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ABSTRACT 

 

 Dielectric resonators (DRs) are ceramic components used primarily in wireless 

communication devices for their high relative permittivities and low loss properties, with 

much room for improvement aimed at maximizing their electrical properties.  Additive 

manufacturing (AM) of ceramic materials opens the door for new methods of fabrication 

of these DRs to produce functionally graded permittivities.  An extrusion-based ceramic 

AM technique has been employed to print structures with graded permittivity and custom 

geometries.  Through a series of rheological studies, shear thinning ceramic suspensions 

of titanium dioxide and barium titanate have been developed to demonstrate this tech-

nique and improve the ability to print such structures.  Co-sintering studies were per-

formed to ensure that these materials are compatible during densification and sintering, 

with validation through microstructural characterization, to verify that the essential mate-

rial properties meet the requirements of these DR devices.  Graded permittivity parts have 

the ability to enable new electrical properties of DRs, which can be used as a host of new 

opportunities in the field of microwave dielectrics, such as DR oscillators and DR anten-

nas. 
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CHAPTER 1 | INTRODUCTION 

 

1.1 Motivation & Objectives 

 The motivation for this work is to advance our understanding of additive manufac-

turing (AM) of ceramic materials and find new ways to apply this technology toward vari-

ous applications.  AM in general has been a growing field across several industries, with 

initial efforts employed toward the implementation of polymer-based AM.  Polymer AM 

has grown in popularity and has found its place with widespread industrial use.  The later 

onset of metal AM using powder bed fusion techniques introduced a new, quick method 

for the fabrication of near-net-shaped metal parts.  This is more of a challenge for ceramic 

materials for two primary reasons.  First, most ceramic materials are electrical insulators, 

so using an electron beam for direct melting can’t occur with high success because of the 

charging nature of these insulating materials.  Secondly, ceramic materials generally have 

a much higher melting temperature than those of metals, therefore the minimum energy 

requirement for the electron beam method is quite high and often unachievable.  Utiliza-

tion of laser-based systems can achieve high enough energies for melting the ceramic, 

but the resolution is often limited because of the tendency for ceramics to not endure melt 

processing in an ideal fashion [30].  Because of this, these powder-based methods have 

not proven to be successful.  Instead, ceramic AM has to currently rely on the use of 

techniques like extrusion, vat polymerization, and binder jetting.  Extrusion-based AM of 

ceramics is a reliable method for printing, with the development of colloidal ceramic sus-

pensions having desirable rheological properties being the primary driver and require-

ment.  Vat polymerization-based methods also require similar suspension preparation 

and rheology, however the light curing method is very important, and can be a limiting 

factor when working with certain ceramic materials, such as those with high indices of 

refraction.  The multi-material printing capability of extrusion-based systems makes them 

desirable in many scientific facets, with primary interest leaning toward the applications 

of functionally graded materials.  A deeper understanding of using functionally graded 

materials, more specifically ceramic materials, is desired and has widespread potential 
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due to the utilization of their electrical properties, and using the extrusion-based frame-

work to build custom parts with custom geometries that allow for custom structure-prop-

erty outputs. 

 

1.2 Scope of Thesis 

 The scope of this thesis is to demonstrate an extrusion-based additive manufac-

turing (AM) technique at the Colorado School of Mines (CSM) that is capable of printing 

multiple materials in order to fabricate parts with a graded region with two pure materials 

at each end.  Through various rheological studies for developing shear thinning ceramic 

paste, findings were applied to improve the previous printing technology in order for mul-

tiple materials to be extruded.  This thesis addresses the initial investigation of colloidal 

ceramic processing for the development of the shear thinning suspensions and feedstock 

needed for printing, followed by various customizations made to the print head that allow 

for the controlled use of printing at least two materials.  Initial experimentation was per-

formed to allow for two electrical ceramic materials to be printed, with different relative 

permittivities, in order to fabricate a part with a graded permittivity for the application of 

custom dielectric resonators.  Once these sample parts were fabricated, characterization 

through electron microscopy and X-ray diffraction, and electrical testing through imped-

ance analysis, were utilized to understand their structure-property relationships. 
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CHAPTER 2 | LITERATURE REVIEW & BACKGROUND 

 

2.1 Dielectric Resonators 

 Wireless technologies have become ubiquitous to modern life and are gaining mo-

mentum for their technological advancement.  Dielectric materials are typically the mate-

rial of choice when developing specifically tailored components for wireless applications 

[57].  Across the entire electromagnetic spectrum, there are a variety of frequency bands 

that are covered by the various wireless technologies, as shown in Figure 2.1 below: 

 

Figure 2.1 Frequency bands covered by the various wireless technologies [57] 

 

 The largest concerns with wireless technology are the size of the antennas used 

and their performance.  The selectivity and stability of these components are essential for 

ensuring that the signals produced are restricted to their predetermined frequency bands 

and for controlling the introduction of unwanted signals from outside sources.  Devices 

that require this technology are satellites and mobile radio communications, which require 

the utilization of narrow band, frequency-stable filters and oscillators [57].  The size re-

quirement of these antennas must be addressed, and dielectric resonators (DRs) enable 

miniaturization.  Example DRs in various shapes and geometries are shown in Figure 2.2, 

with the primary geometry used being that of a hollow cylinder.  These geometries are 

simple, and while other ceramic fabrication techniques could produce graded DRs, they 

could not simultaneously reproduce any sort of complex geometry.  This is where the 

application of additive manufacturing (AM) of graded materials comes into play, with the 
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ability to control grading, thereby enabling new opportunities such as three dimensional 

variations in permittivity. 

 

Figure 2.2 Variety of dielectric resonators typically used in the transponder compo-

nents of communication satellites 

 

 As previously stated, DRs are typically cylindrical and made of a ceramic material.  

The relative permittivity of these ceramics must be high enough for a standing electro-

magnetic wave to be contained within its volume because of the potential for dielectric-

air interface reflection.  Figure 2.3 shows how the electric and magnetic field components 

of a standing electromagnetic wave interact with different geometries of DRs. 

 

Figure 2.3 E and H-fields in a microwave resonance dielectric in a simple standing 

wave mode: (a) magnetic field; (b) electric field; (c) variation in E at z=0 [57] 

 

DR Variety

2	cm
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 The measurement of complex dielectric properties of materials at radio frequen-

cies has gained increasing popularity and importance in various areas of research.  These 

fields include microwave circuit design, materials science and absorber development.  Di-

electric measurement of materials is important because it can provide critical electrical 

and magnetic property understanding of the materials of interest.  Dielectric properties 

can be extracted in many ways from various testing methods, including that of vector 

network analysis, which utilizes software that measures the complex reflection and trans-

mission coefficients, which are then able to be converted to the complex dielectric prop-

erties of the material. 

 The operating modes of a DR are determined primarily by relative permittivity and 

geometry; by creating a monolithic part with spatially-varying permittivity via additive man-

ufacturing, different modes of operation for the DRs can be generated and thereby enable 

a host of new opportunities.  When it comes to determining the usefulness of a DR, there 

are two properties to optimize.  The first property is the dielectric constant, which is de-

termined by measuring capacitance of the material and calculated by using Equation 1 

below.  The second is the quality factor, or Q-factor.  For dielectric materials, when meas-

uring their relative permittivities, having a higher Q-factor is desirable because it indicates 

a lower rate of energy loss relative to the stored energy of the resonator itself, and is 

essentially the inverse of the loss tangent, as shown in Equation 2.  Q-factor is typically 

measured against frequency or temperature, as many DRs are used in a wide range of 

frequency bands, as shown in Figure 2.1: 

 

 K =
Cd

εA
 (1) 

 

where K is the dielectric constant, C is the capacitance, d is the distance between the 

electrodes used for measuring capacitance, ε is the permittivity of free space, and A is 

the surface area of the small electrode used for measuring capacitance. 
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 Quality	Factor =
1

tan δ
 (2) 

 

 The permittivity under an alternating field can be represented mathematically as 

the sum of real (ε′) and imaginary (ε′′) parts. 

 

 ε = ε; − jε′′ (3) 

 

 In an alternating electric field, the phase angle of the electric flux density lags be-

hind that of the electric field due to the finite speed of polarization.  The delay angle δ is 

defined as 

 tanδ =
ε′′

ε′
 (4) 

 

 At microwave frequencies and higher, a DR can be used in place of a resonator 

circuit due to its high Q-factor and minimal resistive losses. It consists of a block of ce-

ramic material that is mounted on a printed circuit board with input and output transmis-

sion line feed networks typically in a micro-strip form [73, 74].	

 Examples include DR filters (DRFs), in which this capability can be utilized to con-

trol the coupling between the micro-strip lines and the DR as well as the coupling coeffi-

cients between adjacent DRs in multi-pole filters, adding several design degrees of free-

dom. Similarly, in DR oscillators (DROs), this capability can be utilized to improve the 

coupling between the resonator and transistor circuit which will in turn improve the loaded 

quality factor. In the case of a DR antenna (DRA), the graded permittivity enables one to 

tailor the radiation pattern of the antenna to a desired shape without changing the physical 

geometry of the DRA. 
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2.2 History of Ceramic Materials 

 Ceramic materials have been used for various applications dating back to ancient 

civilizations.  The oldest of these objects are clay statues and have been dated to approx-

imately 23,000 BCE in the Czech Republic, most of which portray animal figures.  The 

earliest discovered evidence of pottery production which dates back to approximately 

10,000 BCE and was found in Nagasaki, Japan, includes cooking utensils and food stor-

age containers.  Throughout the centuries leading up to modern day, our understanding 

of ceramic materials and ceramic processing have increased significantly.  The nature of 

clay-based processes for making ceramics is such that the clay particles are classified as 

colloids.  Colloids are fine particles that are typically quite small, such as clay particles, 

and are suspended in a second medium, typically water.  Colloids behave in a way that, 

once they are suspended into solution, they do not separate out of the solution through 

sedimentation.  The knowledge of colloidal processing of ceramic materials didn’t gain 

popularity until it was more understood and developed through the work of Robert Brown 

and his understanding of what is now termed Brownian motion [1].  Some of the first 

performance tests of various types of clay bodies which quantified three-point bend test 

results were performed by Schurecht [7] and were published in the first volume of the 

Journal of the American Ceramic Society (JACerS).  Variables involved in this study in-

cluded electrolytes such as sodium hydroxide, sodium carbonate, tannic acid and sulfuric 

acid.  Studies such as this began to show how the addition of various organic species 

plays a large role in the eventual properties of the suspensions, and in particular, the 

plasticity and formability. 

 Our modern understanding of colloidal stability and its dependency on surface 

forces began to be studied by many ceramists of both clay-based and other ceramic-

based products.  During the 1940s, simultaneous with the advancement of slip casting 

and tape casting, the development and understanding of the effect of colloid stability and 

its dependency on surface charge behavior was being advanced as well.  These studies 

were based on the electric double layer model, as developed by Derjaguin, Landau, Ver-

wey and Overbeek [12, 13].  This compilation of studies developed into what is now re-



 

 8 

ferred to as DLVO theory, named after the authors.  The zeta potential of a ceramic par-

ticle surface was shown to be an important parameter when controlling colloidal suspen-

sion stability. 

 Advanced ceramics development was beginning to utilize all of these previously 

explained phenomena in regards to ceramic colloidal stability, which was starting to be 

incorporated for the production of all on-going ceramic products in the 1960s and 1970s.  

Higher quality ceramics, which ultimately meant higher density, had the potential to im-

prove the properties of these materials drastically, as defects such as porosity played a 

large role in mechanical and electrical properties, for example [16, 17].  By this time, and 

into the 1980s, colloidal ceramic processing was understood well enough to fully incorpo-

rate the knowledge of surface effects on rheological behavior of ceramic suspensions, 

which helped solidify the relationship between flaws processing parameters [18, 19].  Un-

derstanding that dispersants are useful for reducing agglomeration, along with knowledge 

of how the electrical double layer affects particle interactions, a more advanced under-

standing of using polymer-based additives improved particle dispersion and reduced ag-

glomeration. 

 At this point in ceramic processing history, during the 1980s and 1990s, various 

forming techniques began to be developed for the production of near net shape ceramic 

parts.  AM of ceramic materials is one category of fabrication method that absolutely re-

quires the use of colloidal ceramic processing.  This results in slurries and pastes of var-

ying rheological properties, and each is used for specific AM printing methods.  

Knowledge of how to control interparticle forces, suspension rheology, particle packing 

and green body drying are all critical in the successful AM of ceramic materials. 

 

2.2.1 Traditional Fabrication Methods 

 There are several methods of fabricating ceramic components.  Some of the com-

mon techniques include uniaxial powder pressing, injection molding, and tape casting.  

Each of these methods have limitations when attempting to fabricate a graded sample, 

with the ability to control variation in composition in three spatial dimensions being the 

primary.  For uniaxial powder pressing, possible geometries are very limited.  While one 
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could attempt to press powders with changing composition through the vertical direction 

by simply altering the powder components throughout, there is not much control and it’s 

only achievable in the vertical direction.  For injection molding, much of this process is 

expensive, involves tedious processing steps, and doesn’t have the ability to control ge-

ometry in an accurate way.  And for tape casting, one could fabricate a sample that is 

graded vertically by changing the tape compositions and stacking the final parts together, 

but as with uniaxial powder pressing, there is no way to control the variation in composi-

tion laterally.  Ceramic AM can address these limitations, as outlined in Section 2.3. 

 

2.3 Ceramic Additive Manufacturing 

 Additive manufacturing of ceramic materials has grown in popularity and there are 

now several materials that have been successfully dispersed for shear thinning direct ink 

write (DIW) printing methods.  These techniques, as identified by the American Society 

for Testing and Materials (ASTM), are displayed in Figure 2.4 below.  There are seven 

ceramic AM methods, according to ASTM 52900, which are as follows: vat polymeriza-

tion, powder bed fusion, binder jetting, material jetting, sheet lamination, material extru-

sion and directed energy deposition.  These techniques are covered in more detail in 

Appendix B.  The two primary categories of applied ceramics are structural and functional 

ceramics, which are discussed in the following sections. 

 

Figure 2.4 Visual summary of the current methods employed for ceramic AM [77-83] 

Vat	Polymerization Powder	Bed	Fusion Binder	Jetting Material	Jetting

Sheet	Lamination Material	Extrusion Directed	Energy
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2.3.1 Structural Ceramics & Applications 

 AM of structural ceramics has been investigated by various companies and uni-

versities to determine if their resulting properties are sufficient for traditional applications.  

Materials such as alumina, silicon carbide and boron nitride are each used for structural 

applications, and have been shown to be printable using various AM methods.  Alumina 

is a very common, traditionally engineered ceramic that has widespread use throughout 

various industries for its structural applications.  It can be found in crucibles, refractories, 

high temperature supports, and heat shields used on space shuttles.  Alumina has been 

printed with almost all of the previously described printing techniques, with extrusion and 

vat polymerization being some of the first due to alumina’s well understood processing 

and structure [56].  Robocasting and Lithoz are two companies that have commercialized 

their printing technology and use alumina as a premier material.  Silicon carbide has pro-

tective abilities, finding application as hard coatings, such as for drill bit toughening.  Cai, 

Streek, Stevinson et al. have shown that SiC can be additively manufactured with extru-

sion, vat polymerization, and selective laser sintering [58-60].  Boron carbide is another 

material that has been studied for its effectiveness as a material for AM by Rueschhoff et 

al. at Purdue University [30]. 

 

2.3.2 Functional Ceramics & Applications 

 Functional ceramics are those that exhibit unique properties that are intrinsic to the 

material and are determined by crystal structure and point group symmetry, such as fer-

roelectrics, which are materials exhibiting permanent electrical polarization which varies 

in strength in the presence of an applied electric field.  Common functional ceramics are 

titanium dioxide, barium titanate, lead zirconate titanate, and barium-strontium titanate.  

These materials have widespread application in various industries, with primary uses as 

dielectrics exhibiting various relative permittivities for the construction of high voltage ce-

ramic capacitors and piezoelectric devices. 

 Electrical ceramics are a subset of functional ceramics.  Applications include vi-

brational devices such as with sonar and transducers, ferroelectrics for memory applica-

tions, and various capacitors such as in low temperature co-fired ceramic (LTCC) devices.  
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AM of these electrical ceramics has opened a window for more advanced applications 

because of the controlled geometry that is obtainable using AM methods. 

 

2.4 Electrical Properties of Materials 

 Materials of many kinds have useful electrical properties, with their electrical re-

sponse involving the movement of charge from either ions or electrons.  When electric or 

magnetic fields are applied to these materials, there will be a response that minimizes the 

energy of these states, which often results in a polarization of these charges.  An under-

standing of these properties is critical in the development of new materials and processing 

parameters for DRs.  The mechanisms associated with these responses are summarized 

below: 

 

2.4.1 Polarization Mechanisms 

 All dielectric materials undergo some sort of electrical polarization when an exter-

nal electric field is applied to them, and of these, there are four polarization mechanisms 

that can occur and that are responsible for the electrical signal obtained when performing 

electrical characterization of dielectric materials, as described below. 

 

Mechanism 1 – Electronic 

 When an external electric field is applied to a material, there is a polarization of the 

electrons of each atom, relative to the nucleus.  This displacement is an induced dipole, 

and contributes to the strength of the dielectric response of the material.  Typical dis-

placements are on the order of 1 attometer (am).  This is the only possible mechanism in 

pure materials that are covalently bonded and don’t already have permanent dipoles [61]. 

 

Mechanism 2 – Ionic 

 When ionically bonded materials experience an external electric field, there is a 

polarization of the ions within the material.  The bonding between atoms is deformed, 

causing the forces associated with these ions to be changed.  Typical ionic displacements 

are on the order of 10-100 am [61]. 
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Mechanism 3 – Dipolar 

 When an external electric field is applied to a material that contains spontaneous 

dipoles, they can be reoriented due to their alignment with the field.  This is uncommon 

in ceramic materials because of the dramatic change in structure that can occur.  BaTiO3 

is one exception to these ceramic materials, as the Ti4+ ion at the center of its crystal 

structure can move positions depending on the orientation of the applied field, which it 

will align with [61]. 

 

Mechanism 4 – Interfacial 

 When charges accumulate on the surfaces of materials (grain boundaries, free 

surfaces), they can be displaced in the presence of an applied electric field, thereby al-

tering the field associated with each free charge and causing a small polarization of the 

material.  This polarization can become more evident when there are smaller grains, for 

example, and may contribute to the dielectric response at lower frequencies [61]. 

 

 The polarization of any material will involve some portion of each of these mecha-

nisms, and can be summarized with the summation of each, as shown below: 

 

 P?@ABC = PDCDEAF@GHE + PH@GHE + PJHK@CBF + PHGADFLBEHBC (5) 

 

 Figure 2.5 shows the four polarization mechanisms which occur in dielectric mate-

rials, in a plot of the frequency dependence of polarization: 

 

Figure 2.5 Frequency dependence of polarization [61] 
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2.5 Demonstration Materials 

 Dielectric ceramics are materials with high electrical resistivity that also fulfill circuit 

functions for which their permittivities ε and dissipation factors tanδ are also of primary 

importance.  These dielectric ceramics can be categorized into three different types, 

based on their relative permittivities.  Low-permittivity ceramic materials are widely used 

for straightforward insulation, such as cordierite and aluminum nitride, as well as packag-

ing technologies like low temperature co-fired ceramics (LTCCs).  Medium-permittivity 

ceramics are widely used as Class I dielectrics, which are typically characterized by a low 

dissipation factor.  These medium-permittivity dielectrics are based on interlinked MO6 

groups, where M is either a quadrivalent ion such as Ti, Zr or Sn, or a mixture of them.  

High-permittivity dielectrics are those with relative permittivities exceeding 1000, and are 

based on ferroelectric materials.  A common high-permittivity dielectric material is barium 

titanate [57]. 

 The materials that are being studied with additive manufacturing here are titanium 

dioxide (TiO2)(TO) and barium titanate (BaTiO3)(BTO), as detailed in Sections 2.5.2 and 

2.5.3.  The TO-BTO system is used for demonstration purposes to show that the tech-

nique of extrusion-based AM of graded materials is possible, as well as to provide a sys-

tem in which there is a large enough difference in their dielectric constants to understand 

their use as graded electroceramics.  Using these materials, the goal is to print a graded 

region of TO transitioning to BTO. 

 

2.5.1 Functionally Graded Materials 

	 Various components can encounter situations where the materials performance is 

dependent on specific material properties which vary with location throughout the com-

ponent.  Some examples are certain structural components, such as a knife blade.  The 

surface of the knife must be hard on the cutting edge, but within the bulk it only needs to 

be strong and tough.  Likewise, with a kitchen non-stick pan, the bulk must be tough and 

conduct heat well, but the handle should dissipate heat as to not burn the user, and the 

surface must be non-stick for the convenience of cooking your food on it.  This also ap-
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plies to electrical properties; as electrical materials also exhibit abrupt changes in com-

position in order to meet the requirements of an electrical component.  If one can design 

materials where there is a gradual change in composition, there is a great reduction in 

these stresses [56].  Figure 2.6 below shows this basic concept with two materials pre-

sent. 

 

Figure 2.6 Visual concept of functionally graded materials [85] 

 

 By definition, “functionally graded materials are used to produce components fea-

turing engineered gradual transitions in microstructure and/or composition, the presence 

of which is motivated by functional performance requirements that vary with location 

within the part” [56]. 

 

Historical Introduction 

 Functional grading of materials is not a novel concept.  The introduction of compo-

site materials, in which man-made combinations of pre-existing phases were combined 

for improving certain material properties, was attractive to many researchers.  The con-

struction of gradients within these materials was pursued between the 1950s into the early 

1980s by various researchers, predominantly in the United States [67].  This effort grew 

as a major multi-national research focus in the area of materials science and engineering, 

with the term “Functionally Graded Materials” (FGMs) originating in the mid-1980s in Ja-

pan.  This new research area gained interest by various industries, primarily aerospace 

and defense at the time [56]. 
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2.5.2 Titanium Dioxide – A Medium Permittivity Electroceramic 

 Titanium dioxide, or TiO2 (TO), occurs in three crystalline modifications: anatase, 

brookite and rutile.  In each of these materials, the Ti4+ cation sits in the center of an 

oxygen octahedron, but it is the variation of how these octahedra pack together that dis-

tinguishes these three polymorphs of TO.  For anatase, for example, the arrangement of 

anions and cations makes for a tetragonal crystal structure, but the oxygen octahedra are 

distorted slightly with edge sharing as the common interaction between octahedra.  The 

brookite structure is a bit more complicated due to the fact that there is both edge and 

corner sharing of the octahedra.  Rutile is the simplest of the three, and belongs to a 

family of titanates which all exhibit high dielectric constants.  Rutile has an average rela-

tive permittivity of ~100, while that of barium titanate is in the thousands.  The rutile struc-

ture (Figure 2.7) has nearly close-packed oxygen ions with Ti4+ ions occupying half of the 

octahedral sites [61].  Rutile is anisotropic, with the values of K at room temperature typ-

ically on the order of 170 and 90 in the c and a direction, respectively [66]. 

 

2.5.3 Barium Titanate – A High Permittivity Electroceramic 

 Barium titanate, or BaTiO3 (BTO), is the prototype ferroelectric material and exhib-

its the perovskite crystal structure, as shown in Figure 2.8.  The development of high 

relative permittivity ceramics has increased in recent decades with the improvement of 

their properties and how they are affected by their sensitivity to temperature, field strength 

and frequency, when compared to lower permittivity dielectric ceramics.  BTO ceramics 

were some of the first to be developed with high relative permittivities, and found initial 

applications in the generation and detection of acoustic and ultrasonic energy [57] due to 

their piezoelectric properties.  The dielectric properties of a BTO ceramic can be altered 

by controlling several parameters, including: AO/BO2 ratio, substituents, crystal size and 

applied electric field strength.  Figure 2.9 shows the binary phase diagram for BaO – TiO2 

and is typically used when engineering the specific response of the BTO material. 
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Figure 2.7 Rutile phase TiO2 crystal structure.  Each of the pairs of overlapping octa-

hedra share an edge.  The central octahedron touches each of the eight at the 

corners. [61] 

 

 

Figure 2.8 Perovskite crystal structure, commonly seen with BaTiO3 materials 

 

2.5.4 Pseudo Binary Phase Diagram for BaTiO3 – TiO2 System 

 Figure 2.9 shows the pseudo binary phase diagram for BaTiO3 – TiO2, and desig-

nates each of the possible intermediate phases that can form when a reaction occurs 

between these two materials.  The four possible intermediate compositions are barium 

metatitanate (BaTiO3), barium dititanate (BaTi2O5), barium trititanate (BaTi3O7), and bar-

ium tetratitanate (BaTi4O9). 

 The sintering process of these FGM materials requires special attention.  Not only 

do the intermediates develop, but there is also a change in the melting point of the mate-

rial.  BTO congruently melts at approximately 1618oC, and TO melts at approximately 
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1830oC.  When intermediate phases develop near 40 mol% TO (BTO – TO binary phase 

diagram), there is a eutectic point that is present with a melting temperature at approxi-

mately 1317oC.  This limits the sintering temperature that can be reached.  If the temper-

ature goes above this point, the presence of the eutectic will lead to a large solid + liquid 

phase field. 

 

Figure 2.9 Pseudo binary phase diagram of BaTiO3 and TiO2.  Intermediate phase 

compositions are BaTiO3, BaTi2O5, BaTi3O7, and BaTi4O9 [62] 

 

2.5.5 TO-BTO System as FGM Materials & Their Application for DRs 

 Using extrusion-based AM technology, fabrication of DRs can be achieved in com-

bination with the concept of FGMs, yielding a unique part with custom geometry and cus-

tom properties.  Figure 2.10 illustrates two example geometries.  With these geometries 

and these materials, a graded permittivity can be achieved through the body of the DR 

part, particularly in the linear dimension (z-axis) or radially outward. 
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Figure 2.10 Example geometries of FGM with changing permittivity, showing grading 

both vertically and radially 

 

 It is believed that with the custom grading between these two materials, a specific 

response can be achieved that will allow for DRs with specific properties for DRAs, DRFs 

and DROs, as previously discussed in Section 2.1. 

	

2.6 Colloidal Processing of Ceramic Materials 

 As introduced in Section 2.2, colloid science and colloidal processing have been 

studied for many years, with more recently research and development focused on ce-

ramic colloidal suspension preparation in order to understand how to successfully extrude 

these materials with technology such as robocasting.  Much of this early work was studied 

at Sandia National Laboratories and the University of Illinois, which stemmed from the 

work of those that developed DLVO theory. 

 

2.6.1 DLVO Theory & Colloidal Science 

 The DLVO Theory was developed by Darjaguin and Landau, and separately by 

Verwey and Overbeek, to explain the physical mechanism behind stability of colloids in 

suspension.  This theory currently represents the foundation of our understanding of in-

teractions between colloidal particles and their tendency to aggregate.  The theory was 

initially developed to describe the interaction between two charged parallel surfaces, 

which are representative of symmetric particles.  This scenario is known as homoaggre-

gation.  The concept was later extended to represent asymmetric particles, which is 
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known as heteroaggregation.  Figure 2.11 illustrations the difference in these two phe-

nomena. 

 

Figure 2.12 Visual representation of homoaggregation and heteroaggregation [63] 

 

 DLVO Theory looks at the balance between two opposing forces – the attractive 

van der Waals force, and the repulsive electrostatic force – between particles of like 

charge.  This distinction leads to our understanding of why some colloidal systems tend 

to aggregate, while others do not.  When observing the relationship between colloid sep-

aration and attractive versus repulsive energies, there is a combined curve that repre-

sents the repulsive and attractive energy, for electrical repulsion and van der Waals at-

traction, as shown in Figure 2.12 below: 

 

Figure 2.12 The net interaction curve is formed by subtracting the attraction curve from 

the repulsion curve [32] 
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 In order to alter the environment that the colloidal particles are suspended in, we 

can make changes to some primary characteristic properties of the solution.  Altering this 

environment can cause a favorable decrease, or increase, in the energy barrier displayed 

on the net interaction curve.  The two primary ways of altering the environment are by 

changing the pH of the solution, or by adding organic and inorganic polymers to bind with 

the colloid particle, therefore changing the particle’s surface chemistry. 

 The pH of the solution determines the effective charge on the particles’ surfaces 

in the solution.  Typically, when high ionic character particles, such as ceramics, are 

placed into water, their surface charge will become either net positive or net negative. 

Depending on whether the cation or anion of the ceramic material is exposed at the sur-

face, this net contribution will determine overall surface charge.  The IEP is the pH at 

which the zeta potential is zero, and is dependent on the termination sites on the particles’ 

surfaces.  The zeta potential is the electrostatic potential a short distance from the sur-

face.  This relationship is shown in Figure 2.13 below.  When a ceramic powder is sus-

pended in aqueous solution, the particles can aggregate or separate, depending on their 

net surface charge.  Table 2.1 shows the IEP values for several common ceramic mate-

rials.  If SiO2 were placed into water, which has an IEP of ~2.5, the particles would natu-

rally repel each other because they would have a net negative charge.  A material like 

SiO2 is generally ‘easy’ to disperse in water because of its IEP, and the same is true for 

MgO, which has an IEP of ~12.  If the IEP of the ceramic powder is at least 3-4 pH units 

away from that of the solution it is in, then there will not be a neutral surface charge and 

the particles will repel. 
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Figure 2.13 Diagram showing the relationship of the various potentials from the parti-

cle surface and how it changes radially outward into the Stern layer and the dif-

fuse layer of the electric double layer model [84] 

 

Table 2. 1 Average isoelectric points (IEP) of several common ceramic materials 
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 There are several ways of achieving control of undesirable flocculation, with the 

following as the most common: (1) electrostatic stabilization, (2) steric stabilization, (3) 

electrosteric stabilization, with diagrams of each displayed in Figure 2.15.  Electrostatic 

stabilization utilizes the repulsion between particles based on the electrostatic charges 

on the particle surface.  Steric stabilization repulsion is produced by uncharged polymer 

chains adsorbed onto the particle surface, and electrosteric stabilization incorporates a 

combination of both the electrostatic and steric stabilization methods, achieved by the 

adsorption of charged polymers onto the particle surface.  The orientation of the charged 

tails of these polymers are affected by the pH of the solution, where the tails can either 

extend out from the particle surface, or stay near the surface and therefore not disperse 

the particles well.  Figure 2.14 shows the relationship between interparticle forces of par-

ticles under the various stabilization mechanisms just described. 

 

 

Figure 2.14 Schematic representation showing the interparticle pair potential between 

the ceramic particles.  Repulsion forces can be created by the electric double 

layer, steric, or electrosteric mechanisms in an aqueous environment [29] 
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Figure 2.15 Schematic representation of electrostatic stabilization for negatively 

charged particles (top), steric stabilization (middle), and electrosteric stabilization 

(bottom) [55] 

 Before going deeper into colloidal processing, there must first be a review of the 

fundamentals of the electric double layer that is the foundational starting point of the rea-

sons for our colloidal processing theory. 
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Figure 2.16 Electrical double layer of a negatively charged particle.  Ceramic particles 

in an aqueous environment develop this double layer when reacting with an acid 

or base at a specific pH.  The charged surface is opposed by charged counteri-

ons in solution that surround the particle, resulting in the electric double layer re-

pulsion [29] 

 

 Using oxide ceramics as an example, as they are very common in colloidal sus-

pension processing, we can describe the nature of their interaction with the environment.  

Oxides will always have some form of a net electrical charge, unless they are near their 

Point of Zero Charge (PZC).  The PZC is the pH at which the surface of a particle is 

electrically neutral, and is often closely related to the IEP of that oxide, unless measured 

in an ionic liquid.  This surface charge can be modified by adjusting the pH of the solvent 

used.  In an aqueous-based solution, pH is effectively controlled by the concentration of 

H+ present, which can be modified by adding an acid or base to the aqueous solution.  As 

an example, Figure 2.17 shows a typical graph of Zeta Potential vs pH, with TiO2 as the 

ceramic material, and how adding polyethylenimine can change the IEP of the suspen-

sion. 

 The IEP for TiO2, according to Figure 2.17, is pH 7, 8, and 11, under each circum-

stance displayed.  This means that at these pH values, the net surface charge on a sus-

pended TiO2 particle is effectively zero.  At these pH values, then, we would not be able 

to take advantage of electrostatic stabilization in order to form the colloid suspension, as 

the particles would agglomerate due to van der Waals attractions.  Instead, we must alter 

the pH of the solution to make the particle surface charge either net positive or net nega-

tive. 
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Figure 2.17 Zeta Potential vs pH for TiO2, and PEI-modified TiO2, showing IEP values 

of 7, 8, and 11 with change in PEI amount added [54] 

Colloidal stability is governed by the following relationship: 

 

 VA@ABC = VNJO + VDCDEAF@PABAHE + VPADFHE + VPAFQEAQFBC (6) 

 

where VNJO represents the potential energy associated with the long range van der Waals 

attractive forces between particles, VDCDEAF@PABAHE represents the electrostatic repulsion be-

tween like particles, VPADFHE represents the steric interaction between particles with ad-

sorbed polymers, and VPAFQEAQFBC represents the potential energy from polymers that are 

not adsorbed, but interfere with particle interactions.  The first two terms of the equation, 

VNJO and VDCDEAF@PABAHE are the contributors to DLVO Theory, as previously discussed.  Spe-

cific contributions of each of the potential energies, in equation form, are summarized in 

Table 2.2. 
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Table 2. 2 Table of equations summarizing the potential energies contributing to the 
net interparticle potential energy [32]. 

 

 

where A is the Hamaker constant, s is a term describing the separation between particle 

surfaces, εF is the dielectric constant of the solvent, εS is the permittivity of vacuum, ΨS is 

the surface potential, κ is the inverse of the Debye-Huckel screening length, h is the min-

imum separation between particle surfaces, a is the particle radius, kX is the Boltzmann 

constant, T is temperature, ΦZ
B is the average volume fragment of segments in the ad-

sorbed layer, χ (the Flory-Huggins parameter) is a measure of solvent quality, ν] is the 

molar volume of the solvent, and δ is the adlayer thickness. 

 

2.7 Rheology of Ceramic Suspensions 

 Rheology is defined as “the deformation and flow characteristics of matter” [32].  

When performing rheological measurements, the monitoring of changes in flow behavior 

of a suspension in response to an applied stress or strain is characterized.  Viscosity is a 

key rheological parameter to consider for optimization, as are the shearing yield stress 

and the viscoelastic properties, such as storage modulus and loss modulus [32, 56]. 

 Rheological measurements are the primary way to characterize the properties of 

colloidal suspensions, as this method allows for an understanding of how the suspension 

flows with added stresses given increasing strain rates [57, 58].  A rheometer can be 

used, for example, to determine the optimum amount of dispersant needed to stabilize a 

colloidal suspension by measuring the viscosity and how it changes based on dispersant 

concentration.  This can also be done with the amount of solids loading, and the addition 
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of other additives such as binder, viscosifier and gelling agents.  This understanding is 

important because ideally there would be a maximum amount of ceramic particles present 

in order to decrease the amount of shrinkage of the green body during the drying and 

sintering steps that follow.  Achieving optimal viscosity is also another key factor because 

the suspension needs to be formed into the desired shape, which if too viscous, or not 

viscous enough, may be difficult to achieve.  Rheological measurements, because of 

these concerns, are very important for optimization of ceramic suspensions for extrusion-

based AM [32, 56]. 

 

2.7.1 Rheological Properties 

 Controlled shearing of a ceramic suspension is the most common method for de-

termining rheological properties, with the following relationship showing the connection 

between shear stress, τ, and strain rate, γ: 

 

 τ = ηγ (7) 

 

where η is the viscosity of the suspension.  Stress and strain are each nine component 

tensors, and if η is found to be independent of either, the material is considered to be 

Newtonian.  Many simple liquids, such as water, some oils, and alcohols, exhibit Newto-

nian behavior because of their ability to flow easily.  For more complex systems, such as 

colloidal suspensions or those with polymer solutions, η will be dependent on shear rate 

and will therefore behave differently than a Newtonian fluid.  These materials are said to 

be non-Newtonian, and are described with the following relationship: 

 

 η(γ) =
dτ

dγ
 (8) 

 

where η(γ) is the shear rate dependent viscosity.  The viscosity of a non-Newtonian sus-

pension is very dependent on shear rate.  Depending on the particle-to-particle interac-

tions, these materials can exhibit a wide variety of responses to shearing forces.  If the 
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viscosity increases with increasing shear rate, the material is said to be shear thickening, 

or dilatant.  If the viscosity decreases with increasing shear rate, the material is said to be 

shear thinning, or pseudoplastic.  These examples, as well as others, are shown graph-

ically in Figure 2.18, where there is a distinction between shear stress versus strain rate, 

and viscosity versus strain rate.  Each of these types of responses are obtainable by 

carefully fine-tuning the rheological properties of a ceramic colloidal suspension [32, 56]. 

 

 Suspensions that are shear thinning or shear thickening have been studied empir-

ically and can be understood by the following relationship: 

 

 σ = KγG (9) 

 

where K is the consistency index, and n is a value the tells us how much the suspension 

deviates from standard Newtonian behavior 

 

Figure 2.18 Graphical representation of typical rheological behavior of colloidal sus-

pensions: (i) Newtonian, (ii) shear thickening or dilatant, (iii) shear thinning or 

pseudoplastic, (iv) Bingham plastic, (v) pseudoplastic with yield stress.  Desirable 

suspensions for extrusion based printing are shear thinning, which are high-

lighted in green [32] 
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 When n = 1, the suspension is Newtonian; when n < 1, the suspension is shear 

thinning; and when n > 1, the suspension is shear thickening [32, 56].  There are scenar-

ios where the viscosity will decrease with increasing shear rate, but with a minimum stress 

needed before shearing.  This stress is a yield stress, denoted by τf, and its flow behavior 

is considered to be plastic.  One of the most common, historical materials to exhibit this 

plastic flow is that of clay suspensions.  The relationship between yield stress, viscosity 

and shear rate is shown in the following equation: 

 

 σ − σf = ηγ (10) 

 

where η is the viscosity and is independent of shear rate.  This independence of the vis-

cosity in this relationship is characteristic of material exhibiting Bingham-type rheology.  

This is uncommon, however, as most colloidal suspensions are dependent on shear rate 

and the flow behavior is more accurately and more commonly described with the following 

power law relationship: 

 σ − σf = KγG (11) 

 

where K and n are the same as previously defined. 

 Viscosity and other rheological properties, for non-Newtonian suspensions, are al-

ways dependent on shear rate, but they can also be time-dependent.  Materials that show 

a decrease in viscosity with increasing shear rate, yet after flow ceases return to their 

original viscosity, are described as thixotropic.  When a suspension shows a time de-

pendent increase in viscosity as a result of increasing shear rate, the material is described 

as rheopectic [32, 56].  Each of these behaviors play specific roles in various applications, 

but when it comes to ceramic processing and fabrication, materials that are shear thinning 

and pseudoplastic are often desirable as they are able to flow properly during formation, 

yet maintain their shape once deposited such that a printed part can be achieved. 
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2.7.2 Factors Influencing the Rheology of Colloidal Suspensions 

 Rheology of colloidal suspensions is affected by a few key factors that must be 

considered when trying to successfully develop ceramic suspensions.  The most common 

factors are the influence of interparticle forces and the influence of particle interactions of 

the viscosity [32, 56]. 

 

Influence of Interparticle Forces 

 Interparticle forces can have a significant influence on the rheological behavior of 

the suspension.  The various types of systems can be broken down into either hard-

sphere, soft-sphere, or flocculated colloidal systems.  Hard-sphere systems do not expe-

rience interparticle interactions until they come into contact.  Once they do come into 

contact, however, their interaction is extremely repulsive.  These suspensions constitute 

only viscous flow and Brownian motion.  Soft-sphere systems experience the interparticle 

interactions at some distance between the interacting particles, and do not rely on the 

particles touching.  When considering electrostatic and steric stabilization regimes, the 

distance at which these soft-sphere interactions occur is the Debye length and the thick-

ness of the adsorbed polymer layer, respectively.  Flocculated systems are those in which 

the particles are already agglomerated and are dominated by attractive interparticle inter-

actions.  Because of this flocculation, disordered structures develop, therefore making the 

rheological properties difficult to characterize.  Of the flocculated systems, they can be 

either weakly or strongly flocculated, which, as indicated by, determines how easy or dif-

ficult they are to break apart and how much they affect rheological behavior. 

 

Influence of Particle Interactions on Viscosity 

 Viscosity of suspensions is heavily influenced by particle interactions.  These in-

teractions become quite apparent when considering variations in volume percent addi-

tions to the suspension.  This effect can be seen in Figure 2.19 below, where the x-axis 

is dispersant percentage and the y-axis viscosity.  The dispersant used for this analysis 

is poly(acrylic acid), or PAA. 
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Figure 2.19 Viscosity vs. PAA percentage added for various PAA molecular weights as 

prepared at pH 9 [56] 
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CHAPTER 3 | EXPERIMENTAL PROCEDURE 

 

3.1 Introduction 

 The experimentation performed in this work consisted initially of rheological stud-

ies of various ceramic colloidal suspensions, following traditional DLVO theory when ap-

plying the concepts of colloidal science to suspension preparation.  This was performed 

on two materials, namely titanium dioxide and barium titanate, because of their well-

known electrical properties and as a simple demonstration system.  Secondly, these sus-

pensions that were shown to exhibit shear thinning behavior were then suitable for print-

ing with the extrusion-based 3D printing technique.  Standard rectangular shapes were 

printed, as these are a generic geometry for using to show the proof of concept, and for 

advanced electrical characterization, as discussed later.  3D rectangles, approximately 2 

cm x 1 cm x 1 cm, were printed by both of the materials of interest, separately, then 

printed using a graded approach from material one into material two.  The steps taken 

through experimentation are discussed in detail in this chapter. 

 

3.2 Suspension Preparation 

 As discussed in Chapter 2, colloidal ceramic suspensions are prepared with very 

careful control of not only the amount of ceramic powder added to the suspension, but 

also the amount of various additives.  For these ceramic suspensions, the first step was 

to understand what the isoelectric point (IEP) is for each material, for a better understand-

ing of how the particles will behave in an aqueous environment.  This is required to pre-

vent particle agglomeration and to achieve shear thinning paste properties.  Familiarity 

with the electric double layer plays an important role in colloid stabilization.  With this 

knowledge, and knowing the pH of the solution, it can be determined which polyelectrolyte 

can be used for the dispersion of the particular ceramic powder.  The IEP indicates the 

pH at which the particles’ net surface charge is zero.  To effectively attract the dispersant 

polymers to the surface of the powder particles, the pH of the solution must be either 

above or below the IEP by a pH difference of at least 3.  At pH values away from the IEP, 

there will be either a net positive or net negative charge accumulation on the surface of 
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the particle, thereby allowing the either cationic or anionic polyelectrolyte to attract to the 

surface.  Furthermore, binder additives are also added to the suspension to improve 

green body strength and plasticity. 

 

3.2.1 Zeta Potential & Isoelectric Point 

 Zeta potential of each powder was first investigated by interpreting literature from 

past research where ceramic colloidal suspensions were developed.  Yang et al. and Teh 

et al. [1]-[2] showed that titania powders typically have an IEP in the range of 6-9, de-

pending on cation/anion termination sites.  Tripathy and Raichur [3] report that barium 

titanate powders can have IEPs in the range of 3.5-10.5.  These values were used to help 

determine which dispersants and binders can be used with the TO and BTO powders.  

Figure 3.1 shows the additives identified to be used with the development of the colloidal 

suspensions.  Ammonium polyacrylate is an electrosteric dispersant that has been shown 

to be compatible with both the TO and BTO powders [15]-[17].  Additionally, polyvinylpyr-

rolidone has been identified as a useful binder for many ceramic materials to provide 

green body strength [3].  Lastly, a TPL, Inc. custom-formulated steric dispersant, Nano-

Sperse, was also used for the BTO suspensions.  More detail of how these dispersants 

affected the colloidal suspensions is discussed in Chapter 4. 

 

 

Figure 3.1 Additives identified for use with colloidal processing of TO and BTO sus-

pensions.  Ammonium polyacrylate (left) is an electrosteric (anionic polyelectro-

lyte) dispersant, used for both the TO and BTO suspensions.  NanoSperse is a 

steric dispersant developed by TPL, Inc. for use with their ceramic BTO powder.  

Polyvinylpyrrolidone (PVP) is a 40k MW binder that has been demonstrated to 

work with both of the TO and BTO suspensions. 

Dispersant	(electrosteric)

Ammonium	 Polyacrylate

Binder

Polyvinylpyrrolidone

Dispersant	(steric)

NanoSperse	(Non-Ionic)
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3.2.2 Suspension Mixing 

 The ceramic suspensions were mixed using a Dual Asymmetric Centrifuge (DAC) 

mixer (FlackTek DAC 150 SpeedMixer) by systematically mixing the aqueous solution 

with the dispersant polymer, followed by the appropriate binder, and finally the ceramic 

powder, as shown in Figure 3.3.  The SpeedMixer technology allows for mixing of all of 

the ingredients simultaneously, saving time on the suspension preparation while resulting 

in a homogeneous mixture.  The samples are initially mixed at a high RPM (3000) to 

ensure complete mixing of all ingredients, followed by a lower RPM (1800), which resulted 

in a smoother and more consistent suspension.  Figure 3.2 shows the DAC 150 Speed-

Mixer used for the sample preparation. 

    

Figure 3.2 FlackTek DAC 150 SpeedMixer apparatus 

	

3.3 Rheology of Suspensions 

 Rheological measurements of the prepared suspensions were performed using a 

Modular Compact Rheometer (Anton Paar MCR 92) with a concentric cylinder (cup and 

bob) geometry using a 150 μm gap.  Approximately 60 mL of suspension was used for 

each measurement, and variations in powder solids loading, along with proper additives, 

were studied in relation to their effect on rheological and viscoelastic properties.  The 

apparatus used for these measurements is shown in Figure 3.4.  The various batches 
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used for measurement were realized by utilizing previous studies’ results for proper dis-

persant and binder, then suspensions were varied by volume % solids loading.  Results 

for rheological characterization can be found in Chapter 4. 

 

 

Figure 3.3 Mixing steps for each of the additives and powder used: (1) Addition of 

electrosteric dispersant into the aqueous suspension for the ionic components to 

dissociate, (2) addition of steric dispersant, (3) addition of binder, (4) addition of 

ceramic powder.  Mixing samples in the SpeedMixer allowed for homogeneous 

suspension preparation 

   
Figure 3.4 Anton Paar MCR 92 rheometer, with concentric cylinder geometry, used 

for analysis of rheological and viscoelastic flow properties of the prepared 

ceramic colloidal suspensions 

Dispersant	(electrosteric)

Binder

Dispersant	(steric)

1 2

3 4

Ceramic	Powder

H2O
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3.4 Printing Apparatus 

 The printing performed in this work was accomplished using an extrusion-based 

three dimensional (3D) printer (LulzBot TAZ 5, Aleph Object, Inc., Loveland, CO) that has 

been retrofitted with a custom-designed print head (Figure 3.5) made specifically for ex-

truding ceramic colloidal suspensions out of a circular aperture. 

 

3.4.1 Principles of Functionality 

 When printing a single material, one port can be used, as shown in Figure 3.5, 

however, when printing multiple materials, multiple ports feed in from the separate paste 

vessels into the main extrusion chamber, which is delivered by an external air pressure 

source of approximately 20 psi.  The main extrusion chamber uses an Archimedes screw-

type mechanism to mix and extrude up to three ceramic suspensions.  A cutaway of this 

design is displayed in Figure 3.6b. 

 

Figure 3.5 Illustration of retrofitted printer developed for material extrusion 

 

3.4.2 Printing Operation 

 This additive manufacturing (AM) process involves a number of steps when going 

from the original computer-aided design (CAD) to the final printed part.  The first step is 

designing the CAD model.  This is done using the 3D software SolidWorks (Dassault 

Systems, Waltham, MA), which is a solid modeling CAD computer program used for de-

veloping three dimensional models of parts to be printed.   
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a)  b)  

Figure 3.6 (a) Schematic rendering of extrusion, multi-port nozzle head used for print-

ing multi-materials and a (b) cutaway view of inner mechanism of intro port and 

Archimedes screw design 

 

Figure 3.7 Computer-generated model of extrusion chamber used simultaneously for 

material extrusion and suspension mixing 

 

Port	1 Port	2

Extrusion
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 The second step is the conversion of this CAD data to the STL file format, in order 

for the printer to read the data and perform the print.  This is done simply by saving the 

drawing within the SolidWorks program with an STL file extension.  At this point, the file 

is ready to be uploaded into the Cura software (David Braam, Ultimaker), which is a pro-

gram that prepares the files for printing by converting them from the STL file format into 

G-Code, a numerical control programming language.  This G-Code format is what is read 

by the printing software, Printrun (Kliment Yanev), a free, open-source software, and us-

ing the Pronterface interface.  This software is a fully-featured GUI host for the 3D printer, 

and allows interactive control of the printer, slicing objects directly from the host, printing 

objects, uploading to SD cards and running SD prints.  All of these various file transfers 

fall within the third step, which is the “file transfer to machine” step.  The fourth step is the 

machine setup.  For our printer, this involves turning on the machine and initiating the 

nozzle.  Step five is the building of the part, which is an automated process. The additional 

print layers are important to monitor throughout the print, to ensure that support structures 

and more complex aspects of the part are printed accurately.  Step six, the part removal 

step, is typically straightforward, as the part is simply removed from the build platform.  

The ceramic samples are printed directly onto a ceramic setter, so that there is easy 

transfer from the build platform to the furnace for sintering.  Step seven is post processing.  

The extent of this post processing step depends on the print build.  The more complex 

parts would need to be thoroughly examined to ensure the print was successful and that 

it wouldn’t need another iteration to make a correction on the build.  Additionally, drying 

of the ceramic green body is necessary to ensure that all of the solvent has dried before 

placing the part into the furnace.  The eighth and final step of this process is the applica-

tion of the part, which in this case consists of property testing, such as relative permittivity 

measurements. 

	

3.5 Drying & Co-Sintering 

 Sample sizes were constrained to roughly cubic centimeter geometries, to both 

conserve the amount of material needed for printing, as well as for easier drying and 

sintering steps, i.e. no need for long dry times or a binder burnout isothermal hold.  Typical 
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green densities for these parts averaged between 45% and 50% theoretical density (TD).  

The printed samples were allowed to dry on the print bed.  Typical drying times were 24 

hours, to allow for enough rigidity of the printed part for handling.  The single material 

samples of TO and BTO were sintered at 1300oC, 1350oC and 1400oC, respectively, to 

determine the appropriate final sintering temperature.  Each profile followed a 5oC/min 

ramp and cool rate with a 4-hour isothermal hold at the final sintering temperatures (Fig-

ure 3.9).  These values were determined to be necessary with previous sintering studies.  

For the graded samples, due to the eutectic point for a TO-BTO compound (intermediate 

phases) present at 1317oC, the sintering temperature had to remain at 1300oC to ensure 

that no liquid phase would develop (Figure 3.8).  This was realized after one initial sinter-

ing study took place, where the graded sample was sintered at 1400oC for 4 hours, and 

resulted in a destroyed part and liquid phase recrystallization upon cooling.  The results 

of this are covered in more detail in Appendix C.  Sintered densities of ~93% TD were 

achieved following the 1300oC sintering profile. 

 

 

Figure 3.8 Magnified view of eutectic developed in intermediate phase region of Ba-

TiO3 – TiO2 phase diagram 
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Figure 3.9 Sintering profile followed for densification of graded samples 

 

 While printing two materials with a graded region in between helps to alleviate the 

development of residual stresses [56], there is still much attention that must be paid to 

the processing steps leading to sample fabrication.  The solids loading of each material 

must not be too distinct from each other, as this will cause a larger decrease in volume 

during sintering of one material versus the other.  If one material has a larger solids load-

ing, the material with less solids loading will lose more volume during densification, which 

can ultimately lead to warping of the sample, concave toward the more quickly densified 

material.  Unfortunately, it can be challenging to match solids loading due to the different 

processing parameters for different powders, where IEP is critical to the eventual flow 

properties of the suspension, due to influence on which dispersant is suitable for the pow-

der.  In this work, a range of solids loading were studied, from 43 vol. % to 51 vol. %, 

using rheological analyses, in order to optimize suspension flow parameters.  This is dis-

cussed in more detail in Section 4.2.  Additionally, initial particle size of the starting pow-

ders should be closely monitored, as these differences will cause a difference in sintering 

rates due to the differences in curvature, and therefore surface energy, of the powder 

particles.  The particle size for the TO powder used is approximately 1 μm, and that of 

the BTO is approximately 400 nm.  Smaller particles have an increasingly large surface 
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energy and curvature, and will therefore exhibit a higher sintering rate to drive densifica-

tion in order to minimize energy of the system.  The materials used should be understood 

in terms of the specific elements’ diffusivities.  For materials that consist of smaller ions, 

there may be an increase in diffusivity and as a result, require less thermal energy when 

compared to larger ions as long as their electrostatic interactions don’t play a roll.  Each 

of these can cause differences in densification experiences for each of the materials, and 

lead to warpage of the sintered part. 

 While coefficient of thermal expansion (CTE) doesn’t directly affect sintering, one 

must still be considered when sintering two adjacent materials.  If one of the materials 

has a much larger CTE, compared to that of the second, because of this difference there 

would be an onset of residual stresses within the printed part (CTETO = 8.4 ppm/oC; 

CTEBTO = 5.0 ppm/oC [87][88]).  These stresses can form horizontally and in plane of the 

build direction, or cause a vertical stress through the part.  Each scenario has the potential 

to cause significant cracking in the final sintered part. 

 

3.6 Characterization of Printed Parts 

 Green and sintered samples were characterized to understand the relationship be-

tween the materials’ properties and microstructure.  An understanding of sintering is first 

established, followed by characterization with scanning electron microscopy, X-ray dif-

fraction, and impedance analysis. 

 

3.6.1 SEM Characterization 

 Scanning electron microscopy (SEM) is a technique that uses the small wave-

length of an accelerated electron for high magnification, high resolution imaging and is 

ubiquitous among materials scientists and engineers.  This technique provides critical 

information about the microstructure of a material, both within the cross-sectioned bulk 

and the surface of the samples being studied.  This information can be used to analyze 

failures and determine if the correct processing parameters have been followed to result 

in the desired material properties.  An FEI Quanta 600i Environmental SEM was used 
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initially in this study to understand the morphology of the ceramic powders, then later to 

analyze the green and sintered samples using backscattered electron imaging mode. 

 

3.6.2 XRD Characterization 

 XRD characterization of the sintered samples were performed using an X-ray dif-

fraction system (PANalytical PW3040) with a Cu Kα radiation source.  Scans were taken 

from 20o to 80o using a Bragg-Brentano configuration, then analyzed, smoothed and peak 

matched using HighScore software (The HighScore suite, T. Degen, M. Sadki, E. Bron, 

U. König, G. Nénert; Powder Diffraction / Volume 29 / Supplement S2 / December 2014, 

pp S13-S18) by PANalytical. 

	

 

Figure 3.10 FEI Quanta 600i Environmental SEM used for microstructural analyses 
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Figure 3.11 PANalytical PW3040 XRD used for phase identification 

	

3.6.3 Electrical Characterization 

 Electrical measurements in the kHz to MHz range were carried out using an im-

pedance analyzer (Agilent 4294A Precision Impedance Analyzer).  This initial character-

ization allowed for a baseline understanding of how the electrical properties of the various 

regions of FGM parts correlated to their specific permittivities.  Experimental setup for 

these measurements are shown in Figure 3.12 below: 

 

Figure 3.12 Precision Impedance Analyzer used for electrical measurements in kHz to 

MHz range, with sample setup in measurement configuration 
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CHAPTER 4 | RESULTS & DISCUSSION 

 

4.1 Characterization of Powders 

 The following sections show the results for the characterization of the TiO2 (TO) 

and BaTiO3 (BTO) ceramic powders used for colloidal suspension preparation.  These 

powders are the starting point for successful processing and eventual part fabrication, so 

an understanding of their characteristics, such size and morphology, are a requirement 

for well understood processing strategies.  TO and BTO suspensions were synthesized 

from TO powder (Alfa Aesar, Rutile, 99.5% Metals Basis) and BTO powder (TPL NanOx-

ideTM HPB 4000). 

 

4.1.1 SEM Imaging of TO & BTO Powders 

 SEM analysis of each powder provides particle morphology and size approxima-

tions.  Figure 4.1 shows the SEM images of the TO and BTO powder morphologies, re-

spectively.  The TO powder had semi-spherical morphologies, as seen below, which did 

not seem to hinder the results of both the green and the sintered bodies.  Because of this, 

there could be less-than-close packing occurring during the particle consolidation steps 

[55].  The BTO powder had almost perfectly spherical morphologies, making it preferably 

suitable for particle processing because of the particles’ theoretical ability to reach the 

74% close packing limit of perfect spheres. 

  

Figure 4.1 Back-scattered electron image of TO and BTO powders showing their re-

spective morphologies and relative sizes 

10	μm 10	μm



 

 45 

4.2 Rheological Characterization 

 The rheology of the suspensions used for extrusion-based printing must exhibit 

shear thinning behavior, which is characterized using rheological analysis to demonstrate 

how the material flows with increasing shear stress and increasing shear rates.  From this 

collected data, various types of analyses can be performed to determine specific proper-

ties of the material being tested.  Regression analysis, as automated with the rheometer 

software, was performed on each of the prepared suspensions in order to understand 

specific quantitative values associated with the materials’ flow properties, i.e., fitting pa-

rameters.  A Herschel-Bulkley analysis was utilized and fit to the collected data, following 

the equation below: 

 

 σ = σf + γk
G (12) 

 

where σ is the shear stress, σf is the yield stress, γ is the shear rate, k is the consistency 

index and n is the flow index.  The shear stress is the amount of stress that is applied to 

the material during analysis.  The yield stress is the stress at which the material begins 

to flow, and is dependent on suspension properties such as additive molecular weights 

and powder solids loading.  The shear rate is the rate of rotation of the cup and bob 

apparatus.  The consistency index and flow index are values used to describe how the 

material flows and deforms when a shear stress is applied, and how it changes with var-

iation in shear rate.  For shear thinning materials, the value for the flow index is between 

0 and 1 [32], whereas the consistency index does not follow the power law and can there-

fore have a variety of values for each suspension. 

 These suspensions were prepared with aqueous processing.  A common formula-

tion used to prepare this type of suspension is to mix ~50 volume % ceramic powder, ~2-

5 volume % dispersant, ~2-5 volume % binder, with the remaining volume % occupied by 

water.  It is ideal to maximize the volume % ceramic powder used, in order to minimize 

the amount of shrinkage necessary to reach full density.  These suspensions exhibit yield-

pseudoplastic behavior, have the desirable low binder content, and are successful with 

room temperature processing. 
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4.2.1 Rheology of TO Suspensions 

 Shear stress as a function of shear rate flow curves were obtained for the TO sus-

pensions by measuring shear stress for controlled shear rates increasing logarithmically 

from 0.01 to 35/s, with variations in solids loading, volume % dispersant and volume % 

binder.  Based on the previously mentioned criteria for successful aqueous processing, 

solids loading of the TO powder was varied between 43 vol. % and 51 vol. %, dispersant 

content was held constant at 5 vol. % (electrosteric dispersant) and binder content was 

held constant at 2 vol. %.  The amount of water for each suspension was adjusted ac-

cordingly.  The exact values, as well as the regression analysis fitting parameters, are 

summarized in Table 4.1. 

 

Figure 4.2 Flow curves of TO suspensions (shear stress vs shear rate) acquired from 

simple regression analysis, with fitting parameters displayed in Table 4.1.  An in-

crease in solids loading leads to increased shear stress at each shear rate, as 

shown with the vertical shifts in each plot above. 

 The rheological data for the TO suspensions displays shear thinning behavior, with 

a noticeable positive correlation between solids loading and yield stress (see Table 4.1), 

as well as solids loading and viscosity at initially low shear rates.  Flow indices for each 

suspension were n < 1, which correlates with the required shear thinning behavior.  These 

results are necessary for utilizing these TO suspensions for extrusion-based printing, and 

were used for printing the pure TO samples, as well as the graded samples. 
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Figure 4.3 Flow curves of TO suspensions (viscosity vs shear rate).  An increase in 

solids loading leads to increased viscosity at each shear rate, as shown with the 

vertical shifts the plot above. 

 

Table 4. 1 Compositions of TO-PVP suspensions with corresponding regression 
analysis curve fitting parameters. 

 

 

 From these data, there is a noticeable trend in the consistency index (52.2 Pa·sn 

for 51 vol. % solids, 11.4 Pa·sn for 43 vol. % solids), with a maximized consistency index 

being desirable for printability.  This maximization varies per suspension, but the data 

trends show that the larger values are better for flow properties (11.4 for 43 vol. % solids 

increasing to 52.2 for 51 vol. % solids).  When compared to the other suspensions, the 
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45 48 5 2 12.6 20.6 0.40

47 46 5 2 6.14 33.7 0.35
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51 vol. % suspension had the highest consistency index.  Furthermore, the yield stress is 

negatively correlated to the consistency index, which is also demonstrated here and con-

sistent with the printability of the 51 vol. % suspension.  While flow index is a key compo-

nent in determining the flow properties of the suspension (i.e., whether or not it is shear 

thinning), it does not seem to be an optimizable parameter when comparing rheological 

regression data with only variation in solids loading.  In this case, the flow index is neither 

maximized nor minimized in a correlative manner when comparing it to trends within con-

sistency index and yield stress. 

 The preferred viscosity used for these TO suspensions was demonstrated to be 

nominally between 10 and 20 Pa·s, corresponding to shear rates of approximately 18/s 

and 9/s, respectively.  The consequent yield stresses range from approximately 2 Pa for 

the 49 vol. % TO suspension to 12 Pa for the 43 vol. % TO suspension.  The TO suspen-

sions with unsuitable flow were those of 43, 45 and 47 vol. % because of their non-ideal 

values for yield stress and viscosity.  It is noteworthy that, based on these results, the 49 

vol. % TO suspension would be suitable for printing, however it is also desirable to max-

imize the amount of solids loading in order to decrease the amount of shrinkage encoun-

tered during densification.  Another approach would be to match the solids loading of the 

TO suspension to that of the used BTO suspension, in order to decrease the differences 

in shrinkage that way.  As a result of this consideration of green body density maximiza-

tion, the 51 vol. % TO suspension was used for printing. 

 In regards to the resulting shape of the shear stress vs shear rate plots for the TO 

suspensions, there is a unique plateau in shear stress at the higher shear rates (i.e., > 20 

Pa·s).  Because of this, the curve fitting to the Herschel-Bulkley model was not suitable.  

The shape of these TO plots are thought to be due to wall slip between the suspension 

being measured and the cup and bob surfaces.  These parameters would be expected to 

change in magnitude, yet still remain within the expected range for shear thinning sus-

pensions. 
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4.2.2 Rheology of BTO Suspensions 

 Shear stress as a function of shear rate flow curves were obtained for the BTO 

suspensions by measuring shear stress for controlled shear rates increasing logarithmi-

cally from 0.01 to 35/s, with variations in solids loading, volume % dispersant and volume 

% binder.  Also based on the previously mentioned criteria for successful aqueous pro-

cessing, solids loading of the BTO powder was varied between 43 vol. % and 51 vol. %, 

dispersant content was held constant at 5 vol. % (3 vol. % electrosteric dispersant and 2 

vol. % steric dispersant) and binder content was held constant at 2 vol. %.  The amount 

of water for each suspension was adjusted accordingly.  The exact values, as well as the 

regression analysis fitting parameters, are summarized in Table 4.2. 

 

Figure 4.4 Flow curves of BTO suspensions (shear stress vs shear rate) following the 

Herschel-Bulkley fluid model as acquired from simple regression analysis, with 

fitting parameters displayed in Table 4.2.  An increase in solids loading leads to 

increased shear stress for each shear rate, as shown with the vertical shifts in 

the plot above. 

 The rheological data for the BTO suspensions displayed shear thinning behavior, 

also with a noticeable positive correlation between solids loading and yield stress (see 

Table 4.2), as well as solids loading and viscosity at initially low shear rates.  Flow indices 
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for each suspension were n < 1, which correlates with the required shear thinning behav-

ior.  These results are necessary for utilizing these BTO suspensions for extrusion-based 

printing, and were used for printing the pure BTO samples, as well as the graded samples. 

 

Figure 4.5 Flow curves of BTO suspensions (viscosity vs shear rate).  An increase in 

solids loading leads to increased viscosity for each shear rate, as shown with the 

vertical shifts in the plot above. 

 

Table 4. 2 Compositions of BTO-PVP suspensions with corresponding Herschel-
Bulkley curve fitting parameters exhibiting yield-pseudoplastic behavior. 

 

 

 From this data, there is a noticeable trend in the consistency index (129 Pa·sn for 

49 vol. % solids, 30.9 Pa·sn for 43 vol. % solids), with a maximized consistency index 
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being desirable for printability.  When compared to the other suspensions, the 49 vol. % 

solids loading suspension had the highest consistency index and is therefore most suita-

ble for printing.  Furthermore, the yield stress is positively correlated to the consistency 

index, which is also demonstrated here and consistent with the printability of the 49 vol. 

% solids loading suspension.  This behavior is opposite to that of the TO suspensions 

(positive versus negative correlation between yield stress and consistency index).  While 

flow index is a key component in determining the flow properties of the suspension (i.e., 

whether or not it is shear thinning), it again does not seem to be an optimizable parameter 

when comparing rheological regression data in this fashion, but there does appear to be 

a minimum flow index reached in the range of the 45 vol. % to 49 vol. % solids loading 

suspensions.  Even with this minimum, the consistency index and yield stress trends 

seem to play a larger role in actual flow properties, as previously discussed with the TO 

suspensions.  Since these suspensions were consistent with the Herschel-Bulkley regres-

sion analysis, there may be a connection between dispersant used for suspension prep-

aration and the positive correlation.  The BTO suspensions used the steric dispersant 

provided by TPL, Inc. (NanoSperse 484), and due to its custom tailoring through the com-

pany’s own research and development, it assists greatly in developing shear thinning 

suspensions that behave ideally for ceramic suspensions using their powders. 

 The preferred viscosity used for these BTO suspensions was demonstrated to be 

nominally between 40 and 50 Pa·s, corresponding to shear rates of approximately 18/s 

and 12/s, respectively.  The corresponding yield stresses range nominally from 13 Pa for 

the 43 vol. % BTO suspension to 51 Pa for the 51 vol. % BTO suspension.  The BTO 

suspensions with unsuitable flow were those of 43, 45, 47, and 51 vol. % because of their 

non-ideal values for yield stress and viscosity.  Because of this, the 49 vol. % BTO sus-

pension was used for printing. 

 These viscosity ranges differ slightly between the TO and BTO suspensions.  It is 

believed that this difference in flow behavior can be attributed to the fact that the BTO 

suspensions utilized the custom-developed, steric dispersant for suspension preparation.  

Because of this previous optimization for use with their BTO powders, the material exhib-

its ideal flow behavior from this method of dispersion. 
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4.3 Printing Demonstration 

 With modifications made to the printing apparatus, a demonstration of printing one-

component parts and two-component parts was desired.  Establishing an understanding 

of the rheological behavior for each suspension, which exhibit desirable flow parameters, 

monolithic parts of both types of systems were fabricated. 

 

4.3.1 One-Component Printing Demonstration 

 Before attempting to print multiple materials, each of the single component sys-

tems were demonstrated as being printable.  Figure 4.6 shows the single material printed 

samples from the TO and BTO suspensions. 

 

Figure 4.6 Demonstration of one-component printing of the TO and BTO suspen-

sions.  This was a required step to ensure these materials were compatible with 

the printing apparatus before printing them together using the two-component, 

grading approach 

TiO2

BaTiO3
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4.3.2 Two-Component Printing Demonstration 

 Initial samples printed from the two-component system are shown in Figure 4.7 

below.  The BTO material was colored with blue dye to distinguish between the two ma-

terials (TO was left white) during the printing process and to observe the grading of the 

sample. 

 

Figure 4.7 First sample printed with TO-BTO gradient, demonstrating the capability of 

this two-component printing technique 

 

 The 3D CAD file printed in the two-component system above is shown in Figure 

4.9 on Page 55, displayed in the Cura software.  The difference in quality of this print 

when compared to that of the drawing shows the primary challenge of extrusion-based 

printing, which is that of print resolution.  Because the print resolution is dependent on 

nozzle size, and the cylindrical shape of the extruded print line, there is a maximum res-

olution limit.  This limit is reached at the minimum nozzle size due to rheology restrictions 

and powder particle size.  If the nozzle is too small, i.e. approaching the size of the pow-

der, then clogging of the nozzle will occur.  The minimum nozzle diameter limit is approx-

imately ten times the diameter of the particles being extruded.  Knowing this, one could 

minimize nozzle size down to this limit, in order to maximize print resolution.  Due to the 

nature of the extrusion process, there are many factors that play into print quality.  The 

primary being that of the shear stresses that form during the extrusion of material.  Figure 

4.8 shows a visual representation of the calculated shear rate for a previous extrusion-

based system [32] for representative deposition conditions, where suspension viscosity 

is 100 Pa·s, nozzle diameter is 0.25 mm, and lateral print speed is 5 mm/s.  Because of 

TiO2

BaTiO3 10	mm
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the onset of the increased shear stress along the walls of the extrusion tip, during depo-

sition, there will be a decrease in the viscosity of the printed layer due to the shear thinning 

nature of these suspensions.  This leads to a non-uniform viscosity through each individ-

ual “print line” and will therefore cause a variation in how quickly the deposited layer re-

tains its shape upon the removal of the shear stress.  This describes the importance of 

improving the viscosity recovery once shear stresses are removed, and is a critical factor 

for print resolution using this extrusion-based system. 

 

Figure 4.8 Previously calculated shear rate (from 0/s to 250/s) for a previous extru-

sion-based system for representative deposition conditions, where suspension 

viscosity is 100 Pa·s, nozzle diameter is 0.25 mm, and lateral print speed is 5 

mm/s. [32] 

 

 Additional factors that contribute to the slumping shown in Figure 4.7 are those of 

the printer controlled parameters for layer thickness, lateral spacing of the nozzle during 

extrusion, and lateral movement speed.  If there is an overlap without sufficient spacing 

in either the lateral print lines or the vertical print layers, there will be a continuous shear 

stress being applied to the suspensions just printed by the nozzle.  To alleviate this, it is 

essential that the previously mentioned printing parameters are perfected for each nozzle 
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diameter used such that there is sufficient spacing as the material is being extruded.  With 

optimization of these parameters, through trial and error printing with various nozzle sizes, 

the suspension viscosity recovery will be improved and the print layers will maintain their 

shape and minimize potential slumping. 

 

Figure 4.9 3D model generated by Cura software, before being sent to printer for fab-

rication, showing the expected final ceramic part as compared to the actual 

printed part in Figure 4.7. 

 

4.4 Characterization of Printed Parts 

 The TO, BTO and TO-BTO samples were characterized to understand their micro-

structures and how they correlate to properties of the materials.  Scanning electron mi-

croscopy (SEM), X-ray diffraction (XRD), and electrical analyses were performed, with 

the results shown and discussed in the following sections for each material and material 

system. 

 

4.4.1 SEM Analysis of TO Sample 

 Figure 4.10 shows the microstructure of a green body TO sample, displaying con-

sistent particle morphologies of a fractured surface.  This is captured after the sample has 

dried sufficiently for handling and before sintering. 
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Figure 4.10 Green body fractured surface of TO sample showing the dispersion of 

powder and reduction of agglomerates 

Figure 4.11 Sintering progress of the as-sintered (top) and thermally etched (bottom) 

TO samples, showing grain growth progression and densification 
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 The microstructure of the TO samples, as shown in Figure 4.11, indicate that each 

of these sintering temperatures are causing the TO parts to densify during the sintering 

process, which were calculated geometrically to be approximately 94% theoretical density 

(TD).  There is some grain growth occurring at higher temperatures, as expected, but not 

necessarily an improvement in densification.  Because of this, higher temperatures aren’t 

required.  Furthermore, since an increase in average grain size leads to an increase in 

dielectric constant [86], some grain growth is desirable to maximize the dielectric constant 

of a DR, for example.  Increased grain size is desirable, then, but there is still a limitation 

on reaching larger grain sizes because of the limitation of the final sintering temperature, 

as outlined in Section 3.5 concerning the development of a eutectic above 1317oC. 

 

4.4.2 SEM Analysis of BTO Sample 

 Figure 4.12 shows the microstructure of the green body BTO sample, displaying 

consistent particle morphologies. 

 

Figure 4.12 Green body fractured surface of BTO sample showing the dispersion of 

powder and reduction of agglomerates 

10	μm
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Figure 4.13 Sintering progress of the as-sintered (top) and thermally etched (bottom) 

BTO samples, showing grain growth progression and densification 

 The microstructure of the BTO samples, as shown in Figure 4.13, indicate that 

each of these sintering temperatures are causing the BTO parts to densify during the 

sintering process, which were calculated geometrically to also be approximately 94% the-

oretical density (TD).  Because of the size of the polycrystalline grains, which are as low 

as 1 μm, densification is occurring, even at 1300oC.  As previously mentioned with the 

TO sample sintering conditions, this is desirable in order to improve electrical properties, 

such as dielectric constant [86]. 

	

4.4.3 SEM Analysis of TO – BTO Samples 

 Graded samples were fabricated and characterized to develop an understanding 

of material properties that are exhibited across a sample with a graded permittivity.  Figure 

4.14 shows the microstructure of the green body graded TO – BTO sample, displaying a 

homogeneous powder particle matrix of each material.  Here it is clear that this is an 

image of a TO rich region, evident from the higher amount of darker powder particles.  
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This is again expected from the lower atomic number material (ZTi = 22, ZBa = 56), result-

ing from the use of back-scatter electron imaging mode.  This shows a good comparison 

between both the particle sizes and morphologies of each of the materials, and how they 

are dispersed throughout the sample matrix when mixing occurs during the printing pro-

cess.  The gaps present between the particles are most likely due to trapped air within 

the part during the printing process.  The particles appear to be well dispersed and show 

signs of minimal flocculation. 

 

Figure 4.14 Green body fractured surface (TO rich) of graded TO – BTO sample, 

showing homogeneous mixing of the two powders.  With the dispersant and 

binder content kept at a maximum of 5 vol. %, they are not visible in this image 

 

 Figure 4.15 shows a fractured surface of a green body TO-BTO sample, in a region 

of a print layer boundary.  The top region shows a higher concentration of BTO powder 

(brighter), while the bottom region shows a higher concentration of TO powder (darker), 

which again are due to the use of back-scattered electron imaging mode.  This is display-

ing the limitation of the mixing capability of this printing technique, where grading on such 

small scale is very difficult to achieve.  Other regions of the sample, as shown above in 

Figure 4.14, are better mixed. 

10	μm
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 Figure 4.18, on Page 63, shows a mixed region of the graded sample where the 

contrast between layers is easily seen.  This image shows a printing limitation, where an 

imperfect gradient is being developed through the print layers.  The top and bottom layers 

appear to be almost completely pure TO and BTO materials, with the middle two layers 

showing some of each, but primarily that of TO.  It is evident that the BTO suspension is 

outlining the TO layering, which is most likely due to the method of delivery when the 

Archimedes screw is moving mostly the TO suspension, but there is some residual BTO 

suspension still in the printing route of the extrusion canal.  An improvement must be 

made here, to where the mixing is not limited to the screw mechanism, but perhaps a 

secondary mixing method is employed.  This is discussed more in Chapter 6. 

 

Figure 4.15 Green body fractured surface showing the boundary between a mixed re-

gion and a single material (TO) region.  This image demonstrates a mixing limita-

tion of the printing apparatus, such that between print layers, inhomogeneous 

mixing can occur  

10	μm
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Figure 4.16 Successful example of graded green and sintered bodies printed from 

BTO to TO 

 Figure 4.16 displays green and sintered samples show grading from one material 

into the other, with the sintered sample (right) displaying a variety of colors in the inter-

mediate regions of the sample.  These changes in color are due to the introduction of 

point defects, such as oxygen vacancies or titanium and barium interstitials, and mid-gap 

states, with values between Eg ~1.8 eV and Eg ~2.2 eV, of the intermediate phases that 

have been developed during the sintering process.  These band gap values correspond 

to colors on the long wavelength end of the visible electromagnetic spectrum, near black.  

This sample was allowed to dry for 24 hours, and sintered at a rate such that cracking did 

not develop. 

 

Figure 4.17 TO-BTO sample that demonstrate the importance of controlling drying and 

sintering steps, including drying time.  This sample is warped concave toward the 

TO end, indicating that the TO densified more than the BTO.  The warpage is 

thought to cause the radial-like cracking on the bottom of the sample. 
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 An example of sintering failure is shown in Figure 4.17, with a TO-BTO sample 

that had warped and cracked during sintering.  This is thought to be due to differences in 

amount of densification between the two materials.  With an offset of particle size, atomic 

diffusivities, solids loading and furnace atmosphere, this effect is better understood and 

these variables must be optimized to reduce the occurrence of warping.  In this case, the 

warpage occurred concave toward the TO end, which indicates that the TO-rich end den-

sified more than the BTO-rich end.  The TO powder had a particle size of ~ 1 μm, while 

that of the BTO were less than half of that, at ~ 400 nm.  Due to this difference, there may 

be an increased sintering rate for the TO because of its lower green density, and therefore 

cause it to densify more than the BTO end of the part.  Additionally, the cracking could be 

due to binder burnout, in which there was not an isothermal hold to take this into account. 

 When contrasting the samples in Figures 4.16 and 4.17, there is a noticeable dif-

ference in cracking occurrence.  The 4.16 samples were smaller geometries, and thicker 

in the vertical direction, while the 4.17 samples had more lateral surface area and were 

thinner in the vertical direction.  This differences causes a noticeable difference in 

stresses that can occur within the part both in the green body and the sintered sample.  

As a result of larger surface area, the green body could develop stresses within the sam-

ple during printing and drying on the print bed.  The drying stresses alone could be enough 

to initiate this cracking process, which is further dramatized during the sintering process.  

The 4.16 sample, due to its smaller lateral surface area, and taller geometry, appears to 

make this a more ideal sample for reducing the occurrence of cracking. 

 One way to alleviate these residual stresses from happening, would be through 

the printing of a sacrificial layer on the print bed before the desired part is printed.  This 

would allow for the onset of residual stresses to be limited to the sacrificial layer, which 

could then be removed during post processing.  This would need to be studied further to 

understand the contribution of the sacrificial layers contribution to residual stress reduc-

tion.  
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Figure 4.18 Graded region of sample showing limitations of mixing capability.  Darker 

TO-rich regions show some ‘swirl-type’ mixing of the BTO-rich regions, which are 

lighter 

 As mentioned in Section 2.5.1, the grading approach has been shown to lessen 

the formation of residual stresses horizontal between build layers.  Because of this, it is 

desirable to improve the grading beyond that which is demonstrated in Figure 4.18.  The 

lesser mixed regions (Figure 4.18) appear to induce cracking much more than those that 

are more mixed (Figure 4.19d), so it is critical that this aspect of the printing be optimized.  

Additionally, when sintering samples with a gradient, the rate at which sample heating 

occurs could affect the onset of cracks, and with the introduction of stresses even in the 

green body, the cracking can be dramatized when the sintering temperature is being 

reached, and even during the cooling portion of the sintering profile.  The samples shown 

in each of the referenced figures followed a heating and cooling rate of 5oC/minute.  If, 

for example, this was reduced to 2oC/minute, there would be an expected improvement 

in crack formation simply because of the slower Arrhenius action followed by the diffusing 

atoms. 

 Figure 4.19a shows a low magnification image (top left) of a graded sample that 

has been sintered.  The BTO material is on the bottom, as determined by the brightness.  

1	mm
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This part is approximately eight layers thick, with the top and bottom two layers constitut-

ing single component regions, and the middle four regions including some variation of 

mixing and containing variations of the expected intermediate phases.  The presence of 

these phases are confirmed later in Section 4.4.4 by X-ray diffraction.  It is worth noting 

that the use of energy dispersive spectroscopy (EDS) X-ray analysis is not straightforward 

when working with Ti-based and Ba-based materials simultaneously, due to their respec-

tive characteristic X-ray energy overlap.  The Ti	Kgh X-ray energy is 4.508 keV, and that 

of the Ba	Lgh X-ray energy is 4.466 keV.  This small difference in energy is not easily 

distinguishable using EDS.  The Ba	Kgh X-ray energy is 32.194 keV, which is not able to 

be generated using a SEM accelerating voltage of 20 keV.  Since EDS mapping is not 

possible, the only way to contrast these materials in the SEM used, and to observe the 

printed gradient, is by using atomic number contrast through backscatter electron imaging 

mode, which has been used for SEM imaging in this work.  One method for overcoming 

this limitation of EDS is to utilize wavelength dispersive spectroscopy (WDS), as this 

method has ~10x greater energy resolution than EDS.  Figure 4.20 below shows a visual 

comparison of the two techniques, and how this resolution limit could be addressed. 

 Figure 4.22 shows a collection of SEM images at various cross-sectioned regions 

of a sintered, graded sample.  Figures 4.22a-f are higher magnification regions of the 

sample shown in Figure 4.22g.  Each show the presence of TO and BTO, which are the 

darker and lighter regions, respectively, due to the use of the SEM back-scattered elec-

tron imaging mode.  Figure 4.22a shows a mixed region where the TO transitions to BTO, 

and is on the edge of the printed sample.  This is evident from the wave-like deposition 

of the print layer on the left end.  When the printing takes place, each layer is printed 

around the perimeter first, then filled in between using a rastering motion.  This image 

demonstrates this effect.  Figure 4.22b shows a region of mixing where the lower layer is 

dominated by BTO, and the upper layer introduces some TO, with BTO shown distributed 

throughout the microstructure.  Figure 4.22c shows a region of laminar cracking between 

print layers, consisting of intermediate (light gray) regions and very light, BTO regions.   
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Figure 4.19 Magnified regions of graded sintered part, showing region-dependent vari-

ations in microstructure; (a) Low magnification image of sintered TO-BTO sample, (b) 

high magnification image of TO-rich mixed region as-sintered surface, (c) high magnifi-

cation image of pure BTO region of sample, showing densification, (d) high magnifica-

tion image of cross-sectioned graded region of sample, showing TO-rich phase in the 

top left, and BTO-rich phase in the bottom left.  Intermediate gray-scale regions are as-

sumed to be intermediate phases as previously discussed 
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Figure 4.20 Visual comparison of X-ray peaks from both WDS (red) and EDS (teal).  
With the improved resolution of WDS, the Ba	Lgh and Ti	Kgh peaks could be re-

solved. 

 

Figure 4.21 SEM images of unique intermediate phase structures that develop in 

graded regions of samples; (a) Region of pure BTO (isomorphous grains), (b) 

BTO region with abnormal grain growth, most likely due to presence of other 

phases, (c) needle-like crystallization of expected BaTi2O5 phase [71], (d) edge 

region between laminar cracked regions of graded sample, showing abnormal 

grain growth. 
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 This cracking may have been introduced from CTE mismatch of the materials in 

this region, which could initiate during the heating or cooling portion of the sintering profile.  

Figure 4.22d shows a mixed region where the TO transitions to BTO, with the most note-

worthy feature being the area where the BTO material is mixed vertically through the 

intermediate region and up to the TO-rich region.  This is due to the printing apparatus, 

when the material is pushed through the Archimedes screw, there is some remaining 

ceramic material and is printed along the outer edge of the newly-deposited ceramic.  

Figure 4.22e shows a region where mixing did not occur well, with the BTO region on the 

bottom showing dramatic change in print layers when moving vertically.  There is a large 

pore shown in this figure, which is due to the present of air pockets that can form during 

the printing process.  This could be due to the introduction of air from the initial air source 

that is pushing material into the extrusion region of the printer, or due to rheological limi-

tations of the suspension at this transition point where a gap in material could have been 

developed.  Figure 4.22f is similar to Figure 4.22a, except on the other end of the sample.  

This figure also shows the wave-like effect resulting from the extrusion of material around 

the perimeter of the build layer.  Each of these images show some amount of porosity, 

either due to insufficient densification or air pockets being trapped. 

 There are current limitations of the printer’s ability to mix suspensions homogene-

ously before extrusion.  Due to the design of the print head, there is a limited volume that 

is capable of mixing the two materials, which leads to a difficulty in at least printing a 

graded region across a large distance, i.e., more than one to two layers.  Because of this 

limitation, and if two very incompatible materials were used for printing together, there 

may arise residual stresses between layers (from CTE mismatch), and powder differ-

ences which may not allow for equal densification of both materials upon sintering, as 

discussed previously concerning Figure 4.17.  More discussion on printer improvements 

are included in Chapter 6. 
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4.4.4 XRD Analysis of TO-BTO Samples 

 X-ray diffraction (XRD) was used to confirm the presence of intermediate phases 

that form between the gradient end members.  This analysis is consistent with the struc-

ture of the binary phase diagram of BaTiO3 – TiO2, as shown in Figure 2.9.  Figure 4.24 

shows this binary phase diagram and the anticipated XRD analysis confirmation of each 

intermediate compounds.  The four intermediate phase compositions that can develop 

are BaTiO3 (barium metatitanate), BaTi2O5 (barium dititanate), BaTi3O7 (barium trititan-

ate), and BaTi4O9 (barium tetratitanate).  XRD confirms their presence later in this section. 

 Figure 4.24 shows the breakdown of each region of interest for confirming phases 

present, and therefore properties to expect.  In order to analyze each of the regions, a 

sintered part was cut horizontally into three pieces.  Region 1 is that of the expectedly 

pure BTO material, Region 2 is that of the intermediate region where each of the five 

intermediate phase compositions is expected, and Region 3 is that of the expectedly pure 

TO material. 

 

Figure 4.24 BaTiO3 – TiO2 binary phase diagram with Regions 1, 2 and 3 labelled 
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Figure 4.28 XRD diffraction pattern comparison for 3 regions of the graded sample; further descriptions of these images 

are provided in the body of the text
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 Figure 4.25 shows the XRD diffraction pattern for Region 1, as measured from the 

section removed from a graded sample.  The characteristic diffraction peaks are those 

expected from BaTiO3, and align with the powder diffraction files (PDF) used for identifi-

cation. 

 

Figure 4.25 XRD diffractogram, using a Cu	K% source, for Region 1 of the specified 

area in the binary phase diagram shown in Figure 4.23.  The expected peaks of 

single phase BTO are predominant. 

 

 Figure 4.26 shows the XRD diffraction pattern for Region 2, as measured from the 

section removed from a graded sample.  The characteristic diffraction peaks are those 

expected from the five intermediate compounds of the binary phase diagram from Figure 

4.23, and align with the PDFs used for identification.  The diffraction planes for each of 

the five intermediates are too numerous to list out, but nearly each of them were identified 

in this scan, ranging from 20o to 60o 2θ values.  Limitations to identifying each peak is 

due to phase overlap. 

 Figure 4.27 shows the XRD diffraction pattern for Region 3, as measured from the 

section removed from a graded sample.  The characteristic diffraction peaks are those 

expected from rutile phase TiO2 and align with the PDFs used for identification. 
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Figure 4.26 XRD diffractogram, using a Cu	K% source, for Region 2 of the specified 

area in the binary phase diagram shown in Figure 4.23.  All five intermediate 

phases of the BaTiO3 – TiO2 phase diagram appear to be present.  Diffraction 

peaks were matched with PDF data provided by The Materials Project [73]. 

 

Figure 4.27 XRD diffractogram, using a Cu	K% source, for Region 3 of the specified 

area in the binary phase diagram shown in Figure 4.2 
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Figure 4.28 XRD Diffraction pattern comparison for 3 regions of the graded sample 
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4.4.5 Electrical Analysis of TO – BTO Sample 

 Figure 4.29 shows the dielectric constant and loss tangent dependence on fre-

quency for the TO-BTO sample, as measured with the impedance analyzer. 

 

Figure 4.29 Plot of dielectric constant and loss tangent dependence on frequency for a 
TO sample.  Debye relaxation is shown as the dielectric constant changes from 

~300 to ~75 across this frequency range.  The loss tangent shows a spike at ~50 
kHz.  LCR meter resonance beginning to develop at far right of plot. 

 

 The capacitive response shown in Figure 4.29 displays Debye relaxation as the 

dielectric constant is higher (~300) at lower frequencies, and lower (~75) at higher fre-

quencies.  The loss tangent in this particular material shows a spike at a frequency of ~50 

kHz, which may just correspond to impurities in the material that effectively hinder the 

material properties at this frequency value.  The spike development beginning to occur at 

the far right end of the plot is most likely due to system resonance of the resistance, 

capacitance and inductance of the LCR meter.  Furthermore, the data points for the die-

lectric constant at lower frequencies are more of a scattered nature, which can be at-

tributed to the types of polarization mechanisms occurring at lower frequencies.  In this 

case, and as discussed in Section 2.4.1, the interfacial mechanism is often responsible 
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for this response at the lower frequency range.  This could be due to the present of po-

rosity, which is also the reason for the reduction in dielectric constant, or simply the pres-

ence of more grains from the sample bulk containing many grain boundaries. 

 

 

Figure 4.30 Plot of dielectric constant and loss tangent dependence on frequency for a 
BTO sample.  Debye relaxation is shown as the dielectric constant changes from 

~700 to ~600 across this frequency range.  LCR meter resonance is shown at 
the high end of the frequency range. 

 

 The capacitive response shown in Figure 4.30 also displays Debye relaxation of 

the pure BTO material.  One noteworthy feature of this plot is the resonance peak occur-

ring at ~50 MHz, which can be attributed to the limitation of the impedance analyzer used 

for this measurement.  This is most likely due to resonance of the LCR meter, as previ-

ously discussed.  This spike in the dielectric response does not imply an actual spike in 

dielectric constant.  Also noteworthy from this plot is the lower than expected dielectric 

constant for this BTO material.  An expected value would be on the order of 1000, with 

the reason behind this decrease most likely due to the presence of air within the material, 
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through air gaps present or developed during fabrication of the part, which become en-

trapped porosity during sintering.  Also with this dataset, the data points at lower frequen-

cies are scattered and can be attributed to the polarization mechanisms occurring at lower 

frequencies.  In this case, and as discussed previously with the TO data, the interfacial 

mechanism is most likely responsible for this response at the lower frequency range.  This 

could be due to the present of porosity, which is also the reason for the reduction in die-

lectric constant, or simply the presence of more grains from the sample bulk containing 

many grain boundaries. 

 Figure 4.31 shows the dielectric constant and loss tangent dependence on fre-

quency for the TO-BTO sample, as measured with the impedance analyzer. 

 

Figure 4.31 Plot of dielectric constant and loss tangent dependence on frequency for a 
TO – BTO sample.  Slight Debye relaxation occurring, as well as LCR meter res-

onance developing at far right of plot. 

 

 The capacitive response shown in Figure 4.31 displays the change in dielectric 

constant and loss tangent with an increase in frequency, as measured across the graded 

sample.  These values are much lower than those measured for the pure TO and BTO 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

10

20

30

40

50

60

70

80

90

100

5.00E+02 5.00E+03 5.00E+04 5.00E+05 5.00E+06 5.00E+07 
L

o
s
s
 T

a
n

g
e
n

t

D
ie

le
c
tr

ic
 C

o
n

s
ta

n
t

Frequency (Hz)

Dielectric Constant & Loss Tangent Dependence on Frequency for TO-BTO

tan $

%&



 

 76 

regions of the sample, explained by the presence of the intermediate phase compounds, 

which can drop to dielectric values of 20 for Ba2TiO4 [72].  Due to this variation in dielectric 

constant of each respective intermediate phase, there is much scatter displayed in the 

lower frequency range.  This can be attributed to the polarization mechanisms occurring 

in this lower frequency range, and with the multiple phases present, this inconsistency in 

dielectric constant is dramatized at frequencies below ~5kHz.  As previously discussed 

for each of the pure TO and BTO materials, the interfacial mechanism is most likely re-

sponsible for this response at the lower frequency range.  This sample showed some 

small cracking and contained pores, therefore causing the reduction in dielectric constant, 

which are also attributable to the interfacial polarization mechanism. 
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CHAPTER 5 | CONCLUSIONS 

 

 In this work, suspensions of TO and BTO were optimized for their flow properties 

in use with extrusion-based additive manufacturing.  These flow properties, such as con-

sistency index, flow index and yield stress, were optimized by experimenting with varia-

tions in vol. % solids loading of each material, ranging from 43 vol. % to 51 vol. % for 

each.  Based on these results, the TO suspension used for printing was that of 51 vol. % 

solids loading due to its shear thinning behavior, also exhibiting consistency and flow 

indices of 52.2 Pa·sn and 0.38, respectively.  The BTO suspension used for printing was 

that of 49 vol. % solids loading also due to its shear thinning behavior, and exhibiting 

consistency and flow indices of 129 Pa·sn and 0.46, respectively.  Furthermore, the yield 

stresses for these respective suspensions were determined to be 2.86 Pa for TO and 

33.2 Pa for BTO.  The printable suspensions for TO and BTO had viscosities ranging 

from 10 to 50 Pa·s, at shear rates between 9/s and 18/s.  These values, based on trends 

within the collected data, were shown to demonstrate optimal extrudability as indicated 

by their flow behavior.  Further optimization of these suspensions could be performed by 

varying dispersant and binder content, which could then provide additional tailoring op-

portunities to improve consistency index, flow index and yield stress. 

 Once these suspensions were optimized using the printing apparatus, fabrication 

of single-component parts were made to demonstrate this method of printing and prove 

that the suspensions exhibit the required flow behavior.  This was then followed by the 

fabrication of two-component parts.  Challenges associated with these prints include print 

resolution and shape retention.  To improve print resolution, smaller diameter nozzles 

must be used in order to minimize the overall thickness of the print lines of each succes-

sive layer, which would improve both lateral and vertical resolution.  Furthermore, to ad-

dress the problem of print resolution, post processing steps could be taken, such as grind-

ing to particular specifications.  Shape retention correlates back to optimization of sus-

pension rheology.  Improvement of rheological properties, such as consistency index, 

flow index and yield stress, is achieved by adjusting the solids loading and amount of 

additives used for each suspension.  One of the most important aspects of rheology to 
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improve is the yield stress, which determines how easily a shear thinning suspension will 

begin to flow.  With this improvement, printed shapes would have improved shape reten-

tion and be less prone to slumping. 

 The printed parts had to be dried sufficiently, then sintered to approach full densi-

fication.  Limitations to the amount of densification are attributed to the maximum green 

body densities achieved, which were on the order of 45% theoretical density.  To improve 

green density, the amount of solids loading in the suspensions must be maximized.  This 

is limited by particle agglomeration, but can be improved with proper dispersion of the 

powders.  Ammonium polyacrylate is an anionic polyelectrolyte that was identified and 

used as an electrosteric dispersant, and NanoSperse was utilized as a steric dispersant 

for the BTO suspensions.  Particle agglomeration was reduced, however, continued stud-

ies of the effects of controlling pH and the amount of additives (vol. % dispersant, vol. % 

binder, vol. % gelling agent) used must be employed in order to reduce agglomeration, 

resulting in higher solids loading and further improve green density.  Densification was 

also limited by the presence of air pockets within the printed parts that were too large to 

subside during the sintering step.  Enhancing material delivery within the print head would 

need to be addressed in order to minimize the onset of these air pockets, which can be 

achieved by improvements made to the flow properties of the suspensions. 

 The microstructure of the graded samples showed regions of pure TO and BTO as 

the end members, as well as intermediate phases in between.  The pure TO and BTO 

regions densified almost completely and showed minimal cracking, however, the interme-

diate phase regions showed laminar cracking and microstructural inconsistencies such 

as abnormal grain growth.  The onset of these microstructures could be the cause for 

increased cracking, as residual stresses could initiate from mismatched thermal expan-

sion coefficients.  Because of the nature of this system, this is difficult to address and 

control, and shows good reason for the exploration of other material systems.  One ex-

ample is that of strontium titanate (STO) with BTO, where the intermediate region of the 

two materials is of the same perovskite crystal structure for each, in the solid solution 

structure of barium strontium titanate. 
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 Electrical analysis of these samples showed that the presence of intermediate 

phases can drastically affect the desired electrical properties.  Due to the much lower 

dielectric constants for the intermediate phase region (<50 for intermediates, compared 

to ~100 for TO and >600 for BTO), the overall dielectric constant across the gradient is 

sacrificed.  Further investigation of materials without such intermediate phases is required 

to understand the possibility of improved dielectric properties of a graded part.  The STO-

BTO system shows promise for improved electrical properties because of the solid solu-

tion development that occurs, and well understood electrical properties of the consistent 

perovskite crystal structure throughout the STO-BTO system.  Additionally, if the orienta-

tion of the gradient were to be rotated 90o and evaluated in this fashion, where the die-

lectric constant changing across the part were preferred, then there could be tailored 

properties that allow for their successful use. 

 The resulting effects of sintering two materials together, such as non-uniform den-

sification, can cause warpage and cracking of the final sintered part.  This is difficult to 

control, however with matched green densities of the two materials, and similar starting 

particle size, this can be minimized, as these play a large role in amount of densification 

that occurs.  Knowledge of proper binder burnout would help alleviate the onset of some 

of the observed cracking, through thermogravimetric analysis (TGA) studies, as this 

would determine the temperature at which weight loss is most observed.  With this un-

derstanding of the two respective materials used for grading, warpage can be minimized, 

which would then reduce cracking. 

 Fabrication of dielectric resonators that take advantage of graded permittivities can 

be printed, with improvements of each of these topics needed.  To address the resolution 

limitation of printing ceramic parts, minimization of the extrusion nozzle must occur, or 

other techniques could be employed that have the ability to print multiple materials.  The 

dielectric constant of the materials across the parts much be maximized, and the loss 

tangent must be minimized.  Through an understanding of processing parameters such 

as material solids loading, additives content, and porosity development and removal, this 

can occur.  Other material systems, such as STO-BTO, should be studied to understand 

how these various parameters affect the electrical properties of the printed parts. 
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CHAPTER 6 | RECOMMENDATIONS FOR FUTURE WORK 

 

 The technique of printing multiple materials using this multi-port approach has 

been demonstrated, however there are on-going challenges associated with this research 

effort.  The first challenge comes in the area of suspension flow properties, which ties 

back to rheological improvements.  As discussed, the consistency index, flow index, and 

yield stress are three of the critical parameters that must be optimized for the printing 

system.  These parameters are affected by suspensions properties such as volume % 

solids, volume % dispersant, and volume % binder.  For this work, only the volume % 

solids was adjusted and optimized accordingly through rheological studies.  For suspen-

sions with variation in the concentration of dispersant and binder, there is potential for 

many more rheological studies in which the respective volume % of these additives could 

be fine-tuned.  For example, varying the volume % dispersant through a range of values, 

while simultaneously varying the volume % binder through a range of values, then stud-

ying the resulting suspensions using rheological analyses, one could more closely specify 

an ideal suspension with improved flow properties, and therefore better printing capability. 

 The second challenge comes from the process of printing parts, in regards to print 

resolution and slumping.  Print resolution is primarily limited by the size of the nozzle 

opening.  To minimize the diameter of the nozzle, rheological behavior of the suspension 

must be optimized such that the flow behavior is sufficient for printing with progressively 

smaller nozzles.  This requires shear thinning properties, with a maximized consistency 

index and flow index of <1.  Slumping is addressed with improvements in rheological 

behavior of the suspensions as well, where the yield stress is more of a critical factor.  

This parameter must be optimized so that when a part is printed, it requires as much of a 

yield stress as possible before the material will shear thin, and therefore slump.  Further-

more, improvements to the print nozzle, such that the maximum shear stress experienced 

by the suspension as it is being extruded, is reduced.  The presence of non-uniform shear 

stress across the print layer during extrusion is the cause for uneven recovery of the 
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suspension, and ties back to shear stresses formed during extrusion.  This is also ad-

dressed through improvements to rheology of the printable suspensions, with adjust-

ments to the additives to exhibit the necessary flow behavior, as previously mentioned. 

 The third challenge is related to suspension mixing, when printing a graded region 

of the sample.  The current apparatus is limited by its mixing capability due to the design 

of the print head, when using the Archimedes screw.  Two different types of print heads 

should be used, depending on whether a single-component part or multi-component part 

is desired.  For a multi-component part to print, with the necessary grading ability, a spe-

cially design mixing component should be designed.  This can be a spinning mechanism 

that essentially stirs the suspension as it is flowing through the mixing region.  Addition-

ally, a piezoelectric-driven material could be used to cause the suspension to vibrate as 

it is moving through the mixing apparatus.  With this, the vibration causes the shear thin-

ning suspension to experience a reduction in viscosity in this region, thereby becoming 

mixable with other materials present, then finally being extruded as a mixed suspension.  

This mixing could be controlled with Programmable Logic Controller (PLC)-like computer 

program, which could tailor the size and magnitude of the mixing. 

 The fourth challenge comes from cracking and warping of two-component systems 

in which densification is different for each material.  To address cracking, a binder burnout 

should be employed that determines the ideal temperature needed for removal of the 

binder.  This can be done by the use of thermogravimetric analysis (TGA), which 

measures the part’s weight loss with increasing temperature.  Once this temperature is 

known, an isothermal hold should take place here, which would allow for sufficient binder 

removal and therefore reduce the amount of potential cracking throughout the part as a 

result of premature binder removal.  To address warping, a deeper understanding of ma-

terial properties must be developed.  Maximizing the green density of suspensions will 

reduce the amount of shrinkage that can occur, so further improvements in suspension 

rheology must be considered for the green density to be increased.  This consists of fur-

ther optimization of particle dispersion, which is the key factor in reducing agglomeration 

and therefore generating a suspension with the required flow properties.  
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 The fifth challenge comes from the needed control of the development of interme-

diate phases when grading two different materials together.  To understand the possible 

intermediate phases that could form, a thorough knowledge of the binary phase diagram 

of the two end member materials is required.  As with the TO-BTO system, there was an 

onset of a eutectic, which affected the sintering temperatures that are possible.  This was 

a form of constraint, and limited the amount of densification that could have occurred.  

Other material systems, as discussed with the STO-BTO materials, would need to be 

studied to better understand the various intermediate phases that could occur.  With this 

knowledge, one could engineer a graded part that isn’t affected by a potential eutectic, or 

that won’t cause a reduction in properties, such as dielectric properties. 

 The sixth and final challenge lies in the improvement of electrical properties.  The 

studied TO-BTO system showed limitations in the maximization of dielectric properties, 

which was ultimately tied to the presence of intermediate phases with much lower dielec-

tric constants compared to the end members.  This would need to be addressed in a way 

as to use materials without intermediate phases that have much lower dielectric con-

stants.  Other properties that affect the overall dielectric response of the material are re-

lated to material densification.  To maximize densification, there is another requirement 

of a deep understanding of processing parameters and the resulting flow properties of the 

ceramic suspensions.  If these properties aren’t optimized, then the suspension might 

flow in such a way as to introduce air pockets within the print layers, which have been 

shown to remain trapped within the sintered part and therefore causing a large reduction 

in dielectric constant.  Additionally, maximization of the quality factor is also required for 

materials used for their electrical properties.  Dielectric loss is inversely related to quality 

factor; therefore, it must be minimized in order to see improvements in quality factor.  Loss 

properties tie back to the initial processing parameters for the suspensions, with a fully 

densified part, with larger polycrystalline grains, being ideal for improved electrical prop-

erties. 
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APPENDIX A | STRONTIUM TITANATE 

 

 While the TO-BTO system worked well for demonstrating this technique of ex-

trusion-based 3D printing for the fabrication of a two-component part, other material com-

binations can be used for dielectric resonator (DR) applications.  Strontium titanate is one 

such material. 

  

Strontium Titanate – A Medium-Permittivity Electroceramic 

 Figure A.1 below shows the standard crystal structure of strontium titanate 

(SrTiO3)(STO), that of the perovskite nature. 

 

Figure A.1 Perovskite crystal structure, also commonly seen with STO materials.  The 
lattice is simple cubic, with several cations able to occupy the central octahedron.  
STO and BTO only differ by the lattice parameters and whether or not the large 

cation is strontium or barium. 

Binary Phase Diagram for SrTiO3 – BaTiO3 System 

 The SrTiO3 (STO) – BaTiO3 (BTO) system forms a solid solution between pure 

STO and pure BTO.  The crystal structure of each of these single phases are perovskite, 

with only changes in lattice parameters and specific lattice point atom occupancy.  Be-

cause of this BST formation and preservation of the perovskite crystal structure, this ma-

terial would be ideally suited for graded samples containing these STO and BTO materi-

als. 
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Figure A.2 SrTiO3 – BaTiO3 binary phase diagram [62] 

 

Figure A.3 Samples printed with STO-BTO graded region.  Left sample printed with 
STO as base layer, right sample printed with STO as top layer 

 Figure A.3 demonstrates the importance of rheological optimization when printing 

a two-component part.  The part on the left is printed with STO on the bottom, and BTO 

printed on the top.  The rheology of these respective suspensions allowed for this order 

of printing to occur without much slumping.  However, the part on the right was printed 

with BTO as the base, and STO as the top layer.  Notice that there is much slumping of 

the STO layers on top.  This shows how the viscosity recovery of the STO suspension is 

less than that of the BTO suspension. 
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Figure A.4 STO-BTO samples, showing both green body and sintered samples.  Due 
to similar rheological behavior of each material, printed layers were consistent 

and did not slump as much as the TO-BTO samples 
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APPENDIX B | CERAMIC AM METHODS 

 

 Additive manufacturing of dense, near-net-shape ceramic materials has gained 

popularity over the past two decades, with many initial efforts employed by Cesarano et 

al. [5], to the point of commercialization through their robocasting technology.  As part of 

those efforts, extrusion-based techniques have been pursued since the late 1990s, with 

joint origins at Sandia National Laboratories and the University of Illinois, and have ad-

vanced much since.  There are many benefits of using this multi-material-capable method 

of fabrication to enable customization of dielectric parts, such as being able to control the 

electric field distribution of a simple shape via permittivity and/or resistivity variation.  Ad-

ditive manufacturing techniques can extend this concept to complex shapes.  Common 

ceramics like alumina, zirconia, and some bio-compatible ceramics such as hydroxyap-

atite, have been initially studied using direct ink write (DIW) as proofs of concept because 

of these materials’ well-understood structure and processing requirements as well as the 

obvious strength-to-weight advantage of complex shapes of such parts for structural ap-

plications [29-31].  Many DIW-type techniques have been investigated in the past, and 

can be grouped into three categories based on their primary forming mechanisms: fluid 

removal, particle flow and gelation.  Fluid removal mechanisms include slip casting and 

pressure filtration; particle flow mechanisms include centrifugal consolidation and elec-

trophoretic deposition; and gelation mechanism includes gel casting and robocasting [32]. 

DIW is a promising method for printing multiple ceramic materials, and is ideal for DR 

applications because of the low volume of organics, and that a dense ceramic part may 

be freeformed, dried and sintered in less than 24 hours.  Lithography-based fabrication 

methods, also referred to as vat photopolymerization, using ultraviolet curable resins, 

sometimes require long and complicated heat treatments to prevent cracking and to 

achieve full density, and are currently much more difficult to integrate into multi-material 

modalities and therefore prove non-ideal for these preferred abilities [31].  Techniques 

not previously mentioned that are also currently being investigated for ceramic additive 

manufacturing include but are not limited to freeze-form extrusion fabrication (FEF), ink-

droplet and filament-based approaches, powder bed fusion, or selective laser sintering 
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(SLS), binder jetting, and fused deposition modeling (FDM) using a ceramic-loaded ther-

moplastic filament [33, 34]. 

 

Additive Manufacturing & ASTM 

 There has been a recent push by the American Section of the International Asso-

ciation for Testing Materials (ASTM) and the International Organization for Standardiza-

tion (ISO) to provide a framework for the organization of AM technologies, with many 

supplementary standards on test protocols for characterization of AM printed parts and 

required material specifications.  ASTM Committee F42 on Additive Manufacturing Tech-

nologies was formed in 2009, for the development of these standards.  This committee 

has recognized seven AM process categories, which are the following: vat polymerization, 

powder bed fusion, material extrusion, material jetting, binder jetting, sheet lamination 

and directed energy deposition.  Each of these processes will be covered in brief detail in 

the following sections, with a fundamental overview of the technology, and how they are 

being used for the fabrication of ceramic parts. 

 

Table B. 1 Overview of AM Processes of Shape Ceramics [34] 
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Figure B.1 Additive Manufacturing Standards Structure as developed by ASTM 

F42/ISO TC 261 

 

The Generic AM Process 

 AM involves a number of steps from the first CAD design to the final part removal 

and post processing.  Depending on the need for an AM part, there is more or less em-

phasis on this generic process and how it affects the final outcome.  Some parts may 

require a lot of post processing, while others may not, and this is heavily dependent on 

the material that you are using and will depend on the AM process you are using to fab-

ricate your part.  Details of the various AM processes will be discussed more in depth in 

the subsequent sections.  To summarize the overall AM process, we can describe the 

following eight steps [35]: 

 

Step 1 – Conceptualization & CAD 

 All parts to be fabricated with an AM technique must first be generated in CAD 

software that describes the part’s external geometry.  Typical CAD software used for such 

applications include AutoCAD and Fusion360 by Autodesk and SolidWorks by Dassault 
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Systèmes.  Reverse engineering equipment, such as laser and optical scanning, can also 

be used to create these representations [35]. 

 

Step 2 – Conversion to STL/AMF 

 STL is the ubiquitous file format that has historically been accepted and generated 

by all CAD software and used for printing operations.  This file describes the outer sur-

faces of the original CAD file and forms the basis for the 2D slicing of your 3D model.  

STL is derived from the word ‘stereolithography’, which was the first commercialized AM 

technology from 3D Systems in the 1990s.  Since the STL file only describes the surface 

mesh of your CAD part, there has been a growing need for the inclusion of control of 

material, color, texture, substructure and other properties.  More recently, the AMF (Ad-

ditive Manufacturing File Format) file format has been recognized by ISO/ASTM as an 

interchange format to address the current and future needs of additive manufacturing 

technology, and will soon be the full replacement of the STL file format [35]. 

 

Step 3 – Transfer to AM Machine & STL File Manipulation 

 The STL file that is generated with the CAD software must be transferred to the 

3D printer, and uploaded into the printing software so the general manipulations can take 

place, such as scaling to the proper size, position and orientation of the requested build 

[35]. 

 

Step 4 – Machine Setup 

 The 3D printer itself must be adjusted and setup so that the proper parameters are 

followed for your specific print.  Settings can include things such as build layer thickness, 

amount of support material needed, speed of print head movement, and any potential 

constraints due to the material being used [35]. 

 

Step 5 – Build 

 During the build process, the material is being deposited in one way or another, 

depending on which AM processing you are using.  This step is generally automated, but 
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frequent monitoring is recommended to ensure that the print is being executed success-

fully and to make sure that there are no technical difficulties during the build process [35]. 

 

Step 6 – Removal 

 Once the build is complete, drying of the sample is required, after which removal 

of the part from the print bed is performed.  This can involve various interactions with the 

printer, such as waiting for the machine to cool down, or removing any support structures 

that are integrated into the mechanical workings of the printer itself [35].  Drying times 

were typically 24 hours after printing was complete, to ensure uniform drying occurred 

throughout the part. 

 

Step 7 – Post Processing 

 Once the part is removed from the printer, various post processing steps may be 

required, such as removal of support structures, grinding and sanding of surfaces or ac-

etone treatment for smoothing.  All of which depend on the material being printed and the 

various precautions required of each [35].  Additional post processing involves sintering 

the ceramic green body.  As described in Chapter 3, the sintering profile and sintering 

temperature are critical aspects of the process in order to achieve complete densification 

and minimization of cracking. 

 

Step 8 – Application 

 Parts at this step are ready for use, and can now be implemented into their design 

purpose applications [35]. 

 

ASTM Methods for Additive Manufacturing of Ceramic Materials 

 The following sections describe the current methods for additive manufacturing of 

ceramic materials as outlined by ASTM 52900.  Each methods employs concepts and 

ideas that are favorable under certain conditions, which are dependent on the desired 

part the materials scientist or engineer is seeking. 
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Figure B.2 Visual summary of each of the seven ceramic AM printing methods [77-
83] 

 

Vat Polymerization 

 Vat polymerization, or stereolithography, is defined as “additive manufacturing pro-

cesses in which liquid photopolymer in a vat is selectively cured by light-activated photo-

polymerization”. [36].  Photopolymerization processes make use of liquid, radiation-cura-

ble resins known as photopolymers.  Most photopolymers react to radiation in the ultravi-

olet (UV) range of wavelengths, but blue visible light systems are also used.  Upon irra-

diation, these photopolymers undergo a chemical reaction (as opposed to a thermal re-

action as with powder bed fusion techniques) that then causes the monomers to polymer-

ize, thereby solidifying the polymer matrix.  This process comprises the vat polymerization 

technique that is used for ceramic material fabrication and is more commonly referred to 

as stereolithography (SLA).  During stereolithography (SLA) of ceramic materials, various 

ceramic-loaded resins are polymerized as previously described, however as a result, the 

ceramic powder is suspended within what is now the green body ceramic.  This part can 

then be heated to remove the binder and densify during the sintering process.  The pri-

mary ceramic SLA equipment uses digital light processing (DLP) and a mask projection 

of the 2D slices to polymerize each successive layer, however, there are two other meth-

ods for SLA.  One is the vector scan method, in which the polymerizing laser rasters each 

Vat	Polymerization Powder	Bed	Fusion Binder	Jetting Material	Jetting

Sheet	Lamination Material	Extrusion Directed	Energy
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pixel to initiate photopolymerization, and the other is a two photon method, in which the 

photoinitiating molecules require the simultaneous energy absorption of two photons.  

Each of these techniques have varying abilities to produce a range of print resolutions for 

the specific applications. 

 

Powder Bed Fusion 

 Powder bed fusion is defined as “additive manufacturing process in which thermal 

energy selectively fuses regions of a powder bed” [36].  Powder bed fusion utilizes the 

thermal energy of either a laser beam or an electron beam, with the former being more 

popular with pure ceramic materials.  Within this category of AM, there are two primary 

distinctions, single step and multi-step.  For single step processes, such as full and partial 

melting, the ceramic powder is melted when an energy of sufficient energy impinges the 

dry powder layer.  There is also solid state sintering, in which case the material is sintered 

by the laser, rather than melted and re-solidified.  For the multi-step processes, there is 

a sacrificial binder that is used when the powder is laid down.  This method is most pop-

ular with ceramic materials.  For single step processes, no further heat treatment is re-

quired to obtain the final part, however for multi-step processes, a binder burnout step is 

required to remove the sacrificial binder that was used for part formation.  Sintering then 

densifies the final part. 

 

Material Extrusion 

 Material extrusion is defined as “additive manufacturing process in which material 

is selectively dispensed through a nozzle or orifice” [36].  Within this category of AM, there 

are two types of material extrusion methods: fused deposition of ceramics and ro-

bocasting [37-48].  During fused deposition of ceramics (FDC), a ceramic-loaded thermo-

plastic material is heated and extruded through a nozzle to shape the part.  Upon cooling 

after extrusion, layers then harden to their original rigidity, but with the new fabricated 

shape.  Once all layers have been extruded, the green body ceramic part remains.  During 

robocasting, a high solids loaded colloidal paste is extruded through a nozzle to shape 
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the ceramic part layer by layer.  This differs from FDC by the fact that there is no thermo-

plastic present that is heated and cooled, but rather, the constant temperature paste is 

made rigid in its formation by careful control of the paste rheology.  A shear thinning 

ceramic paste is required in this case, so that the material can flow freely through the 

nozzle, yet maintain its structure after being extruded.  Freeze-form extrusion fabrication 

(FEF) is another method employed in which the extruded material is then frozen to help 

maintain its structure. 

 

Material Jetting 

 Material jetting is defined as “additive manufacturing process in which droplets of 

build material are selectively deposited” [36].  Within this category of AM, there are two 

types of material jetting methods: direct inkjet printing and aerosol jet printing [49-54].  

During direct inkjet printing (IJP), a polymer solution that is loaded with ceramic powder 

is deposited from multiple nozzles onto the substrate in a linear array as it sweeps across 

the build platform.  During the printing process, precise control of each nozzle is executed 

such that each 2D slice of the part is specifically printed.  As the material is deposited 

onto the substrate, or previous build layer, it solidifies.  Once all layers are printed, the 

whole part is solidified, which gives you the green body ceramic part.  During aerosol jet 

printing (AJP), there is a suspension of very fine ceramic particles in a gas that is sprayed 

out as an aerosol.  Each successive layer is precisely controlled with the printing software, 

with the end result being the green body ceramic part.  For each of the material jetting 

methods, once the green part is fabricated, it is then placed into a furnace for pyrolysis 

and sintering. 

 

Binder Jetting 

 Binder jetting is defined as “additive manufacturing processes in which a liquid 

bonding agent is selectively deposited to join powder materials” [36].  This method uses 

printers that consist of a print head and a powder deposition device.  Within the build 

chamber, the deposition device lays down a layer of powder, after which another arm will 

lay down a layer of binder material through a jetting mechanism similar to the material 
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jetting method described previously.  This process continues through alternating steps 

until the final part is complete, which is then the green body ceramic part.  At this point, 

the excess powder can be removed from the part and then placed into a furnace for binder 

burnout and sintering. 

 

Sheet Lamination 

 Sheet lamination, or laminated object manufacturing (LOM), is defined as “additive 

manufacturing process in which sheets of material are bonded to form an object” [36].  

Within this category of AM, there are two types of LOM methods: traditional LOM and 

computer-aided manufacturing of laminated engineering materials (CAM-LEM) [49].  Tra-

ditional LOM consists of a system that deposits a ceramic-loaded tape layers one at a 

time until the complete part is generated.  Typically, a CO2 laser cuts each layer to its 

unique 2D shape so that the layers can be built up.  There is a binder system that is 

infused within each layer, and is activated by a thermal roller that moves across each 

print layer.  There is also an adhesive layer that helps with the layer adhesion.  After the 

entire part is thermally treated and shaped, you have the green body ceramic part.  The 

CAM-LEM method is identical to the traditional method, except each layer is cut before it 

is laid down, therefore taking away the CO2 laser cutting step as with traditional LOM. 

 

Directed Energy Deposition 

 Directed energy deposition (DED) is defined as “additive manufacturing processes 

in which focused thermal energy is used to fuse materials by melting as they are being 

deposited”.  Traditional DED consists of a print head that deposits the ceramic powder at 

the focal point of a high power laser, thereby melting the ceramic and then re-solidifying 

upon deposition.  This method can sometimes be referred to as laser cladding. [55]. 
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APPENDIX C | EUTECTIC POINT SINTERING 

 

 As mentioned in Chapter 3, when considering the sintering conditions for the TO-

BTO system, one must address the development of liquid phase formation.  A eutectic 

point is a specific composition and temperature in which three components of a system 

(A, B, and liquid) are all surrounding the same point.  Upon cooling through the eutectic 

point, a liquid will solidify completely into two distinct solids, with the opposite being true 

for heating. 

 

 

Figure C.1 Schematic representation of the equilibrium microstructures for a com-
pound of eutectic compositions C3 above and below the eutectic temperature [76] 

 Figure C.1 shows a schematic for an equilibrium structure for a compound of 

eutectic compositions, labelled at point C3.  This is also what occurs in the intermediate 

region of the TO-BTO phase diagram.  Initial sintering conditions were such that the final 

sintering temperature was at 1400oC, and held for four hours.  Because of this, almost 

A B

B

B
B

B



 

 103 

complete melting occurred and the part was destroyed.  Figure C.2 shows a picture of the 

outcome of this sintering result. 

 

Figure C.2 Resulting material after sintering TO-BTO system above the eutectic tem-
perature. 

 The following figures show some of the acquired SEM images of the recrystallized 

microstructures of this system.  There are unique formations present, with many exam-

ples of recrystallization occurring upon cooling the sample back through the liquidus. 

 

Figure C.3 Recrystallized microstructure 1 
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Figure C.4 Recrystallized microstructure 2 

 

 

Figure C.5 Recrystallized microstructure 3 
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Figure C.6 Recrystallized microstructure 4 

 

 

 

Figure C.7 Recrystallized microstructure 6 
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APPENDIX D | DESIGN OF EXPERIMENT 

 

 The Design of Experiment (DOE) is a statistical tool used for optimizing parameters 

of an experiment.  Often employed with other Six Sigma methodologies for improving 

manufacturing variables, the DOE is very convenient when applying it toward the optimi-

zation of colloidal suspensions and rheological properties because of the many variables 

that can affect the outcome of the suspensions being studied.  The DOE is a study of the 

factors that were determined to be key input variables that are the source of variation of 

the output, and in this case, the properties of the ceramic colloidal suspension.  For ce-

ramic suspension rheology optimization, a DOE can be used for tailoring specific outputs 

desired by your suspensions.  An example 4 factor DOE is outlines below, which could 

be used for further optimization of the ceramic suspensions needed for 3D printing. 

 

4 Factor DOE 

 For this experiment, a correlation among suspension pH, volume percent of dis-

persant, volume percent solids loading and volume percent binder using a statistical DOE 

approach, can be used to find optimal suspension parameters to develop a shear thinning 

ceramic paste for printing with the extrusion-based system.  The DOE is designed with 

Minitab software (Minitab, Inc.), using a two-level full factorial design.  Table B1 summa-

rizes the factors involved and the low and high values used in the design matrix for de-

termining the relationship between variables.  The number of samples to prepare in order 

to satisfy this approach is calculated by taking the number of levels and applying an ex-

ponential function with the corresponding number of factors.  In this case, we would have 

24, or 16, samples to prepare.  Since there are two materials to print for the graded parts, 

32 total samples would need to be prepared for rheological studies.  A sequence of tests 

is performed, consisting of rheological measurements, where the input factors are sys-

tematically changed according to the design matrix.  Table B2 shows an example design 

matrix used for this portion of the experiment. 
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Table D. 1 Factors used for DOE with low and high values displayed 

 

 

Table D. 2 DOE matrix used for developing shear thinning ceramic suspensions 

 


