polymers such as PP, low-density polyethylene (LDPE), polystyrene (PS), polyamide 12 (PA12)
and PA12 filled with CNT [12]. This method showed both, the ability to create spherical particles
and the versatility towards different polymers. However, the TIPS method has limitations as it
requires multiple time-consuming processing stages and has limited potential of fabrication scaling
up. In addition, TIPS method can suffer from poor control over the diameter distribution of the
fabricated particles, and the spheres often stick to each other during formation and can result in
large agglomerations [13]. Additionally, the use of solvents required to fully dissolve
thermoplastic powders results in a time-consuming process that requires the use of harsh chemicals
dependent on the material.

On the other hand, MBE or hot melt extrusion (HME) has been a popular method of
approach for creating spherical particles by melt blending immiscible materials to create a
transparent filament and then dissolving the matrix to be left with just one single material [14].
Kleijned et al. applied this method by melt blending polybutylene terephthalate
(PBT)/polyethylene glycol (PEG) to create spherical particles using a single-screw extruder and
then dissolving the matrix and extracting the PBT particles for SLS printing [5]. Drummer et al.
discussed the path of the morphological development structure of PA12-PEG and PA12-PVA
through the phase changes [15]. Yang et al. investigated the properties of PA12/PEO blends with
different viscosity ratios to control the particle size range and the average diameter size [16]. Zhou
et al. implemented a melt spinning Plateau-Rayleigh through molten PA12/PEO fibers at high
temperatures to create near-spherical particles and investigated the ability to get the desired
morphology at a faster time [17]. A drawback to this method is the high energy input coming from
the applied shear forces and high temperature, which could lead to polymer degradation and thus

significantly impact the product quality [18]. However, this method has shown to be consistent in



creating spherical particles with polymers that are intended for LS printing and is applicable for
thermoplastics.

This work presents the application of MBE with HDPE to reshape irregular thermoplastic
particles into spherical particles, which will be suitable for LS printing with improved printability.
The change in morphology of produced HDPE powder can be confirmed by Scanning Electron
Microscopy (SEM). Here, the use of PEG at different mixing ratios was investigated to determine
the influence of controlling the particle size and size distribution while being able to dissolve the
PEG matrix with pure HDPE confirmed by Fourier Transform Infrared Spectroscopy (FTIR). The
particle size was investigated to see the influence of different concentrations of HDPE with
different mixing ratios. Finally, flowability and packing density tests were conducted to compare
with the irregular HDPE powder to confirm improvement in the fabricated HDPE printability
properties.

2.2 Experimental details

2.2.1 Materials

High-Density Polyethylene (HDPE) (AXALTA Coathylene® Fine Powders; average
particle size 40-60 pum; density of 0.951 g/cm?) powder was used as the primary thermoplastic
material for the fabrication of spherical particles. Polyethylene glycol (PEG) (Sigma-Aldrich;

upper melting range < 67 °C; molecular wight of 35,000 g/mol) flakes was used as the matrix.
2.2.2 MBE Fabrication Process

HDPE powder was melt-blended with PEG flakes of ratios consisting of 10/90, 20/80,
30/70 wt. % with 50 g total respectively. A co-rotating twin-screw extruder Process 11 (Thermo
Scientific, Karlsruhe, Germany) with a barrel temperature profile of 50, 50, 105, 105, 129, 175,

175, 175 °C from feeder zone to die zone respectively was used to melt blend the powder mixtures.
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The screws had a 11 mm base diameter with a L/D 40 with a 1.5 mm die nozzle. The material was
deposited into a feeder chamber at a feed speed of 10 RPM and a screw speed of 50 RPM.
Transparent filament was extruded out from the die which signified fully melted material. The
filament was then dropped immediately into a beaker of 300 mL of water to allow immediate
dissolvement of the PEG matrix. Water was preheated to 80 °C and kept at a constant magnetic
stirring speed of 450 RPM to help dissolve the PEG matrix completely and retain HDPE powder.
The sample was kept at 80 °C for 2 hours, followed by magnetic stirring for 12 hours at room
temperature, afterwards the water solution was filtered using a metallic mesh with a mesh size of
25 um. A vacuum filtration (Filtr§ Labs) system was used to filter the water phase from the HDPE
powder. A second cycle was done with clean water with same parameters to remove any remaining
matrix on the surface of the particles. The samples were then placed in a vacuum oven (Lab
Companion) at 40 °C for 12 hours to properly dry the powder. A motor and pestle system were
used to break the dried powder and reduce agglomerations of particles. Figure 2.1 demonstrates

the overview steps from the extrusion process, rinsing cycles, and powder extraction process.

Repeated two
times

HDP{‘ ‘/PEG
; . -
M—\ g =
RS |
Dissolve PEG in Vacuum Vacuum oven
water at 80 °C filtration drying
and 450 RPM

HDPE in PEG
matrix

Figure 2.1: Schematic illustration of the overview of the spherical particle production of

HDPE.
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2.2.3 Material Characterization

Scanning Electron Microscopy (SEM) imaging was performed to characterize the
morphology of HDPE using the IT 500 LV Scanning Electron Microscope (JEOL USA, Inc.,
Pleasanton, CA, USA). A 108 Auto/Se Sputter Coater (TED PELLA, Inc., Redding, CA, USA)
was used to perform sputter coating to create a conductive layer of gold metal on the sample in
order to inhibit charging, reduce thermal damage, and improve secondary electron signal which is
required for topographic examination for SEM. For the gold sputtering, nitrogen flow was set to
0.3 psi, and approximately 10 nm. Thermogravimetric analysis (TGA) was performed using a TGA
55 (TA Instruments, New Castle, DE, USA), which was used to determine the thermal degradation
of as-received HDPE and PEG flakes for the maximum heating zone temperature. The sample was
heated at a temperature range from 25-550 °C with a ramp rate of 10 °C/min in an atmospheric air
condition [19]. To determine the middle temperature zones for MBE and successfully melt the
immiscible materials a differential scanning calorimeter (DSC) test was performed using a DSC
404 F1 Pegasus (NETZSCH). The DSC was also used to calculate the percentage of crystallinity
based upon the melting enthalpy areas of the temperature of crystallinity and melting temperature.
The samples were tested from room temperature to 200 °C with a heating rate of 5 °C/min and
cooled down at the same rate. The viscosity of HDPE/PEG at different mixing ratios was decided
using a DHR-2 rheometer (TA Instruments, New Castle, DE) with a parallel plate geometry using
a 2.5 mm gap distance [16]. The test was performed using a flow sweep at 175 °C based on the
maximum temperature zone set through the MBE process. Particle size analysis and distribution
tests is used to determine the average particle size of HDPE powder with the standard deviation.
The test was performed using a MICROTRAC S3500 and MICROTRAC SDC (Microtrac,
Montgomeryville, PA) to obtain the particle size analysis. The powder was placed in the SDC with
distilled water, which then pumps the sample into the S3500 which uses a laser to scan the
particles. Powder flowability was performed to compare with the received HDPE powder and the

spherical HDPE powder to analyze the angle of repose. A PF1 (SOTAX, Westborough, MA)
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flowability tester was used to analyze the angle of repose for the powder to evaluate the flow
properties. A Fourier Transform Infrared Spectroscopy (FTIR) for post-processed HDPE
specimens to confirm dissolvement of PEG matrix. This data was recorded through a Fisher

Scientific NICOLET iS5 Spectrometer (300 Industry Drive, Pittsburgh, PA, USA).

2.3 Results and Discussions

2.3.1 Melt Blend Extrusion

Three different mixing ratios were selected to study the ability to control the particle size
while still being able to create spherical particles for 10/90, 20/80, and 30/70 wt. % HDPE to PEG
respectively. This was determined as these three mixing ratios showed complete dissolvement of
the PEG matrix in comparison to higher HDPE mixing concentrations where HDPE filament was
left with little PEG dissolvement. A total amount of 50 g was used for each mixing ratio for melt
blending in order to retain sufficient amount of HDPE powder for analysis. TGA was conducted
to determine the maximum temperature allowed for melt extrusion and the thermal degradation of
HDPE and PEG. Figure 2.2 shows that PEG starts degrading at around 178 °C, therefore 175 °C
was determined to avoid any degradation of PEG during the process. A TGA on virgin HDPE
showed that at 175 °C, HDPE residual weight % was at 99.901% making it a suitable temperature
to melt the immiscible materials. To view the viscosity of the melt blends of the immiscible
materials at the final set temperature at 175 °C rheological measurements were obtained. Tests
were conducted for virgin HDPE, PEG, and the mixing ratios to determine the rheological behavior
of the different melt blend compositions during the MBE methodology. In Figure 2.3, it is seen
that the viscosity for PEG and melt blend mixtures showed a Newtonian behavior while virgin
HDPE powder showed a non-Newtonian behavior throughout. HDPE has a high inter-chain
entanglement density that results in extremely high melt viscosity; thus, its molecules are difficult
to move while being melted. The high molecular weight of HDPE can lead to long molecular

chains [20] which can typically tend to aggregate and make it difficult to stretch or flow at the

13



temperature even higher than the melting point which attributes to HDPE showing a non-
Newtonian behavior. On the other hand, addition of amount of PEG can improve the extrusion
behavior of HDPE, since the pressure vibration and wall-slip do not occur, therefore the extrusion
behavior of the HDPE particles change becoming easier to extrude. The change on the rheological
properties of HDPE-PEG powder mixtures is due to the high content of PEG flakes, which mainly

affects the amorphous fraction of HDPE, reducing the entanglement density of the molecular
chains, which results in the decrease of the viscosity of the melting HDPE. At the same time, PEG

can act as a lubricant in the HDPE mixture, which also could improve the processability of HDPE
[21].
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Figure 2.2: TGA of HDPE and PEG to determine maximum temperature zones.
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Figure 2.3: Viscosity analysis of HDPE powders and PEG flakes at 175 °C.

These important features based on the viscosity of PEG made it a suitable material to melt
blend with HDPE, as well as its water solubility feature to be left with spherical HDPE by itself.
HDPE-PEG was washed in a single cycle, and it was noticed that the PEG matrix partially
dissolved after 2 hours with applied temperature and constant stirring. The samples were left
stirring overnight at the same stirring speed to continuously separate the HDPE particles from the
PEG matrix. SEM and FTIR analysis were conducted after the first cycle, and it could be seen that
heavy presence of the PEG matrix remained in the HDPE powder. For this reason, a second cycle
was conducted at the same applied temperature and magnetic stirring speed to help fully dissolve
any remaining PEG matrix that was present within the materials. After the second cycle, SEM and
FTIR was conducted on the HDPE powder to validate the effectiveness of multiple rinse cycles to
dissolve the PEG matrix. Figure 2.4 shows the FTIR analysis for all mixing ratios, the received

HDPE powder was used as a control sample. Samples were tested through a 4 cm’

spectral
resolution with 16 scans, and the curves were analyzed using OMINIC software version 8.0. PEG
showed peek intensities within 700-1400 cm!, which are not present in the HDPE powder. After
a second rinse cycle, HDPE powder showed no detection of the PEG matrix due to its water

solubility feature which ultimately leaves pure HDPE on its own by applying heat and stirring after

the second cycle.
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Figure 2.4: FTIR analysis of HDPE, PEG, 10/90 wt. %, 20/80 wt. %, 30/70 wt. %.

2.3.2 Morphology Characterization

During the melt blend extrusion phase for the immiscible materials for the reshaping of the
morphology involves the HDPE particles being dragged through the dispersed phase through the
hot surface from the mixer walls [22]. Due to the dragging actions that occur within the creation
of sheets or ribbons form from the dispersed phase. The sheets or ribbons will become unstable
because of the shear and interfacial tension leading to the development of holes within the ribbons
that will grow and concentrate until a fragile lace structure forms. The lace structure will then
break into irregular-shaped particles which are then broken up into spherical particles. The size
and shape of the dispersed phase are controlled by the interfacial tension, rheological properties,
and the complex strain field of the mixer [23]. From the interfacial tension created within, the
droplets will either revert back into spheres or break up into smaller fragments [14], [15].

SEM images were obtained from as-received HDPE powder, 10/90, 20/80, and 30/70 wt.
% mixing ratios to demonstrate the capability of reshaping HDPE morphology. In Figure 2.5, side-
by-side comparisons of HDPE shows the creation of spherical particles in comparison to the

original irregular shape of HDPE as well as the increase in particle size. Figure 2.5a shows the
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irregular shape of HDPE that is seen with all thermoplastic materials. Figure 2.5b shows 10/90 wt.
% spherical particles of a mean diameter of 27.57 pm with a good size distribution throughout,
which was obtained from the SEM images and using ImagelJ software. Figure 2.5c and 2.5d shows
spherical particles for 20/80 and 30/70 wt. % with mean diameters of 22.06 and 24.52 um
respectively, as it is seen an increase in particle sizes as the concentration of HDPE increases. To
verify the particle size distribution more accurately, an analysis for the particle size for each mixing
ratio was examined in comparison to virgin HDPE to see the effects of the final particle size with
the increase of HDPE concentration. The values seen in Figure 2.6 show particles sizes of 28.94,
29.59, and 33.54 pum for 10/90, 20/80, and 30/70 wt. % respectfully. The results showed that the
average particle size for the fabricated powder decrease from virgin HDPE powder with an average
particle size of 58.04 um, due to the dragging actions within the dispersed phase causing irregular
particles to break up into smaller spherical particles. A similar study was conducted previously
that showed the capability of increasing a polymers particle size by increasing the concentration
respectfully. Shen et al. investigated how to control the particle sizes of poly(methyl methacrylate)
(PMMA) by increasing the concentration of the polymer and the increase of the polymerization
temperature. The increase in polymerization temperature can cause an increase in the critical chain
length due to the increase in solvency of the continuous phase and the increase in the primary

material allowed absorption between more oligomer particles to create larger particles [24].
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Figure 2.5: SEM images of (a) irregular virgin HDPE, (b) 10/90 wt. % HDPE,
(c) 20/80 wt. % HDPE, (d) 30/70 wt. % HDPE.
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Figure 2.6: Particle size analysis and size distribution (a) Virgin HDPE, (b) 10/90 wt. %
HDPE, (c) 20/80 wt. % HDPE, (d) 30/70 wt. % HDPE.
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A couple of key features needed to be investigated for the material is the melting
temperature (Tm) and re-crystallinity temperature (Tc) which helps determine the sintering window
of HDPE. Another key feature was using the area of enthalpy of melting and crystallization
temperature to calculate the percentage of crystallinity. To calculate the crystallinity percentage of
HDPE, the use of the DSC results was used based on HDPE melting characteristics. The
crystallinity (Xc) was used to calculate the ratio of the crystalline part of the semi-crystalline

polymer as shown:

m

" AHyq0

X, x 100

where, AHm is the enthalpy which is absorbed by the test sample during the process of
heating, AH10o is the enthalpy absorbed by a sample during the crystallization-melting process
which is 293 J/g [25], [26]. Figure 2.7 shows the DSC results of both the crystallinity and melting
temperature peaks as well as the area. Table 2.1 shows the data obtained to calculate the
crystallinity percentage based on the area of enthalpies for melting and crystallinity. There is a
decrease in the crystallinity percentage as it is exposed to thermal treatment. This is caused by time
and temperature and powder concentration during the melt blending process [27], [28]. Studies
have been conducted to show the effects of temperature on polymer crystallinity. Hoelzel et al.
studied HDPE and PP mixtures to study the effects of the melt index of HDPE on the microcellular
foaming of HDPE/PP blends, the crystallinity reduction of HDPE, melting temperature, and total
amount of crystallinity as a function of the melt index. Neat HDPE with a lower melt index had a
higher crystallinity. The crystallinity of HDPE decreased in HDPE/PP blends, regardless of the
blend composition and melt index. The total amount of crystallinity also decreased. The
crystallinity reduction of HDPE was affected more by the melt index than the crystallinity
reduction in the PP fraction [29]. This attributes to HDPE crystallinity percentage decreasing after
applied temperature above the melting point and averaging the same percentage for all three

mixing ratio values.
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Figure 2.7: DSC analysis in comparison of virgin HDPE to mixing ratios (a) HDPE-

10/90 wt. %, (b) HDPE-20/80 wt. %, (c) HDPE-30/70 wt. %.

Table 2.1: Parameters to calculate crystallinity percentage.

Crystallinity = Melting  Crystallinity = Melting  Crystallinity
Temperature Temperature Enthalpy Enthalpy  Percentage
T. (°C) T.(°C) Area (J/g) Area (J/g) (%)
Virgin HDPE 117.9 129.7 98.23 98.23 77.9
10-90 wt. %
HDPE 116.4 132.0 90.55 76.12 56.9
20-80 wt. %
HDPE 117.6 129.8 70.31 70.31 54.6
30-70 wt. %
HDPE 117 130.9 71.4 71.4 56.8

2.3.3 LS Printability Characterization

The evaluation of packing density was conducted to show the improvement on the reshape
of HDPE powder which ultimately contributes to reduce the porosity that occurs with
thermoplastics during LS printing [6], [30]. The test was run three times to obtain the standard

deviation and normal distribution of the density. Each powder was placed in a graduated cylinder

(KIMBLE® KIMAX®) where the volume was calculated of a set height of 10 mL of powder. The

total mass was obtained and was then used to calculate the green packing density. Figure 2.8 shows
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the results of the packing density, and it showed a higher packing density for 10/90 wt. % of 0.712
g/cm?® while for 20/80 and 30/70 wt. % the packing density began to linearly decrease to 0.605 and
0.515 g/cm? respectively but still shows higher results then the virgin HDPE powder which had a
packing density of 0.492 g/cm®. This is attributed to the increase of spherical particles which
occupy more space among the other large particles and effect the arrangement of allowing more

particles to occupy the space [31].
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Figure 2.8: Shows the packing density results for each set of powder.

To determine how well the effect of creating spherical and near-spherical particles would
influence the printing process a powder flowability test was conducted with all three mixing ratios
and compared it to virgin HDPE powder. A total of six trials were conducted for each sample and
then the average was obtained to calculate the angle of repose (0),

0 = tan™?! (E>
r

where h is the height of the peak of the powder and r is the radius of the plate underneath
the funnel. Table 2.2 shows the results for each powder with the final average and Table 2.3 shows
the standard for property chart for powder flowability. Results showed that the virgin HDPE have
poor powder flowability with a value of 48.73%1.69 which is a major factor towards thermoplastics
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being non LS printable without adding additives [6], [32]. When comparing it to the fabricated
HDPE powders it can be observed great improvements in the powders flowability where the
powder has good flowability and 20/80 wt. % showing excellent flowability with a value of 26.5
+ 2.35. This is a key feature for LS printing as it allows an almost free flowing behavior that is
necessary as LS powders are distributed on the bed for LS machine that uses a roller or blade
system and does not self-compact the powder [8]. Flowability also plays a key role in the laser
sintering process from the lack of homogeneous and even layers that can lead to porous within and

create weak printed parts [33], [34], [35].

Table 2.2: Measurements for each powders flow test trials and angle of repose results.

Radius Height Angle of repose
(mm) (mm) ©)
Virgin HDPE 24.85 28.39+1.72 48.73+1.69
10-90 HDPE-PEG 50.2 30.25+£1.92 31.03+1.59
20-80 HDPE-PEG 22.67 11.32+1.15 26.5+2.35
30-70 HDPE-PEG 21.94 13.87+0.47 31.03+2.39

Table 2.3: Standard flow property chart [36].

Flow property Angle of repose (0)
Excellent 25-30
Good 31-35
Fair-aid not needed 36-40
Passable-may hang up 41-45
Poor-must agitate, vibrate 46-55
Very poor 56-65
Extremely poor >66

2.4 Conclusion

This study proposes a methodology to fabricate HDPE spherical particles using MBE for

LS application. Different mixture blends of HDPE in a PEG matrix were analyzed; the present
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research determined that the HDPE-PEG mixing ratios of 10/90 wt.%, 20/80 wt.%, and 30/70 wt.%
produced results with spherical particles with favorable properties for LS printability. Compared
to virgin powder, the HDPE fabricated in this study demonstrated spherical morphology. SEM
imaging of the spherical HDPE powder showed spherical particles throughout the sample and
across all mixing ratios, which demonstrates a successful reshaping of the rough-surfaced,
amorphous as-received HDPE. This change in morphology allowed the material to also perform
better in properties desired for LS printing, such as increased flowability and packing density, with
almost no changes to the sintering window of the material. Particle size distribution was within the
range of application for LS, exhibiting a d50 of 24.83 microns for the 20/80 wt.% blend. All mixing
ratios showed an improvement in packing density compared to virgin HDPE powder; however,
packing density decreased with increasing HDPE concentrations, due to the increasing average
particle size. Angle of repose flowability was measured to be 40.4 for virgin HDPE powder. After
the MBE process, spherical HDPE powders showed flowability values as low as 26.5 for the 20/80
wt.% HDPE-PEG blend, demonstrating a drastic increase in flowability. These results show
enthralling properties for a polymer material destined for LS additive manufacturing. Future work
could explore mechanical properties and printing parameters of spherical HDPE powder. Finally,
this methodology is applicable for other thermoplastic polymers in the form of powder which
exhibit amorphous morphology, and, in turn, poor flowability. Overall, the fabrication of more LS-
suitable powder will help alleviate the material bottleneck for this particular AM technology,

opening up more possibilities for material applications and properties.
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Chapter 3: Laser Sintering of Reshaped High-Density Polyethylene

This chapter investigates the printability of the fabricated reshaped spherical HDPE particle
powder for LS printing. Most polymer powders are limited for LS printing due to the particle non-
spherical morphology which typically causes prints to fail or have deformations, as well as having
large porosity which gives it poor mechanical properties. Therefore, using spherical HDPE powder
increases printability for the material and reduces porosity in the printed parts. Printing parameters
are established in order to print tensile testing specimens in order to test the materials tensile
strengths. Three sets of printing parameters are used with laser power (L) being the only parameter
to change at 75, 80, and 85%. Printed specimen with L, of 85% showed the highest strength of
6.42 MPa indicating better melting within the particles improved the parts density giving higher
results. XRD analysis are also conducted to view the crystallinity structure as an increase in
crystallinity occurs for fabricated spherical particles giving a crystallinity percentage of 80.5%
which is higher than standard manufactured HDPE powder which potentially aids in the

mechanical properties.

3.1 Introduction

The additive manufacturing (AM) industry has been a growing industry that has allowed
the capabilities of rapid production of materials with rapid prototyping, low-cost production, and
distributed manufacturing in various fields such as energy departments, aerospace, industrial, and
other valued fields of study[1]. In the AM industry, there are seven forms of 3D printing
methodologies which include Material Extrusion, Directed Energy Deposition (DED), Binder
Jetting, Powder Bed Fusion (PBF) Sheet Lamination, Material Jetting, and Vat
Photopolymerization[2]. Selective Laser Sintering (SLS) is a form of PBF which is the application

of a powder bed that acts as a self-support system, standard for use of printing polymer powder
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materials with complex geometric shape designs[3]. LS forms 3D objects by laser energy to
selectively heat powder particles which results in fusion, the fused particles subsequently solidify
to form a 3D structure[37]. The main advantages of LS printing is the high resolution and excellent
quality with support-free technique due to the support provided by the unbounded powder present
around the fabrication [38]-[40]. Some disadvantages of LS printing includes the limitation in
powder reliability, the complex merging behavior, and the molecular diffusion process during the
process which limits the choice of polymers used in the process[41]. Particle morphology plays a
major role in the sintering process and must be a balance between size range and shape of the
powder particles [42].

Thermoplastics are a large material class that make it a suitable polymer due to their
properties of high thermal stability and resistant to aggressive chemicals such as alkaline solutions,
acids, and solvents [43]. Their corrosion resistance, low density, high strength, user friendly
design, and recyclability benefit [44] has made it a desirable material in various applications such
as aerospace [45] and automotive [46] industries. Various type of thermoplastic materials include
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), and polystyrene (PS) [47].
High-density polyethylene (HDPE) is used widely in harsh environments in applications as tubing
for drainages and catheters due to its excellent toughness and resistance to fats and oils [48]. The
challenge in using HDPE and other thermoplastics for LS printing, is the poor printability and
mechanical strengths caused by the non-spherical particles that cause poor powder flowability and
high porosity within the prints [49]. Material more suitable for LS printing focus on using spherical
shaped particles in the morphonology to make thermoplastics and polymers applicable for printing
[50].

Different investigations have been conducted to analyze the benefits of spherical particles
with a controlled size range on the overall printability and mechanical strength. Kleijnen et al.
fabricated spherical polybutylene terephthalate (PBT) powder through melt extrusion for laser
sintering printing and analyzed the printability of the powder and mechanical strength [5]. Yu et

al. printed polyamide 12 (PA12) to compare spherical particle PA12 powder with SiC/PA12 which
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had better mechanical strength and surface finish in comparison to the PA12 matrix [51]. Song et
al. fabricated spherical polyvinylidene fluoride (PVDF)/barium titanate (BaTiO3) for SLS printing
through shear milling and plasma technology to investigate the proof-of-concept of spherical
powder for LS improved the mechanical properties as well as piezoelectric properties [52]. These
investigations show the advantages of using spherical particle powder for SLS printing that
improves the powders printability and mechanical strengths.

This work presents the development of optimal printing parameters for fabricated spherical
HDPE particle powder for LS printing. Three different sets of prints were printed with different
parameters to analyze the tensile strength and understand the influence of spherical morphology
allowing the semi-crystalline powder to be LS applicable. SEM images were used to observe the
particle adhesion of the powder. Also, DSC and XRD tests were conducted to calculate and
measure the crystallinity of HDPE to determine the relation of high mechanical strengths with
higher crystallinity. The improvement in powder flowability and packing density of spherical
HDPE powder was investigated and how these particle properties impacted the printability features
and reduced the porousness inside the printed structure making the powder LS suitable were also

the focus of this research.

3.2 Experimental details

3.2.1 Materials

High-Density Polyethylene (HDPE) (AXALTA Coathylene® Fine Powders; average
particle size 40-60 pum; density of 0.951 g/cm?) powder was used as the primary thermoplastic

material for the fabrication of spherical particles.
3.2.2 LS Printing

Laser sintering experiments were conducted on a SHAREBOT SNOWWHITE?

(SHAREBOT S.R.L., Nibionno) that is equipped with a 14 W CO; laser with an operating
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wavelength of 10.6 um. The process parameters are listed below in Table 3.1 with laser power
being the primary parameter that was changed. The parameters are controlled using Slic3r where
the designed model is sliced and the printing parameters are preset prior to uploading the G—code

onto the printer system.

Table 3.1: Laser sintering parameters.

Specimen 1 Specimen 2 Specimen 3
Laser power (Lp) 75% 80% 85%
Laser scan speed (vs) 35000 m/s 35000 m/s 35000 m/s
Powder bed 106°C 106°C 106°C
temperature (Toed)
Layer height (Ln) 0.50 mm 0.50 mm 0.50 mm

3.2.3 Material Characterization

To establish the printing parameters, a differential scanning calorimeter (DSC) test was
conducted to determine the sintering window using a DSC 404 F1 Pegasus (NETZSCH). Samples
were heated from room temperature to 200 °C with a heating rate of 5 °C/min and cooled down at
the same rate. To analyze the semi-crystallinity structure between non-spherical, spherical, and LS
printed HDPE powder, an x-ray diffraction (XRD) was conducted using a CuKa radiation on a
discover diffractometer (Bruker, Boston, MA). Mechanical strengths were tested on all three sets
of specimens through tensile strength tests using a ADMET (ADMET, INC., Norwood, MA,
USA). Scanning electron microscopy (SEM) imaging was performed to analyze the HDPE porous
surface structure using the IT 500 LV Scanning Electron Microscope (JEOL USA, Inc.,
Pleasanton, CA, USA).
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3.3 Results and Discussions

3.3.1 Differential Scanning Calorimeter

DSC tests were performed to determine the peak temperatures of crystallization (T.) and
melting (Tm) which is required for calculating the sintering window for LS printing. The sintering
window is the meta-stable thermodynamic region of undercooled polymer melt during LS
processing for a given polymer [50]. Figure 3.1 shows a T of 129.8 °C and T¢ of 117.6 °C which
gives a sintering window of 12.2 °C. The sintering window is a meta-stable thermodynamic region
of undercooled polymer melt for laser sintering processing for any given polymer and for semi-
crystalline polymers implies that the crystallization temperature (T¢) should be inhibited during
processing and be controlled within the melting temperature (Twm) and Tc [53]. The area of enthalpy
for both curves show a melting enthalpy of 107 J/g and a crystallinity enthalpy of 128.8 J/g. The
crystallinity (Xc) was used to calculate the ratio of the crystalline part of the semi-crystalline

polymer as shown:

AH,,

100

Where, AH,, , is the enthalpy that was absorbed by the sample during the heating and
cooling process and AH, is the enthalpy absorbed by a sample during the crystallization-melting
process which is 293 J/g [25], [26]. The crystallinity percentage was calculated to be at 80.5%.
Crystallization improves the strength and modulus of polymers by reducing the degree of
molecular randomization and by orienting the semi-crystalline chains improves the strength and
modulus in the orientation direction thus improving the intermolecular bonding and influencing
the mechanical strengths [54]. Table 3.2 shows the overall data obtained required to calculate the

crystallinity percentage and sintering window.
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Figure 3.1: DSC analysis of HDPE spherical particles powder sintering window.

Table 3.2: Sintering Window and Crystallinity Percentage Parameters.

Temperature Temperature Enthalpy Area  Enthalpy Area  Percentage (%) Sintering
T, (°C) Twm (°C) J/g) J/g) Window (°C)
AT = (T, —To)
Spherical 117.6 129.8 128.8 107 80.5 12.2

HDPE Powder

3.3.2 Printing Optimization

Multiple laser sintering trials were carried out to test the fabricated HDPE powder with the
SnowWhite LS printer until the optimal parameters for a single-layer print were established in
Table 1. Powder flowability showed an improvement in the packing density which were attributed
to HDPE particles being spherical and with a size range allowing smaller particles to fill voids as
the laser melted the powder. Figure 3.2 shows printed specimens demonstrating the printability of

HDPE powder with a spherical morphology with full melting of the powder allowing the parts to

print with no deformation or complications.
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Figure 3.2: LS printed HDPE single-layer tensile specimens. Specimen 1 (A), Specimen

2 (B), and Specimen 3 (C).

3.3.3 X-Ray Diffraction

XRD tests were conducted on HDPE powder that was as received, as fabricated spherical
particles, and as LS printed HDPE to compare the crystallinity structure of the powder. The
primary characteristic peaks for HDPE are at 21.3°, 23.9°, and 36.6° diffraction angles that are
specific for polyethylene characterization with lattice planes (110), (200), and (020) respectively
[55], [56] and shows a orthorhombic structure [S57]. XRD was also used to validate the increase in
mechanical strengths due to the increase of crystallinity percentage. Figure 3.3 shows the three
samples crystallinity structure dependent on thermal treatment on the powder. It can be seen that
the microstructure found at the surface of the samples presents a higher degree of crystallinity due
to the shear and rapid cooling, as well as the enthalpy of fusion considers the defects and voids

found in the microstructure causing the values to be lower [58], [59] based on XRD results.
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Figure 3.3: XRD analysis of HDPE powder as received, as thermally treated spherical

particles, and as LS printed.

3.3.4 Single-Layer Tensile Strength

Five printed HDPE prints per printed specimen with different L, were tested using ASTM
standard D638 to obtain the average tensile strength of single layer printed tensile specimens. The
ramp rate was set to I mm/min during testing to ensure that the machine grips would maintain grip
with the clamps. Figure 3.4(A) shows a printed HDPE tensile design based on ASTM C1557
geometric design in the secured position for tensile strength testing. Strength analysis showed that
specimen 3 had the greatest strength with a stress-strain value of 6.42 and 0.005 MPa respectively.
This is attributed to the higher density from the adhesion melting with higher laser power and
minimal porosity [60], [61]. Specimen 2 had a stress-strain value of 5.56 and 0.015 MPa and
specimen 1 had values of 5.17 and 0.12 MPa results respectively. Table 3.3 summarizes the final
value results of the strength analysis and Figure 3.4(B) shows plotted graph of the tensile strength

results.
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Figure 3.4: HDPE sample in tensile frame loader (A) and HDPE stress-strain results (B).

Table 3.3: Average maximum tensile stress-strain results for LS printed specimens.

Specimen 1 Specimen 2 Specimen 3
Stress (MPa) 5.17 5.56 6.42
Strain (m/m) 0.012 0.015 0.006

3.3.5 Scanning Electron Microscopy

SEM images were taken of the cross-sectional area for each specimen to examine the

adhesion of the prints and examine the porosity within the printed structure. Figure 3.5 shows

spherical particles on the surface edges as particles melted on the outer surfaces. Images show

proper melting within the material with little to nonporous in the printed part with porous size

smaller than 20 um for all three different parameter prints. This is attributed to the spherical shape

of the particles that allow better flowability more easily and pack more densely than irregular

shapes allowing better adhesion [62]. An increase in the layer density can be seen with the increase

in laser power. Figure 3.5(C) with a L, of 85% had greater layer adhesion as it prevented rapid

crystallization during the cooling process within the particles from the high temperature within the

powder layer to suppress crystallization [63]. All three set parameters allowed for a full melt with
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each print yet, the higher L, gave a greater melt during the printing process allowing the production
of a stronger part with the reduction of porosity, as the molten HDPE infiltrates into the voids

between the powder spherical particles having a greater density [64].

Figure 3.5: Images of cross-section of Specimen 1 (A), Specimen 2 (B), Specimen 3

(C).

3.4 Conclusion

In this study, fabricated HDPE spherical particle powder was used as the printing material
for an LS with established printing parameters. Implementing LS additive manufacturing allowed
the capability of printing of three different types of tensile test specimens with the LS laser power
of 75, 80, and 85%. Additional parameters included a laser scan speed of 35000 m/s, a powder bed
temperature of 106 °C, and layer height of 0.50 mm for the printed material. Experimental results
show an effective powder melting adhesion within the particles due to the powders improved
flowability and packing density from the sphericalness features. SEM images showed little to
nonporous within the cross-sectional area from the printed specimens after printing and tensile
testing. Porosity was measured with sizes of 20 um or less in sizes due to the controlled particle
size range between 20-80 pm which is the desired range for LS printing. XRD analysis showed an
increase of crystallinity from the fabricated HDPE powder in comparison to the printed and as-

received powder due to the thermal exposure when fabricated and heat treatment post-process prior
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to printing. The XRD results showed the increase in 20 of 21.3° in the lattice plane of (110) within
the orthorhombic structure. The DSC analysis was used to calculate the crystallinity percentage of
80.5% which was slightly higher than standard HDPE material. DSC also was used to determine
the sintering window of HDPE powder which was calculated at 12.2°C based on the crystallinity
and melting temperature peaks of 117.6 °C and 129.8 °C respectively. Tensile strength tests
showed that specimen 3 had a stress-strain value of 6.42 MPa and 0.006 respectively. This was
attributed to the small porous printed samples had that helped increase the material’s strength.
Furthermore, the increase of crystallinity percentage increased the intermolecular bonding within
the structure and improved the materials mechanical strength. With the implementation of
fabricated spherical HDPE particle powder, LS printed specimens showed better printing abilities
and improvement in mechanical strengths. This was attributed to the reduction of porosity within
the inner structure of the prints making this semi-crystalline thermoplastic material excellent for

LS printing and usage.

34



Chapter 4: Direct Ink Write Printing of Ceramic Clay with Embedded Wireless
Temperature and Relative Humidity Sensor

Clay material is becoming of high interest due to its high corrosion resistance and high
temperature resistance while being environmentally friendly and 100% reusable. Implementing it
through additive manufacturing is investigated in order to establish ethe proper water-clay (w/c)
mixing ratio to obtain a proper viscosity to make the slurry DIW printable with proper flowability
and able to maintain its printed shape with minimal cracking during drying process. It is established
that 16.2 water wt. % gives the desired viscosity for printing various shapes including a wireless
temperature and relative humidity (RH) sensor. Embedded sensor is able to sense at a maximum
distance range of 141.7 m with temperatures of 85°F and RH of 65%. Post-process was also
conducted to compare fired and non-fired clay samples and test the mechanical strengths. XRD is
used to view the clay crystallinity to compare both fired and non-fired samples. This research
demonstrates the feasibility of using DIW printing porcelain 5 clay for embedded sensing

applications with functional sensing capabilities.

4.1 Introduction

Additive Manufacturing (AM), also known as 3D printing is a manufacturing technique
that consists of a layer-by-layer deposition of materials to form a three-dimensional part from a
CAD design. AM offers many advantages over traditional manufacturing, due to its easier
fabrication process, material availability, and relatively low manufacturing cost, making it a great
tool for rapid prototyping of complex geometrical designs. Although many advances have been
done for metallic and polymeric materials for AM technology, there is still limited advances in the
manufacturing of ceramics. The fabrication of ceramics by AM technology is an area of interest

due to their excellent mechanical properties and thermal stability [65]. Most common AM methods
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to fabricate ceramics include Direct Ink Write (DIW) [66], Selective Laser Sintering (SLS) [67],
Stereolithography (SLA) [68], Binder Jetting (BJ) [69], and Material Jetting (MJ) [70]. Printing
techniques such as SLS and BJ allows the fabrication of highly complex geometrical shapes for
ceramics. However, the printed parts usually result as low density and poor mechanical properties
[71]. On the other hand, printing methods such as SLA and MJ offer the possibility to fabricate
high-density ceramics. Nonetheless, SLA and MJ results in a low material selectivity, restricting
the fabrication process [72].

DIW is a material extrusion technique that consists of a layer-by-layer deposition of a paste
through a nozzle by a pressure driven mechanism onto a substrate. DIW offers a low cost, a
relatively fast printing process, and a large selection of printable materials with wide molecular
weights, which can be easily controlled by its rheological properties, making it suitable for
prototyping. In addition, DIW of ceramics usually does not require a heating temperature or
photopolymerization process to retain its structural shape since the shear-thinning properties
allows it to self-support during the printing process. The main drawback of using DIW to fabricate
ceramics is that usually a post-treatment process is required to fully solidify the printed part. This
post-treatment process (i.e., sintering, firing) allows for removal of polymeric binders and moisture
while enhancing grain growth of ceramics, which contributes to increase its final density.
However, this post-treatment process could also lead to different quality defects including,
excessive shrinkage, voids, cracks, and warping [73]. Despite that, the biggest advantage of using
DIW technique to fabricate ceramics is that the final parts usually resulted on high-density samples
with tunable mechanical properties [74], [75].

Clay is one of the most widely available ceramics. Clays typically consist of a mixture of
hydrated aluminosilicates with different ratios of silicon dioxide (SiO2) and aluminum oxide
(A12O3) [66]. Many research studies in clay printing have been used for decorative architectural
[76], bioengineering [77], and construction [78] purposes. However, there is very limited
information of clay printing applied for embedded sensors. Among different types of clays,

porcelain is of particular interest due to its mixture complexity (i.e., clay, kaolin, quartz, and
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fluxing agents) and phase transformation during the sintering process that leads to increase its
tangent loss at higher temperatures [79]. In addition, the rheological properties of porcelain can be
easily controlled by mixing with water, and thus organic additives are not needed, which facilitates
the firing process as debinding is not required [79].

Embedded sensors through additive manufacturing has grown over the years with the
application of embedding sensing technology directly into manufactured parts in means of
protecting sensors from harsh environments as well as prolong the lifetimes of sensors use [80].
One main limitation and challenge with additive manufacturing of embedded sensors field is the
ability to create proper structures to fully enclose the sensor and maintain the integrity of structure
design [81]. The advantages of implementing embedded sensors withy additive manufacturing
allows the freedom of fabricating outstanding geometrical designs with the minimization of tooling
for sensor enclosures [82]. Liu et al. investigated various forms of 3D printing flexible strain
sensors and testing the sensing mechanisms to view the feasibility of this method [83].

This work presents the development of a paste suitable for DIW printing using Cone 5
Porcelain Clay and deionized water. To demonstrate the printing capabilities of Cone 5 Porcelain
Clay, different geometrical samples were fabricated and fired without producing cracks across the
surface. In addition, the main purpose of this paste was to be able to embed a sensor during the
printing process. The results obtained showed that is possible to fabricate embedded sensors
capable to measure temperature and relative humidity through wireless reading, proving the

capability of using DIW printing for this application.

4.2 Experimental details

4.2.1 Materials and Fabrication

Cone 5 Porcelain (Armadillo Clay & Supplies, Austin, TX) was selected as a solid loaded
clay material (Relative density: ~2.6 gm/cc; Melting point: >1200°C) and deionized (DI) water

was used as a solvent for the slurry fabrication. A commercial S2 smart temperature and humidity
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sensor (MOAT® TECHNOLOGIES LLC, San Diego, CA) was used to measure thermal and RH
readings.

The slurry was fabricated by mixing porcelain clay with DI water to control the viscosity
and allow better flowability, printability, and shape retention. Clay slurry was hydrated to be
viscous enough to flow through the feeding hose without clogging it, while being capable of

retaining its shape after deposition.

4.2.2 Printing and Post-Processing

Clay samples were printed using a Delta WASP Delta 2040 Clay printer (PicoSolutions
Group Inc, Kearny, NJ). Samples were printed using a nozzle diameter of 3 mm, print speed of 25
mm/s, layer height of 0.5 mm, and infill set to 30%. Compression disks were printed with
dimensions of a diameter of 25 mm with a height of 3 mm. The sensor enclosure dimensions were
41x41x13 mm as seen in Figure 1a and non-fired parts dimensions were 40x40x12 mm as seen in
Figure 1b. Printed bisque parts were fired using a KILNMASTER LT (Skutt Ceramics Production
Inc., Portland, OR) at 1222.2°C for six hours and then cooled down to room temperature. Figure
4.1 shows porcelain clay samples, a clay non-fired sample (a) and fired sample with applied Cone

6 Glaze (1184-1222°C) (b).

Figure 4.1: Porcelain 5 print through DIW non-fired (a) and fired sample (b).
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4.2.3 Printing and Post-Processing

Rotational rheological measurements for the clay slurry were conducted using a DHR-2
rheometer (TA Instruments, New Castle, DE) with a parallel plate geometry. The test was
performed with a 0.7 mm gap between the plates at 25°C. The crystal structure was analyzed for
non-fired and fired parts by using x-ray diffraction (XRD) using CuKa radiation on a discover
diffractometer (Bruker, Boston, MA). The compression test was analyzed for the non-fired and

fired parts by using a Instron 60TM-50 (Instron, Norwood, MA) with a 50 kN force capacity.

4.3 Results and Discussions

4.3.1 Rheological Measurements

The viscoelastic properties of the clay slurry is a crucial stage in order to control its shape
retention and printability [84]. Universal parameters for creation of slurries does not exist as many
variables affect the ceramic’s rheological behavior. An important factor in the creation of a slurry
is the type of additive selected in the composition of the slurry, such as polyvinyl alcohol,
polyethylene glycol and DI water which are commonly used in the fabrication of ceramics using
DIW [17], [18]. Incorporating these types of additives allows for the material to flow better, with
either Newtonian or Non-Newtonian flow behavior. When the stress is increased to a certain level,
non-Newtonian fluids show signs of shear-thinning behavior, such that their viscosity declines
significantly as the shear rate rises [19]. Shear thinning behavior is important to be able to extrude
the clay without clogging the nozzle and subsequently achieving structural integrity after
depositing the extrudate.

This behavior for non-Newtonian fluids (shear-thinning) can also be described by the
Herschel-Bulkley model [20]: 7 = 7, + K(7)y™ . High solid loading content is also the most
preferable parameter while designing a ceramic slurry. Increasing the solid loadings will not only
reduce the shrinkage in the final part but high density can also be achieved. Nevertheless, high

contents of solid loadings drastically increase viscosity. Rheological data showed when clay was
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combined with water at specific wt. % the paste achieved ideal printing viscosity for DIW of
between 10%and 10> Pa*s [21]. Rheological data was taken for three different clay compositions
consisting of 15.0 wt. %, 16.2 wt.%, and 17.4 wt.% (i.e., water to clay) and can be seen in Figure
4.2. The clay slurry with 16.2 wt.% water (approximately 32 vol.% of clay) had optimal shear
thinning behavior and achieved a well dispersed slurry with this solid content, having no
agglomerations or phase changing during the printing process, resulting in even deposition of
layers.

All slurries exhibited non-Newtonian behavior, yet small water percentage changes of +
1.2 wt.% were shown to significantly influence the viscosity as a function of shear rate. Viscosity
increased as the shear rate increased in similar manner in 15.0wt.% compositions and a lower
viscosity with 17.4 wt. %, while viscosity for 16.2 wt.% is more stable in decaying linearly with a
smaller slope, achieving higher viscosity at higher shear rates, which will not pour beneath
particular yield stress [22], [87]. The slurry reached an ideal volume fraction when clay was at 34
vol. % which is the calculated density of the printed part with 16.2 wt. % ratio making it suitable

for DIW printing.

Viscosity (Pa.s)
=

5 15 25 35 45 55 65 75 85
Shear rate (s")

Figure 4.2: Data of viscosity as a function of shear rate for porcelain clay.
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4.3.2 Clay 3D Printing Optimization

Printing parameters were established based on the clay slurry viscosity in order to obtain
printed parts with different shapes. A nozzle with a diameter size of 1.5 mm was used to maintain
a controlled material flow rate. The printing and travel speed was set to 25 and 30 mm/s
respectively to allow proper material flowability and reduce material from overflowing of the
printed sides. The layer height was set to 0.8 mm and a line width of 1.5 mm to allow proper layer-
layer adhesion. Figure 4.3 shows a printed part of a floater cup which demonstrates the results of
the materials fabrication and printing parameters. Figure 4.3(A) shows an initial design with
minimal support around the handle which caused an overhang to occur and nearly collapse from
the weight of the handle base. Figure 4.3(B) was a redesigned model with a shorter and thicker
handle with additional supports to prevent overhangs from occurring. Due to the weight of the
moisturized clay, the use of more supports was required to retain the printed parts structural design

with no failures.

Figure 4.3: Initial (A) and redesigned (B) model design.

4.3.3 Material Fabrication with Embedded Sensor

A customized geometrical design was fabricated to print an enclosure to house a wireless

sensor with temperature and RH reading capabilities. The design accounted for the shrinkage
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percentage of the clay during the drying process as well as the geometry shape of the sensor. The
sensor was fully bounded, and the printed enclosure was left to dry overnight in a room temperature
environment. The printed part exhibited minimal caving and deformation on the top surface of the
sample and had no cracking during the drying process due to the controlled w/c of 16.2 wt.%. By
achieving a proper viscosity of approximately 10, the porcelain could maintain its shape while
avoiding the top surface from caving in around the edges of the sensor and maintain the intended
structural design. The sensor was placed in the center of the printed enclosure mid-print by pausing
the printing process and resuming once the sensor was placed as seen in Figure 4.4(A) and Figure

4.4(B).
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Figure 4.4: Schematic illustration of DIW printing with embedded sensor (A) and

images of the embedded sensor printing stages (B).

4.3.4 X-Ray Diffraction Analysis

In Figure 4.5, the Porcelain 5 phase analysis is shown through XRD analysis. A comparison
between non-fired and fired samples were conducted to characterize the crystallinity phases of the
samples after high temperature post-processing. Analysis showed a decrease in crystallinity within
the fired sample at 26 at 25° and 27°, which indicates an increase in the glassy phase due to the

melting of quartz, while maintaining a constant mullite percentage [88]. Similar results have shown

42



that an increase in temperature during post-processing of (1300 °C) leads to a decrease in the peak
intensity within the same angle range [89], [90]. Jeoung-Ah showed similar results when running
an XRD on paper composite porcelain that were fired at different temperatures to examine the

peaks which showed a decrease in the oc-quartz and mullite structure [91].
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Figure 4.5: Porcelain clay XRD of non-fired and fired clay samples.

4.3.5 Compression Test

Non-fired and fired clay samples were tested under compression. Non-fired clay samples
had a higher ultimate strain, demonstrating a more elastic behavior and achieving double strain
percentages than fired clay (1.0% vs. 2.0% at 70 MPa) as seen in Figure 4.6. Fired samples were
denser due to grain growth during sintering and since the water was evaporated during the heat
treatment process. The samples became brittle, therefore reducing their elastic properties [92].
These results are consistent with studies that show that clays that have moisture present or that
have regained moisture after firing increase their expansive strain as well as mass gain, mainly
arising from water content or rehydration processes [93]. Fired clay undergoes a steeper curve of

stress vs. strain relation, having less change in lengths when experimenting the same loads over
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the same amounts of time as non-fired clay. Fired clay shows a more rigid behavior with sharp but
short increments in strain, opposed to non-fired clay which has a smoother curve with an
exponential tendency. The same phenomena can be assumed for non-fired clay in this case study.
Fired samples contain higher contents of water and mass after undergone a sintering process that

evaporated their water content [94].
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Figure 4.6: Stress vs. strain compression analysis of non-fired clay vs. fired clay.
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4.3.6 Temperature and Relative Humidity Sensing

Sensing data at uncontrolled levels of temperature and humidity for the embedded sensor
were recorded simultaneously. The “Moat Tech” sensor has a tested range of 121 m and records
data every second, nevertheless wireless sensing capabilities of the embedded device were
measured at a maximum distance of 141.7 m, meaning the clay enclosure did not have any impact
on reducing data transmission distances. Temperature reading showed it was capable of reading
the sensors maximum temperature of 85°F and RH of up to 40%. Figure 4.7 shows the temperature
and RH readings with respect to time, both measurements were analyzed in concurrently with
maximum distance determination.

The embedded sensor was placed under uncontrolled conditions on an outdoor environment for
data acquisition to access the capabilities of the embedded sensor reading outdoor environment
temperatures. It can be observed that the embedded sensor has a delay of approximately 600
seconds (25 second delay when not embedded) before external conditions penetrate clay
enclosure and the sensor can perceive the environmental conditions. RH and temperature are
correlated and shown the same peaks and downshifts during the same periods of time, most

noticeable at 900 seconds and 1,000 seconds.
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The clay enclosure provides the sensor with protection for harsh environments, allowing constant
monitoring. While the thick porcelain barrier has low transmissivity of environmental conditions,
it only translates to a delay of 10 minutes (600 seconds) of data capturing which outweighs the
time and resources needed to take periodic measurements of typical harsh environments such as
the case of nuclear waste storage, which requires periodic monitoring of tanks using Type B —
Platinum rhodium 30% Rh-Platinum rhodium 6% Rh thermocouples which allow measurements
up to 1700°C, very stable thermocouple but less sensitive in the lower range, along with
capacitive sensors to take relative humidity data, while these last ones can last for long transient
periods, they are characterized for their large variations [95]. The sensor had capabilities to
transmit data within the enclosure of the clay housing without disrupting the signal’s accuracy as
it was within normal operating conditions, +0.3°C/£0.5°C for temperature and +3.0% for RH,

comparable to similar temperature sensors operating under ceramic enclosures [96].
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Figure 4.7: Relative humidity and temperature readings over time from the clay embedded
sensor measured at 141.7 m.

4.4 Conclusion

In this study, Cone 5 porcelain clay was fabricated with an embedded wireless temperature
and relative humidity sensor through DIW printing. Implementing DIW printing allowed the
capabilities of freedom of design in printing structures for the enclosure of the sensing unit. With
the established printing parameters with a printing speed of 25 mm/s, layer height of 0.5 mm, infill
density of 30% and using a nozzle diameter of 3 mm allowed the printing of the material with
proper flowability for proper layer-layer printing. This showed effective with the printed designs
that aided in avoiding structural deformation and minimal overhang from layer-layer of the prints.
The optimal water-clay mixing ratio of 1:5 allowed proper printing process with good flowability
of the porcelain clay while still allowing the parts to maintain shape retention and minimal
shrinkage to avoid cracking during the drying. The compression strengths from fired and non-fired
samples were studied, showing strengths of 70 MPa for the fired sample and 90 MPa for non-fired.
An investigation in the crystallinity phase showed a small decrease within the mullite after applied
temperature during the firing process which caused melting in the quartz causing an increase in
the glassy phase. The embedded sensor showed the capability of gathering readings while being
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enclosed within the clay at distances within 141.7 m from the reader. With clays particles, it
allowed the increase in the electromagnetic on the surface of the material which allowed the
frequency of the sensor to be able to be obtained for thermal analysis. Results of sensing show
temperature readings of 85 °F with humidity sensing of up to 40% continuously while embedded
within the printed enclosure while being in an outdoor uncontrolled environment. The feasibility
of this application allows the usage as self-storage containers for hazardous materials or be used
in harsh environments without sacrificing the signal strength of the sensor within the enclosure.
With Cone 5 Porcelain corrosion resistance properties and great heat capacity makes it a suitable

insulating enclosure for these applications and usage.
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Chapter 5: Fabrication of Multilayered Copper and Zirconium Silicate for Embedded

UHF RFID Temperature and Relative Humidity Sensing by Multi-Material Printing
Multi-material printing is an innovative method through AM that allows the capability of
printing multiple materials on the same deign. The use of FFF 3D printing allowed it to be capable
to print Cu and ZrSiO4 to make a temperature housing enclosure. Both materials hold similar
corrosion resistant and high temperature resistant properties making them ideal for the sensor. The
Cu material is used as an outer wall shell for the brittle ZrSiO4 ceramic material in which the
wireless sensor is embedded within the ceramic layers. The UHF RFID passive temperature and
relative humidity sensor is capable of obtaining thermal readings of temperatures of up to 27 °C
and RH of 27% at a maximum range of 0.6 m. The distance range is impacted by the number of
layers surrounding the sensor yet demonstrates the ability to still obtain readings. Compression
tests are conducted to evaluate the Cu prints, ZrSiO4 prints, and the multi-material prints strengths.
This research demonstrates the capability of using FFF multi-material printing Cu and ZrSiO4 to
design and fabricate a sensor enclosure with full functionality of temperature and RH sensing

capabilities.

5.1 Introduction

Additive manufacturing (AM), normally referred to as 3D printing takes a computer-aided
design (CAD) file which is converted to a stereolithography (STL) file and rapid prototyping of
the part with desired material [97]. With the improvement of AM technology advantages for these
technologies enables and facilitate the production of moderate to mass quantities of products that
can be customized individually opening new opportunities in regards to production paradigm and
manufacturing capabilities [98]. The AM technology does have limitations and disadvantages such

as low production rates, limited materials, and high geometric tolerances [99]. The fabrication of
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metals and ceramics is of high interest due to their great corrosion resistance, resistance to
aggressive environments, and resistance to high temperatures [100], [101]. Fused filament
fabrication (FFF) is an extrusion-based printing technology for feedstock materials and is one of
the most widely used forms of 3D printing [102].

The use of FFF 3D printing technology allows the capabilities of printing metallic [103]—
[105] and ceramics [106], [107]. Many studies are done with the development and advancement
of making metals and ceramics printable using FFF printing. Miclette et al. investigated low-
viscosity metal injection molding (MIM) to validate the capacity of AM printer to produce
functional components [108]. Gutierrez et al. investigated tensile properties of 17-4PH stainless
steel that was fabricated through material extrusion AM and how to improve the strengths of the
material [109]. Li et al. tested silicon carbide ceramic substrate in preparation of high precision,
high strength, and high density by implementing it through material extrusion and laser cladding
and test the materials properties [110]. Hur et al. researched practical methods for ceramic additive
manufacturing using sol-gel-based ceramic slurry with polymeric additives to increase the ceramic
content in the feedstock [111].

Multi-material printing is a unique form of AM that enables rapid design and direct
fabrication of 3D parts consisting of multiple materials without needing complex manufacturing
process [112]. This method allows various techniques including embedded sensors applications
within the multilayer prints. Nassar et al. manufactured a light emitting diode (LEDs) strain sensor
and electronics in multi-material polymer-based print and demonstrated the feasibility for soft
packaging of electronic and component sensors [113]. Hainsworth et al. presented an actuator with
an integrated print-in-place strain sensor produced with multi-material AM which required no post
processing or manual fabrication steps [114]. Shih et al. designed a sensor that can be co-fabricated
with soft robotic bodies using muti-material printing without additional modifications and

investigated an analytical comparison to sensors [115].
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This work presents the implementation of multi-material printing of Cu and ZrSiO4 through
FFF printing with an embedded UHF RFID temperature sensor. The demonstration of the printing
capabilities of CU-ZrSiO4 with freedom of design allowed the fabrication of a sensor enclosure
while embedded within the ceramic ZrSiO4 layers. The results obtained showed the feasibility in
this application while being able to obtain temperature and RH sensing analysis through wireless

reading, implying the method of using multi-material FFF printing for this application.

5.2 Experimental details

5.2.1 Materials

Copper filament (The Virtual Foundary, Stoughton, WI) was selected as the metal material
(Density 4.8 g/cm? — 5.0 g/cm?) for the outer surface shell. Zirconium Silicate ceramic filament
(The Virtual Foundary, Stoughton, WI) was selected as the secondary material (Density 2.11
g/cm?) for the inner shell in which the sensor will be embedded within the layers. A UHF RFID
passive sensor (Atlas RFID Solutions Store LLC, Birmingham, AL) was used to measure the

temperature and RH readings.
5.2.2 Multi-Material Printing

Both Cu and ZrSiO4 filaments were printed using a Raise3D E2 printer (RAISE3D, Irvine,
CA). Filaments were extruded using a 0.6 mm nozzle diameter with printing parameters shown in
Table 5.1. The set parameters were used to print compression disks with the set parameter of 12.7
mm diameter and length of 25.4 mm based on ASTM D695 standard. Figure 5.1(A, B) images
show multi-material print parts and Figure 5.1(C) shows compression disk printed at a layer height

of 0.2 mm as the minimum set parameter for filament layer deposition.
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Figure 5.1: Cu-ZrSiOj4 print side view (A), top view (B), and compression disks (C).

Table 5.1. Printing parameters for multi-material print and compression disks.

Printing speed Nozzle temperature Bed temperature
Copper 40 m/s 247 °C 65 °C
Zirconium Silicate 40 m/s 247 °C 85 °C

5.2.3 Material Characterization

Layer adhesion within the printed parts that contained the embedded sensor inside the
enclosure was analyzed using a ME520T Amscope microscope (MICROSCOPE CENTRAL,
Feasterville, PA). Compression tests were conducted using an Instron 60TM-50 (Instron,
Norwood, MA) with a 50 kN force capacity for all three printed samples until failure. Printed

materials densities were calculated using a Sartorius YDKO3 (Sartorius, Goettingen, Germany).

5.3 Results and Discussions

5.3.1 Density

Printed compression samples densities were evaluated to compare them to the

manufactured densities provided. Figure 5.2 shows a graph of the average densities per samples as
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Table 5.2 provides the results obtained for each individual sample piece and can be seen a decrease
in density after being printed. Cu showed a decrease in density of 12.5% and ZrSiO4 had a decrease
of 0.47% respectively. This is attributed to the layer-layer base construction which introduces
inherent porosity which is a function of the printing parameters and materials properties, yet is a
common defect with FFF printing [116]. The presences of porous within the internal structure is

formed during the deposited strands [117]-[119] and the bonding areas between the strands [120].

4.5

35

2.5

1.5

Packing Density (g/cm”3)

0.5

Copper Zirconium Silicate Multi-Material

Figure 5.2: Graph of the average densities of manufactured parts.

Table 5.2: Density results for three printed sample materials.

Density (g/cm?) Copper Zirconium Silicate Multi-material
Sample 1 423 2.06 3.42
Sample 2 4.19 2.07 3.52
Sample 3 4.21 2.06 3.50
Sample 4 4.19 2.05 3.52
Sample 5 4.20 2.05 3.31
Average 4.20 2.06 3.45
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5.3.2 Multi-Material Fabrication with Embedded Sensor

A customized geometrical design of the sensor enclosure was created using Fusion360
software (Autodesk, USA) and sliced using Ideamaker (version 4.4.0 Alpha) 3D slicer. The set
printing parameters allowed for proper filament extrusion and layer-to-layer adhesion between
both materials as seen in the schematic illustration in Figure 5.3. The bed temperature was kept at
65 °C for the Cu base layer to avoid melting the Cu material onto the bed and to ensure the first
layer stayed intact on the printing bed. The sensor enclosure accounted for the 0.3 mm thickness
of the RFID sensor and final printed design had a length, width, thickness of 112.28 mm, 34.8 mm,
and 3.19 mm respectively. To embed the sensor during the printing process, the deposition of
Z1Si04 layers was accounted until it reached the design sensor space given at 2.52 mm layer height.
As the Cu filament completed extruding the outer walls a 40 s transition occurs between the Cu
and ZrSiO4 nozzle as the extruder must reheat to desired nozzle temperature allowing the
placement of the sensor in the center surface of the ceramic of the print without pausing the printer.
The sensor was placed in the center of the print during the transition of extruders from Cu to ZrSiO4
and placed in the middle of the design. With the set printing parameters and sensor design, the

wireless passive sensor was fully enclosed within the multi-material print of Cu-ZrSiOa.

Cu Nozzle Zr8i0, Norzle Sensor
v v . ' . # .

Z1Si0, . Sensor
} 4

Figure 5.3: Schematic illustration of FFF printing with embedded sensor.
5.3.3 Microscope Images

Microscope images were obtained of the cross-sectional area of the print to view the layer-

to-layer adhesion after the embedded sensor was embedded within and are seen in Figure 5.4.
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Images show that the layers properly melted on top of each other with no deformation from the
sensor. Porosity can be viewed from the cross-section in Figure 5.4(a) and surface Figure 4(b) of
the copper finish. This can be attributed to incomplete fusion that occurred during the extrusion
process and improper bonding from the layer-layer deposition [121]. Since FFF is a method in
which filament is extruded into layer-layer on top of each other potentially leads to formation of

porosities and is expected to occur [122], [123].

Figure 5.4: Microscope images of cross-sectional area (a) and surface area (b)

5.3.4 Temperature Sensing Analysis

Thermal sensing analysis were conducted to obtain readings of the sensor embedded inside
the housing enclosure and results are graphed in Figure 5.5. Analysis showed that the sensor was
functional while embedded in the layer-layer of ZrSiO4 material and fully enclosed inside the Cu
outer walls. Temperature readings showed a maximum temperature of 82.7°C and a relative
humidity (RH) of 30% at a maximum reading range of 0.6 m. The strength in sensors distance
decrease is caused by the number of layer deposition around the sensor to tune the communication
performance between the sensor and antenna [124]. Results demonstrate a decrease in RH as
temperatures increased indicating proper measurements in that environment. Enclosed sensor

readings were compared for accuracy using a temperature and RH meter (Omega Engineering Inc.,
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Norwalk, CT). Comparison reading showed an accuracy of the temperature reading of + 2°C and

RH accuracy reading of + 1.5%.
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Figure 5.5. Temperature and RH sensing analysis of embedded sensor within multi-

material print.

5.3.5 Compression Testing

Compression tests were conducted on pure Cu prints, pure ZrSiOs prints, and multi-
material prints to analyze the differences in stress-strain curves. Five samples were tested per print
to obtain the average for each compression analysis Figure 5.6(A) and images of the compressed
disks can be seen in Figure 5.6(B). Results showed that ZrSiOs experienced a maximum
compressive strength of 3.5 MPa before fracture. The Cu sample showed a maximum strength of
1.2 MPa and the multi-material print had a maximum strength of 0.7 MPa before fracture. The
Z1Si04 shows different results different from polymers and metals, due to the ceramic
characteristics show different plastic deformations as the infill density potentially increased during
3D printing, making cracks occur at different layers showing irregular stress-strain results [125].
The multi-material print showed the lowest compressive strength due to failure from the Cu printed

base.
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Figure 5.6: Stress-strain compression analysis of printed parts (A) and images of the

compression disks (B).

5.4 Conclusion

In this study, multi-material FFF printing was used to embed a wireless UHF RFID passive
temperature and RH sensor using Cu and ZrSiO4 as the primary two materials. FFF printing
allowed the freedom of design to print the sensor enclosure within the ZrSiO4 layers while the Cu
was used as an outer filament shell. Microscopic images of the cross-sectional area demonstrated
no deformation and proper layer-layer adhesion during printing keeping structural design integrity.
Density analysis showed a decrease in density that is attributed during the printing process.
Formation of pores in the layered structures were seen in the images of both surfaces are and cross-
section. Compression tests showed ZrSiO4 had a maximum strength of 3.5 MPa before fracture
due to initiation of cracks at different layers that demonstrate ceramic irregular stress-strain
patterns. Temperature and RH sensing analysis showed thermal analysis of maximum temperature
of 82.7 °C and RH of 30% respectively within the layers of the printed sensor enclosure at a
maximum sensing distance of 0.6 m. The range of reading between the sensor and reader is caused
by the number of printed layers from the two printed materials enclosing the sensor ultimately
impacting the sensitivity of the sensor. The application allows the capability of fabricating

enclosures that can withstand harsh environments due to the high corrosion and high temperature
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resistance of both materials. This allows materials as such to be a suitable source for various of
applications in different industry fields that can be implemented with additive manufacturing. With
the ability to design and 3D print various sensor enclosures with freedom of design using FFF

printing, makes it suitable as the primary method for multi-material printing these two materials

for sensors enclosures.
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