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ABSTRACT 

 

 

 

DEVELOPMENT OF A NOVEL ADDITIVE MANUFACTURING METHOD: PROCESS 

GENERATION AND EVALUATION OF 3D PRINTED PARTS MADE WITH ALUMINA 

NANOPOWDER 

 
 

 Direct coagulation printing (DCP) is a new approach to extrusion-based additive 

manufacturing, developed during this thesis project using alumina nanopowder. The 

fabrication of complex ceramic parts, sintered to full density, was achieved and the details 

of this invention are described. With the use of additive manufacturing, complex features 

can be generated that are either very difficult or unattainable by conventional subtractive 

manufacturing methods. Three unique approaches were taken to create a slurry suitable 

for extrusion 3D-printing. Each represented a different method of suspending alumina 

nanopowder in a liquid; a bio-polymer gel based on chitosan, a synthetic polymer binder 

using poly-vinyl acetate (PVA), and electrostatic stabilization with the dispersant tri-

ammonium citrate (TAC). It was found that TAC created a slurry with viscosity and 

coagulation rate that were tuneable through pH adjustment with nitric acid. This approach 

led to the most promising printing and sintering results, and is the basis of DCP. Taguchi 

and fractional factorial design of experiments models were used to optimize mixing of the 

alumina slurry, rheological properties, print quality, and sinterability. DCP was 

characterized by measuring the mechanical properties and physical characteristics of 

printed parts. Features as small as ~ͶͷͲ μm in width were produced, in parts with 

overhangs and enclosed volumes, in both linear and radial geometries. After sintering, 
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these parts exhibited little to no porosity, with flexural modulus and hardness comparing 

favorably with conventionally manufactured alumina parts. A remarkable aspect of DCP is 

that it is a completely binderless process, requiring no binder removal step. In addition, 

DCP can employ nanopowders, allowing for enhanced mechanical properties as observed 

in nano-grained materials. Perhaps most importantly, any material that acquires a surface 

charge when in aqueous media has the potential to be used in DCP, making it a method of 

additive manufacturing using many metals and ceramics other than alumina. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

iv 

 

ACKNOWLEDGEMENTS 

 

 

 

 A huge number of people have given their time and effort in helping me through 

graduate school, so I would like to thank them. To start, my past advisor, Troy Holland, 

always challenged me to understand everything about everything that I worked with in the 

AMPT Lab. Troy provided my first experiences with many of the instruments and practices 

that are essential to materials science, as well as exciting, advanced things like SPS and 

CEFAS machines. As a source of instrumental insight during this research, conversations 

with Troy were always noteworthy.    

 The PhD students of the AMPT Lab and MERC in general, gave sage wisdom, and fellow Masterǯs students traded new tricks and theories. Both entertainment and 
competition were present, and great friendships, and paper edits, came of it. I wish the best 

of luck to Corson Cramer, Trevor Aguirre, Patrick Rodriguez, Jamison Bair, and Mark 

Bourgeois, and thank them for the memories.  

 Once moving into working with the CEPPE Lab under John Williams, my passions for 

space and materials science were blended in my work. John gave advice and wit freely, on 

old research, new research, crazy ideas, and simple problems. His support was invaluable 

in my writing this thesis, and provides constant inspiration. 

 The CEPPE Lab, Sapien, and Plasma Controls have all helped innumerable times in 

my research and my learning of plasma systems and ping pong equally. Daisy Williams was 

there for me with a solution for anything that I needed. Seth Thompson, Anna Kindvall, 

Ryan Ham, Bao Nguyen, and Kirk Boehm all helped teach me the basics of survival at the 

CEPPE Lab, from turning on a vacuum pump to plasma physics. Matt Schultz, JJ Moritz, and 



  

v 

 

Marco Martinez at Sapien, as well as Casey, Cody, and Sean Farnell of Plasma Controls were 

always a pleasure to work with.  

 I would also like to give special thanks to my co-advisor, Dr. David Prawel, who has 

provided technical support and encouragement since my undergraduate program. His 

Idea2Product lab first enabled me to explore 3D printing, and his graduate class gave me 

the fundamentals of 3D printing technology from its invention to what it has become today. From ͵D printing a clock to career advice, Davidǯs input was always of great value. 
 My committee member, Professor Qiang (David) Wang, gave insightful technical 

help with understanding colloid science, and was very helpful. Outside my committee, 

Professor Kaka Ma provided excellent edits for my papers, and great advice in research and 

academia. Dr. John Chandler has helped me see what I could never see before, under the 

electron microscope. His teaching has led to a wealth of information and stunning 

micrographs. 

 Finally, and most importantly, I would like to thank my friends and family. Friends, 

thanks for the constant distractions and glimpses into other perspectives, as well as the 

favors and the memories. As for family, my parents, Frank and Ruth Hensen, have been role 

models and motivators throughout my education; I could never have achieved this without 

them. My sister, Rachael, has always been a great source of friendship and inspiration, with 

a perspective looking right into the blind spots in mine.  

 

 

 

 

 

 

 



  

vi 

 

TABLE OF CONTENTS 

 

ABSTRACT .................................................................................................................................................................................. II 

ACKNOWLEDGEMENTS ....................................................................................................................................................... IV 

LIST OF TABLES ................................................................................................................................................................... VIII 

LIST OF FIGURES .................................................................................................................................................................... IX 

LIST OF EQUATIONS ............................................................................................................................................................. XI 

1 INTRODUCTION ............................................................................................................................................................. 1 

1.0 SPECIFIC AIMS.......................................................................................................................................................... 1 

1.1 PROCESSING AND MANUFACTURING OF CERAMICS ........................................................................................... 2 

1.1.1 Conventional Methods .......................................................................................................................................... 2 

1.1.2 Additive Manufacturing (AM) ........................................................................................................................... 2 

1.1.3 Additive Manufacturing of Ceramics ............................................................................................................. 5 

1.1.4 Investigated Suspension Types ......................................................................................................................... 8 

1.2 DLVO THEORY OVERVIEW ................................................................................................................................. 12 

1.3 SINTERING THEORY OVERVIEW ......................................................................................................................... 16 

1.4 THESIS OUTLINE .................................................................................................................................................... 21 

REFERENCES ........................................................................................................................................................................... 22 

2 EXPERIMENTAL METHODS, MEASUREMENTS, AND INSTRUMENTS ................................................. 25 

2.1 POWDER CHARACTERIZATION ............................................................................................................................ 26 

2.2 PREPARATION OF VARIOUS SLURRIES ............................................................................................................... 27 

2.2.1 Chitosan (pronounced kite-o-san) ............................................................................................................... 27 

2.2.2 PVA Binder .............................................................................................................................................................. 28 

2.2.3 TAC Only ................................................................................................................................................................... 28 

2.3 SLURRY MIXING ..................................................................................................................................................... 29 

2.3.1 Hand Mix and Stir Bar ....................................................................................................................................... 30 

2.3.2 Mixing/Milling Machines .................................................................................................................................. 30 

2.4 PRINTING ................................................................................................................................................................ 33 

2.4.1 The Printer .............................................................................................................................................................. 34 

2.4.2 Syringe Extrusion ................................................................................................................................................. 35 

2.4.3 Toolpath Programming .................................................................................................................................... 35 

2.4.4 Curing ........................................................................................................................................................................ 36 

2.5 SINTERING .............................................................................................................................................................. 36 

2.6 MECHANICAL TESTING ......................................................................................................................................... 37 

2.6.1 Surface Preparation............................................................................................................................................ 38 

2.6.2 Hardness Testing .................................................................................................................................................. 38 

2.6.3 Four-Point Bend Testing ................................................................................................................................... 38 

2.7  FLUID PROPERTIES CHARACTERIZATION .......................................................................................................... 39 

2.7.1 Zeta Potential......................................................................................................................................................... 39 

2.7.2 Viscosity .................................................................................................................................................................... 41 

2.7.3 pH Measurement .................................................................................................................................................. 41 

2.8 SEM ANALYSIS ...................................................................................................................................................... 41 

REFERENCES ........................................................................................................................................................................... 43 



  

vii 

 

3 RESULTS AND DISCUSSION .................................................................................................................................... 44 

3.1 INVESTIGATION OF HIGH-SOLIDS SLURRY MIXING ......................................................................................... 44 

3.1.2 Optimizing the Mixing Process ...................................................................................................................... 44 

3.2 INVESTIGATION OF VARIOUS PRINTING METHODS ......................................................................................... 49 

3.2.1 Chitosan Gel Network ......................................................................................................................................... 50 

3.2.2 PVA Binder .............................................................................................................................................................. 51 

3.2.3 Direct Coagulation with TAC .......................................................................................................................... 54 

3.3 INVESTIGATION OF SINTERING PARAMETERS .................................................................................................. 58 

3.4 INVESTIGATION OF DIRECT COAGULATION PRINTING .................................................................................... 61 

3.4.1 Journal Submission Summary .............................................................................................................................. 61 

3.4.2 Introduction ................................................................................................................................................................. 62 

3.4.3 Materials and Methods ........................................................................................................................................... 66 

3.4.4 Results ............................................................................................................................................................................. 70 

3.4.5 Discussion ...................................................................................................................................................................... 81 

3.4.6 Conclusion ..................................................................................................................................................................... 84 

REFERENCES ........................................................................................................................................................................... 85 

4 CONCLUSION AND FUTURE WORK ..................................................................................................................... 90 

4.1 CONCLUSION........................................................................................................................................................... 90 

4.2 DIRECTIONS FOR FUTURE WORK ....................................................................................................................... 91 

 

 

  



  

viii 

 

LIST OF TABLES 

 

 

TABLE 1: TAGUCHI SLURRY MIXING DOE ............................................................................................................................. 47 

TABLE 2: TAGUCHI DOE OPTIMUM VALUES ......................................................................................................................... 49 

TABLE 3: EARLY PRINTABILITY AND SINTERABILITY EXPERIMENT ................................................................................. 55 

TABLE 4: DCP 6 FACTOR DESIGN OF EXPERIMENTS ........................................................................................................... 57 

TABLE 5: DCP 6 FACTOR DOE SCORE WEIGHTS ................................................................................................................ 57 

TABLE 6: RESULTS OF SINTERING STUDY .............................................................................................................................. 60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

ix 

 

LIST OF FIGURES 

 

FIGURE 1: CLASSIFICATION OF AM PROCESSES ACCORDING TO DIMENSIONAL ORDER [4] ............................................ 3 

FIGURE 2: LULZBOT TAZ 6 EXTRUSION-BASED PRINTER FOR THERMOPLASTICS ............................................................. 4 

FIGURE 3: POWDER AND COLLOIDAL SUSPENSION-BASED CERAMIC ADDITIVE TECHNIQUES [3] .................................. 6 

FIGURE 4: COMPARISON OF SUSPENSION CONSTITUENTS FOR DIFFERENT CERAMIC ADDITIVE TECHNIQUES ............. 8 

FIGURE 5: DIAGRAM OF A GEL NETWORK SUSPENDING NANOPARTICLES .......................................................................... 9 

FIGURE 6: DIAGRAM OF A TWO-PARTICLE INTERACTION AND PLOTS OF THE INTERATOMIC FORCES BETWEEN THEM 

FOR (TOP TO BOTTOM) ELECTROSTATIC, STERIC, AND STRUCTURAL STABILIZATION[2]. .................................. 11 

FIGURE 7: STAGES OF THE COAGULATION PROCESS ............................................................................................................. 12 

FIGURE 8: EDL ON A METAL OXIDE SURFACE [33] .............................................................................................................. 14 

FIGURE 9: EDL AND VDW INTERACTION ENERGY [36] ..................................................................................................... 15 

FIGURE 10: A) SURFACE DIFFUSION CAUSING NECK FORMATION WITHOUT DENSIFICATION. B) VOLUME DIFFUSION 

LEADING TO NECK FORMATION AND DENSIFICATION [1] ......................................................................................... 17 

FIGURE 11: RINGS OF PARTICLES WITH COORDINATION NUMBER N. A) INITIAL CONDITION, B) NONZERO CONTACT 

ANGLE Ψ, INITIAL PARTICLE RADIUS R, PORE RADIUS RP, AND COORDINATION ANGLE Θ [1] ........................... 19 

FIGURE 12: THE STAGES OF SINTERING, STARTING TOP LEFT, ENDING BOTTOM RIGHT [1] ........................................ 20 

FIGURE 13: EXPERIMENTAL PROCESS FLOW ........................................................................................................................ 25 

FIGURE 14: A) TAIMEI POWDER, B) SKYSPRING POWDER ................................................................................................. 26 

FIGURE 15: DIAGRAM OF A PLANETARY BALL MILL, A) OVERVIEW OF PLANETARY DISK, B)CROSS SECTION OF A JAR, 

SHOWING FORCE CREATED BY PLANETARY DISK ........................................................................................................ 32 

FIGURE 16: MIXING MACHINES. A) ROLLER MILL B) SPEX HIGH ENERGY BALL MILL C) PLANETARY BALL MILL .... 33 

FIGURE 17: LULZBOT MINI PRINTER MODIFIED FOR SLURRY EXTRUSION ....................................................................... 34 

FIGURE 18: A) PRINTED SYRINGE PUMP EXTRUDER WITH PLASTIC GEARS, B) CUSTOM ALUMINUM GEARS IN THE 

PROCESS OF BEING MACHINED ....................................................................................................................................... 35 

FIGURE 19: MEAN EFFECTS PLOTS FOR MIXING TIME, PRINTABILITY, AND SINTERED DENSITY .............................. 49 

FIGURE 20: VISCOSITY VS. ALUMINA SOLIDS CONTENT IN CHITOSAN/ACETIC ACID SOLUTION. POINTS UP UNTIL #5 

WERE BELOW THE MEASUREMENT THRESHOLD OF THE SPINDLE BEING USED. REDUCTION IN VISCOSITY AT 

~42.5 VOL% IS DUE TO ADDITION OF 0.5 WT% ETHANOL AS DISPERSANT ........................................................ 50 

https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726886
https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726891
https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726891
https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726892
https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726892
https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726893
https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726901
https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726901
https://colostate-my.sharepoint.com/personal/thensen_colostate_edu/Documents/Fall%202015/AMPT%20Lab/Presentations/Thesis/Thesis_V10.docx#_Toc498726901


  

x 

 

FIGURE 21: CHITOSAN SPONGES WITHOUT ALUMINA ......................................................................................................... 51 

FIGURE 22: STRUCTURES PRINTED IN 1ST ITERATION PVA BINDER TESTING ............................................................... 52 

FIGURE 23: HIGH TEMPERATURE HEAT EXCHANGER CONCEPTS WITH PVA BINDER .................................................... 53 

FIGURE 24: PARTS FROM EARLY PRINTING EXPERIMENTS ................................................................................................. 55 

FIGURE 25: MAIN EFFECTS PLOT FOR WEIGHTED DCP DOE SCORES ............................................................................ 58 

FIGURE 26: DCP PROCESS FLOW............................................................................................................................................ 67 

FIGURE 27: DIAGRAM OF DCP PRINTER ................................................................................................................................ 68 

FIGURE 28: AS-RECEIVED ALUMINA POWDER ...................................................................................................................... 70 

FIGURE 29: ANALYTICAL MODEL OF DEBYE LENGTH, EDL INTERACTION ENERGY, AND AMMONIA EVAPORATION 

RATE VS. PH. * REPRESENTS PH 3.1 AFTER SIGNIFICANT AMMONIA EVAPORATION ........................................... 71 

FIGURE 30: ZETA POTENTIAL WITH RESPECT TO TAC CONCENTRATION ........................................................................ 72 

FIGURE 31: ZETA POTENTIAL WITH RESPECT TO PH .......................................................................................................... 72 

FIGURE 32: SLURRY VISCOSITY VS PH .................................................................................................................................... 73 

FIGURE 33: FRACTURE SURFACE OF A GREEN PART WHERE A) IS AT 200X AND B) IS AT 300X .................................. 75 

FIGURE 34: A) PRINTED ROCKET PROTOTYPE DEMONSTRATING OVERHANGS AND ENCLOSED VOLUMES, B) PART 

PRINTED WITH CLOSED-CELL HOLLOW INFILL, C) PRINTED TURBINE PROPELLER............................................... 76 

FIGURE 35: SEM IMAGES OF SINTERED, 3D PRINTED ALUMINA SHOWING MAGNIFICATIONS OF A) 250 X, B) 4,000 

X, AND C) 7,000 X ............................................................................................................................................................ 77 

FIGURE 36: A) SINTERED ROCKET TRANSLUCENT TO WHITE LIGHT, B) IDENTICALLY PRINTED GREEN AND 

SINTERED ROCKETS DEMONSTRATING SHRINKAGE DUE TO SINTERING ................................................................. 78 

FIGURE 37: FLEXURAL STRENGTH OF COMMERCIAL SAMPLES AS WELL AS PRINTED PARTS IN THIS RESEARCH ...... 80 

FIGURE 38: FLEXURAL MODULUS OF COMMERCIAL SAMPLES AS WELL AS PRINTED PARTS IN THIS RESEARCH ....... 80 

FIGURE 39: HARDNESS OF COMMERCIAL SAMPLES AS WELL AS PRINTED PARTS IN THIS RESEARCH ......................... 81 

 

 

 

 

 

 

 

 



  

xi 

 

LIST OF EQUATIONS 

 

 

EQUATION 1: REQUIRED EXTRUSION PRESSURE .................................................................................................................... 7 

EQUATION 2: ARRHENIUS RELATIONSHIP ............................................................................................................................. 17 

EQUATION 3: LAPLACE STRESS ............................................................................................................................................... 18 

EQUATION 4: RAJ STRESS ......................................................................................................................................................... 18 

EQUATION 5: KINGERY AND BERG EQUATION ...................................................................................................................... 19 

EQUATION 6: MODIFIED KINGERY AND BERG EQUATION .................................................................................................. 19 

EQUATION 7: ZETA POTENTIAL ............................................................................................................................................... 40 

EQUATION 8: REPULSIVE DOUBLE LAYER FORCE ................................................................................................................ 66 

EQUATION 9: ATTRACTIVE VAN DER WAALS FORCE........................................................................................................... 66 

EQUATION 10: DEBYE LENGTH ............................................................................................................................................... 66 

EQUATION 11: AMMONIA EVAPORATION REACTION .......................................................................................................... 73 

EQUATION 12: GRIFFITH FRACTURE TOUGHNESS EQUATION ........................................................................................... 82 

 

 

 

  



  

1 

 

1  Introduction 

Here, the impetus for this thesis research is presented. This is followed by a 

background and summary of approaches to achieving the ultimate goal. An overview of 

related theories is presented. The introduction concludes with an outline for the rest of the 

thesis. 

1.0 Specific Aims  

This research set out to accomplish three specific aims concerning designing a 

material system and method for ceramic additive manufacturing (AM).  

First, a slurry had to be developed with the requirements that it is extrudable, 

material independent, and with a solids content sufficiently high to be printed in near net 

shape and sintered to a high degree of relative density. In other words, to be extrudable, 

the material had to be able to flow through a nozzle, and cease flowing almost immediately 

afterward. To achieve material independence, the fundamental suspension mechanism 

must be able to be applied to a broad selection of materials. A high solids content is 

essential to minimizing shrinkage, and achieving full density allows comparison of parts 

from this method to those produced by conventional methods. 

Second, parts had to be made demonstrating complex geometry. Essentially, this 

covered any feature that would be extremely difficult or simply impossible without 

additive manufacturing, especially overhangs and enclosed features.  

Finally, the sintering of the material had to be optimized. This extended to the 

production of fully dense (>97% theoretical density) parts with complex geometries. 
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The culmination of these specific aims was the development of a novel, relatively low cost, 

and adaptable method of AM, competitive with current methods.  

 

1.1 Processing and Manufacturing of Ceramics 

 This section introduces the various technologies upon which this research is 

founded. From conventional methods to advanced additive techniques for ceramics, a basic 

overview is given, with references, which offer excellent background and fundamental 

knowledge for the curious reader. 

1.1.1 Conventional Methods 
Some conventional methods of making ceramic parts have been around since 

ancient times, such as clay suspensions and slip casting, while others such as gas, liquid, 

and powder precursor methods were developed more recently [1]–[6]. Typically, the initial 

forming process is the most critical stage because ceramics do not machine well and many 

require expensive tooling due to their inherent brittleness and low fracture toughness. In 

many cases where a complex geometry is required, the post-hard machining of ceramics 

can account for 80% of the total cost [4].  Hence, many ceramic parts are designed with 

geometries that are possible through casting or film deposition. This limits the possible 

geometries and also increases overall cost of manufacturing by requiring tooling or 

chambers with tight environmental controls. A comprehensive background on 

conventional and recent ceramic processing is beyond the scope of this work, but can be 

found in references [1], [5]. 

1.1.2 Additive Manufacturing (AM) 
As with many other materials, additive manufacturing of ceramics offers the 

potential for enormous expansion in capability and creativity in design [7]. AM, in general, 
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relies on the principle of bottom-up or inside-out design styles for manufacturing, using 

point, line, or areal material placement. AM was originally developed using thermoplastics, 

and has since expanded to include techniques for all types of plastics, biomaterials, metals, 

ceramics, electronics, and composites of nearly all of the above. Examples of many of these 

various technologies are show in Figure 1 from reference [4]. 

 

Figure 1: Classification of AM processes according to dimensional order [4] 

 The various additive technologies each offer advantages for specific geometries, 

material systems, and desired properties. All of the extrusion freeform (EFF) technologies 

depend on a system with 3-axis motion capability and some form of material dispensation, 

such as a common extrusion-based printer used for EFF and shown in Figure 2.  
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Figure 2: Lulzbot Taz 6 extrusion-based printer for thermoplastics 

Some other technologies, such as lithography-based solutions, laser melting, and 

binder jetting systems use a vat or bed of material and perform processes to isolate that 

which is desired, while the rest is removed in post processing. Some of these techniques 

can produce parts requiring little to no surface finish operations, with resolution down to 

the nano-scale [8]. In contrast, many of the extrusion-based hobby printers such as the 

Lulzbot Taz 6 are sold with nozzles typically enabling 200 - 500µm minimum feature size. 

The quality of parts from the low-cost extrusion printers has been shown to be adequate 

for many functional research and general practical purposes, as evidenced by the many 

forums and CAD sharing websites dedicated to them (thingiverse.com, 3ders.org, ͵dhubs.com, forum.lulzbot.com etc…Ȍ. AM has been applied to the manufacture of nearly 

everything imaginable, from art to hand tools to FAA certified aircraft components. 
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1.1.3 Additive Manufacturing of Ceramics 
The progress of ceramic additive has been slower to advance than that of metals or 

polymers, partially due to the extreme physical properties of ceramics [6]. Regardless, 

functionalized ceramic parts such as piezoelectrics [4], multi-material composites [9], 

refractory heat exchangers [10], biomedical implants [4], [11], and structural components 

[12] have already been produced, to name a few.  

 Of the multitude of additive techniques available, a remarkable amount have been 

adapted with the ability to make ceramic parts. Those techniques that have been replicated 

with ceramic and the differences between them are illustrated in Figure 3 from reference 

[3]. While these techniques have all been shown to produce parts, not all have proven the 

quality or reliability for functional applications. 
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Figure 3: Powder and colloidal suspension-based ceramic additive techniques [3] 

 

For the scope of this research, special attention is paid to the direct ink writing 

(DIW) family of processes. All of the methods investigated used an unheated syringe to 

extrude a paste in layers, which then solidifies, onto a substrate. In these extrusion-based 

styles of additive, the extrusion behavior of the paste defines the maximum possible quality 

of the part. This can be seen in Equation 1, from [13], where ΔP is the required extrusion 
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pressure, Q is the volumetric flow rate, µ is viscosity, l is the nozzle length, r is nozzle radius, and σ is surface tension. 
∆ܲ = 8ܳ�݈��ସ� 

Equation 1: Required Extrusion Pressure 

 Required extrusion pressure is proportional to viscosity, and inversely so with 

respect to surface tension. An extruder is normally limited by the maximum pressure that 

can be generated under the power of the motor and reduction of the transmission. With 

this as a constraint, an increase in viscosity requires a proportional increase in pressure to 

avoid clogging or other failure. On the other hand, an increase in surface tension could 

potentially be used to counteract this effect. On a very general level, there are a few 

considerations necessary when extruding powder suspensions; namely the amount of 

powder by volume fraction, and the physical characteristics of the powder. To print parts 

with tolerable shrinkage and capability to be sintered to full density, it is suggested that 

powder volume fractions are at or above 50 vol% [14].  Viscosity is naturally raised with 

higher powder concentrations due to more frequent particle collisions and friction, such 

that ultra-high powder concentrations such as 80 vol% may be too viscous to print without 

expensive, high-pressure extrusion systems. When attempting to extrude with very fine 

resolution, a very small nozzle is desired. As a general rule, the size of the particles in 

suspension must be at least 50 times smaller than the nozzle to allow for the 

approximation of fluid flow characteristics and to avoid clogging. For example, if using a 

powder with average diameter 150 nm, the minimum nozzle diameter is 7.5 µm. 

Furthermore, the suspension must typically be modified to ensure structural stability of the 
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final part. This is usually done with the addition of dispersants, binders, and plasticizers of 

various sorts, with as much as 7 wt% of impurities, as shown in a comparison of 

constituents between two suspension-based ceramic additive techniques in Figure 4 below. 

Purity of ceramics is typically of critical importance for producing the intended properties. 

If such impurities are not thoroughly removed, parts may be highly unreliable.  

The characteristics of the specific methods and suspension mechanisms investigated 

for this research are described in the following section. 

 

Figure 4: Comparison of suspension constituents for different ceramic additive techniques 

 

1.1.4 Investigated Suspension Types 
 The following methods of particle suspension are discussed with respect to function 

with colloidal particle sizes. A colloid can be defined as a particle, upon which the Van der 

Waals and electrostatic forces in an environment can overcome gravitational forces, 

enabling indefinite suspension of particles without settling. Across many materials, colloidal particle sizes have a maximum around ͳͲ μm.  These suspensions often exhibit 
non-Newtonian behavior, and may be tuned to act as either a solid or a liquid. The different 

methods of particle suspension are discussed here. 
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Chitosan Gel 

The first method to be tested was a rapidly crosslinking bio-polymer gel, with the 

hypothesis that the quick transition from liquid to solid could be well suited to extrusion 

printing. The process of gelation generally involves a polymer that is dissolved in liquid, 

which stiffens to form a semi-rigid structure when a crosslinking agent is introduced. This 

crosslinking agent induces bond formation between the dissolved polymer chains and the ǲcrosslinkǳ chemical chains. This bonding forces the polymer and crosslinking agent to 

form a solid network. This network can function as a matrix, capable of supporting other 

materials such as nanopowders, and the transition from liquid slurry to solid gel can occur 

in a matter of seconds.  The procedure in this research is based off the work of Mekhail et 

al, [15] using the chemical guanosine ͷǯdiphosphate ȋGDPȌ as a crosslinking agent for the 
bio-polymer chitosan. A drawback of this approach was found to be that the gel network 

necessitated a significant amount of impurities which could be very difficult to remove 

completely. 

 

PVA Binder 

In an effort to create a slurry with sufficiently high viscosity to retain printed 

geometries, while involving a smaller amount of impurities, the synthetic polymers 

ammonium polyacrylate and polyvinyl alcohol (PVA) were investigated. Ammonium 

polyacrylate (Darvan 821-A, Vanderbilt Minerals LLC, USA) was used as a dispersant to 

Figure 5: Diagram of a gel network suspending nanoparticles 
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achieve high solids loading in the slurry. This product is designed for stabilization and 

improved solids content for ceramic suspension, and has been used frequently in literature 

[16]–[20]. PVA has been employed often in ceramic suspensions as a binder, and is 

frequently used in the production of adhesives, forming polyvinyl acetate, and in the 

thickening of other adhesives [5], [21].  

Both the Darvan and the PVA binder have functional groups that bond to the 

alumina particles through dipole interactions, similar to ionic interactions. When these two 

are used in conjunction, the Darvan allows for high solids loading and the PVA provides the 

binding effect, raising viscosity to a point at which shape can be retained after extrusion or 

deformation.  Depending on the concentration of the two constituents, the material system 

could be electrostatically, sterically, or structurally stabilized. The difference between these 

stabilization types is elucidated in Figure 6 below. Further clarification for ceramic colloidal 

suspensions and the stabilization types can be found in a summary provided by Lewis [2]. 
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Figure 6: Diagram of a two-particle interaction and plots of the interatomic forces between them for 

(top to bottom) electrostatic, steric, and structural stabilization[2]. 

Direct Coagulation 

For the proposed research, coagulation was shown to be the superior method of 

solidification of a liquid suspension, making it the best choice for the new extrusion 

printing method. This mechanism is based on the electrochemical reactions between the 

liquid solvent, the solid particles, and the coagulating agents added to the mixture. When 

particles are suspended in a liquid, the ions in the liquid adsorb onto the surface of the 

particles, leading to a surface charge on the particles and the subsequent creation of an 

electrical double layer around them. This leads to interparticle repulsive forces that are 

responsible for homogenous distribution in suspension. When a counter-ion is introduced, 

such as by a coagulant, or the pH of the suspension is shifted, this can lead to a reduction in 

the interparticle repulsion. This allows particles to flocculate and eventually form a solid 

coagulated structure, as shown in Figure 7. For the desired applications, the coagulation 

time is crucial to the design and it must be optimized for the additive manufacturing 
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process. This research shows that direct coagulation using triammonium citrate (TAC) salt 

as both dispersant and coagulant allows for a tunable coagulation rate, giving coagulation 

times from the range of seconds to minutes.  

 

Figure 7: Stages of the coagulation process 

The use of TAC in ceramic suspensions as a dispersant is documented in research 

[22]–[24]. The presence of adsorbed citrate and ammonium ions creates electrostatic 

stabilization. The direct coagulation printing process discussed in Chapter 3 presents a 

completely binderless method of extrusion printing, eliminating the need for a binder 

removal step as well as a significant reduction in impurities. To better understand the 

mechanisms behind the initial stabilization and subsequent coagulation, a discussion of the 

governing theory of electrostatic colloidal stabilization is presented in Section 1.2.  

  

1.2 DLVO Theory Overview 

 Colloidal processing of ceramics in particular has been in practice for thousands of 

years, essentially starting with hand-formed pottery. Since then, advances have been made 

including technologies such as gel casting and extrusion that are common in ceramic 

forming today. In recent years, the desire for ceramics optimized to specific engineering 

applications has led to fundamental scientific research in this area [2], [3], [12], [25]–[27]. 
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This work has led to the evolution of many methods of controlling the mechanical and fluid 

properties of colloidal ceramics, with stabilization control through electrostatic (DLVO), 

steric (polymeric), and structural (non-adsorbed species) effects, or any combination of 

these. The latter two, steric and structural stabilization, introduce a relatively enormous 

amount of impurities into the system, which must be removed if the final product is 

intended to be near full density after sintering and have properties approaching those of a 

bulk engineering ceramic [5].  

Steric and structural stabilization techniques have been investigated thoroughly, 

and are used in a wide variety of additive manufacturing applications [3], [9], [28]–[32]. To 

achieve a ceramic part whose properties are not compromised by binder material or 

residual pores, parts made by these methods require complete removal of the binder and 

densification. The binder removal step usually occurs over a matter of hours to days, and 

typically a furnace and the power that comes with operating it. Direct coagulation, an 

electrostatic method, leaves behind little to no residual pores or material, and occurs on the 

scale of minutes.  

From 1939 to 1948, a series of papers by authors Boris Derjaguin, Lev Landau, Evert 

Verwey, and Jan Overbeek were published, outlining what is now commonly known as 

DLVO theory. This work characterizes the fundamentals of idealized colloid interactions 

and stability. The theory extends to general interactions between interfaces including 

deposition. DLVO theory covers a range of possible scenarios including interactions 

between identical interfaces (symmetric system with homoaggregation), dissimilar 

interfaces (asymmetric system) and aggregation of dissimilar particles 

(heteroaggregation). 
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An idealized metal oxide surface with electrostatic double layer is shown in Figure 8 

[33].  The Debye length is shown by a border between the structured arrangement of 

adsorbed charged particles and the random normal water structure. Also in Figure 8, the 

inner and outer Helmholz planes are illustrated, differentiating between in initial 

monolayer of specifically adsorbed ions, and the nonspecifically adsorbed screening layer 

of opposite polarity.   The region beyond this and up to the Debye length is considered the 

diffuse plane. According to the Bockris-Devanthan-Müller (BDM) model, polar solvent 

molecules (H2O) will also arrange themselves in these regions such that each side of the 

dipole is towards the interface of opposite charge [34].  

 

 
Figure 8: EDL on a metal oxide surface [33] 

 

DEBYE LENGTH 
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DLVO theory focuses on the balance of the electrostatic double layer (EDL) force and 

Van der Waals (VdW) force between particles. EDL force is always repulsive in the case of a 

symmetric system, is strong at larger distances, and is very strongly dependent on 

electrolyte concentration and ionic strength [35].  VdW force is affected by particle spacing, 

such that, as particles become very close, VdW force attracts particles most strongly.   

 
Figure 9: EDL and VdW interaction energy [36] 

 As shown in Figure 9 [36], DLVO theory describes an energy balance between the 

two forces. In this theory, there is an energy barrier that must be overcome for particles to 

make physical contact under extremely attractive VdW forces. The maximum repulsive 

force occurs approximately at the Debye length (κ-1). This is the distance from the particle 

surface to where the surrounding cloud of ions acts as a soft static surface attached to the 

particle, rather than moving freely as if in a liquid. If the EDL repulsion is great enough, 

colloids will remain stable in suspension, at a separation distance greater than 2 κ-1. If the 

EDL force is not sufficient, the random motion of particles may provide collisions with 

enough energy to overcome this barrier and coagulation will occur.  EDL force can be 
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minimized by increasing electrolyte concentration and lowering surface charge density. In 

either case, a homogenous and stable suspension can be forced to coagulate, forming 

networks of different density and at a different rate, depending on the degree to which 

these properties are changed. In general, coagulation methods are useful because particle 

packing is enhanced, allowing for higher vol% slurries and higher green/sintered densities 

due to short range repulsive (lubricating) force from EDL and long range attractive force 

from VdW [37]. DLVO theory is useful in predicting characteristics of slurries, giving insight 

toward avenues of improvement. 

 

1.3 Sintering Theory Overview 

Sintering is commonly defined as the transformation of many particles into a single 

mass through densification and diffusion processes, under elevated temperature and/or 

pressure, and without liquefaction. Material transport in sintering occurs in a variety of 

mechanisms, due to a plethora of driving forces. The most prevalent driving force for 

sintering is the decreasing of overall internal energy to reach an equilibrium state by 

reducing surface energy [38]. Aside from this, the other driving forces such as electrical 

potential and pressure gradients may be present if Joule heating (self heating through 

electrical resistivity) and/or pressure assisted sintering are used. In pressureless sintering 

without applied electrical fields, the types of mass transport are surface diffusion, 

evaporation/condensation, viscous flow, and volume diffusion [39]. In the presence of an 

applied field or an axial load, with consideration to heating rates, mass transport 

mechanisms such as electromigration, electrotransport, polarization, and thermodiffusion 

become significant [40]. Pertaining to the scope of this research, the applicable sintering 



  

17 

 

theory pertains mostly to ǲfreeǳ, or pressureless, sintering without applied electric fields. In 

most sintering processes, diffusion is the chief method of mass transport. Sintering by 

diffusion can be predicted by the Arrhenius temperature relation, ܰܰ଴ = ���ሺ− ܴܳ�ሻ 

Equation 2: Arrhenius Relationship 

where ଴ܰis the original number of atoms or vacancies in the given area, ܰis the current 

number of atoms or vacancies, ܳis the activation energy of the atoms, ܴ is the gas constant, 

and � is the absolute temperature.  

 

The interparticle diffusion of atoms leads to the development of necks between the 

theoretically spherical particles of the green part. This can occur in two ways, depending on 

whether surface diffusion or volume diffusion are dominant, as shown in Figure 10. 

Surfaces are naturally high-energy areas, as the lattice structure is very frequently 

disturbed. Due to this, diffusion at surfaces can occur at much lower temperatures than in 

Figure 10: a) Surface diffusion causing neck formation without 

densification. b) Volume diffusion leading to neck formation and 

densification [1] 
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the bulk material. Grain boundaries also present high energy, disordered regions, and 

contribute to diffusion similarly. Typically, surface and grain boundary diffusion are the 

dominant forms of mass transport from ~0.25-0.5Tm, where Tm is the melting temperature 

of the material. Beyond 0.5Tm, volume diffusion has the most significant contribution. 

Diffusion is a consequence of a nonequilibrium state of energy with regard to 

interatomic interactions. Diffusion will occur continuously until the equilibrium energy 

state is reached. Geometrically, a curved surface has a chemical potential greater than a flat surface, and the energy difference is inversely proportional to the particleǯs radius of 
curvature [1]. In other words, the smaller the particle, the higher the energy gradient that 

drives a transformation to a particle with a larger radius of curvature. This can be 

expressed many ways, but the most applicable is through the relation to intrinsic stress. 

The intrinsic stress state of a material or grain can be approximated by the Laplace 

equation, ����௟��� = ଶఊ���   

Equation 3: Laplace Stress 

 where ����௟���is the stress, ߛ௦�is the surface energy of the particle, and ܴ is the 

radius of the particle. For a material that is not fully dense, as in Figure 11, the Raj stress 

equation provides a more general approximation that includes pores between grains in the 

material, ���௝ = ଶఊ��஽ + ସఊ��஽�   

Equation 4: Raj Stress 

where ���௝is the stress, ߛ௦�is the surface energy of the particle, ߛ௦௦is the interfacial surface  
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energy, �is the diameter of the particle, and ��is the diameter of the pore.  

When surface diffusion and evaporation/condensation are the main contributors to 

the sintering process, no shrinkage of the compact occurs. However, when viscous flow or 

volume diffusion are the major forms of mass transport, the volume of the compact will 

shrink during sintering as the particle centers approach each other. In the case of viscous 

flow, the volume change can be approximated with the Kingery and Berg equation, ∆��0 = −ଶ଻�ఊమ௧మଵ଺௥మ�మ   

Equation 5: Kingery and Berg Equation 

and in the case of volume diffusion, a similar equation can be used, ∆��0 = −ଷ�଼ [଼଴ఊ�య஽�௥య௞� ]రఱ�రఱ  

Equation 6: Modified Kingery and Berg Equation 

where �� is the volume change, �଴ is the original volume, ݊ is the number of contacts per 

sphere, ߛ is the surface energy, � is time, � is the radius of the particle, ߟ is viscosity, � is the 

Figure 11: Rings of particles with coordination number n. a) initial condition, b) 

nonzero contact angle Ψ, initial particle radius R, pore radius Rp, and coordination 

angle θ [1] 
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atomic radius, �� is the self diffusion coefficient,݇ is the Boltzmann constant, and � is the 

absolute temperature. As can be seen in the above figures, to sinter to full density requires 

a relatively high green density (typically above 50%) in order to avoid pores that are too 

large to close completely. 

Sintering is traditionally broken into three stages describing discrete phenomena 

and material characteristics in each stage. There is an initial stage, an intermediate, and a 

final stage. The material begins as a loose powder before it is sintered. As soon as the 

temperature is sufficiently high, the initial stage of sintering begins, and is characterized by 

an open pore structure and high porosity. This is followed by the intermediate stage in 

which the porosity is reduced by significant interparticle neck growth, grain growth, and 

pore shrinkage. The final stage can be recognized by significant grain growth and closed, 

spherical pores, with the potential to reduce porosity to zero if the sample is sintered to full 

density [1]. 

 

 

 

 

 

 

 

 

     

     

Figure 12: The stages of sintering, starting 

top left, ending bottom right [1] 
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1.4 Thesis Outline 

With the background information in the previous sections, the remainder of this 

work is continued with minimal discussion of these fundamentals. Chapter 2 discusses the 

three suspension types initially investigated and the materials involved; followed by 

mixing, printing, sintering, microscopy, and mechanical and fluid properties test 

procedures and equipment used.  The results of the experiments and observations are 

presented and discussed in Chapter 3. This begins with the creation of a high solids content 

slurry, and then the capability and suitability of each of the three suspension types to 

printing and sintering. Next is the preliminary optimization of sintering schedules and the 

chapter is concluded with an in-depth discussion of the direct coagulation printing process 

and parts created by it. A comprehensive conclusion and proposals for future work are 

presented in the final pages, in Chapter 4.  
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2  Experimental Methods, Measurements, and Instruments 

While many methods were employed, extrusion based ceramic additive 

manufacturing generally adheres to a process flow common to all techniques. This process 

flow involves three main operations, slurry preparation, printing, and sintering, and is 

illustrated in Figure 13. The details of each process varied significantly between methods, 

but the end result accomplished the same goal. Before, during, and after these processes, 

measurements and observations were made to characterize both the material system and 

the process itself. These included SEM for initial powder characterization, viscosity and 

zeta potential testing to understand fluid and colloidal properties, and hardness and 

flexural testing to obtain mechanical properties. 

 

Figure 13: Experimental Process Flow 
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2.1 Powder Characterization Characterization of powders in the Ǯas-receivedǯ state is necessary prior to experimentation to validate manufacturerǯs specifications and quantify unknown properties. Two different types of α-alumina (Al2O3) were used in printing experiments; 

one being more expensive and of very high quality (99.9999%, 100 nm avg. dia., TM-DAR, 

Taimei Chemicals Co, Japan), and another being more affordable, lower purity, and having 

larger grain size (99.0%, 150 nm avg. dia., Skyspring Nanomaterials, USA).  

   

Figure 14: a) Taimei Powder, b) Skyspring Powder 

The SEM images in Figure 14 were taken to validate grain size and morphology of 

each powder. Grain size is a very important factor in colloidal science because it 

determines the ratio of surface area to mass of powder. Through this, either the electrical 

forces at the surface or gravitational forces due to mass will dominate, determining the 

ability of particles to be suspended indefinitely.  Grain size is also impactful in sintering, as 

nanoparticles can have significantly reduced energy demands to produce fully dense parts 

as compared to conventional micron-scale particles or larger. To validate many 

assumptions in sintering and DLVO theory, it is necessary to know morphology, or general 
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shape of a grain. Nearly all sintering and colloid theory is based on the assumption of 

spherical particles.  

2.2 Preparation of Various Slurries 

 In the initial stages of this research, three candidate material systems were 

investigated. The main mechanism of each system was fundamentally different; a bio-

polymer gel, a functionalized polymer binder, and a directly coagulating suspension. Each 

of these, and any particular intricacies in their preparation, are described in the sections 

below. 

 

2.2.1 Chitosan (pronounced kite-o-san) 
The first method investigated in this research was based on a rapidly crosslinking 

bio-polymer system involving chitosan and guanosine 5 diphosphate (GDP) as crosslinking 

agent. For this method, chitosan (740063 High Purity Chitosan, Mv 60,000-120,000, Sigma 

Aldrich, USA) was dissolved at either 3 or 6 mg/mL in a 0.06M solution of hydrochloric or 

acetic acid. Alumina powder was then added to this solution. Due to the fact that the 

powders remained in suspension and did not show aggregation or clumping, it was 

assumed to be sterically stabilized. After powder was added, a solution of GDP (G7127, 

96% purity, Sigma Aldrich, USA) at 100mg/mL in DI water was made and added to the 

chitosan and powder solution at 15 vol%. This was then stirred by hand to facilitate rapid 

and homogenous crosslinking. This reaction occurred on the order of seconds, and the 

stabilization method was assumed to have transitioned to a structural stabilization. From 

this point, the parts were already a semi-solid gel, and would need the gel structure 

removed before or during the sintering process to achieve fully dense ceramic parts. 
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2.2.2 PVA Binder 
To make a sterically stabilized ceramic suspension, Darvan 821-A was added at 0.3 

wt% with respect to alumina powder. The slurries were mixed in a ball mill with 50 vol% 

Al2O3, DI water, and Darvan until fully liquid. With a low viscosity, high solids content 

slurry achieved, the binder polyvinyl alcohol (PVA) was mixed in by ball mill to produce the 

increase in viscosity to a printable state. This was added at either 19 or 8 vol% with respect 

to Al2O3. After mixing, the slurry was ready to be loaded into a syringe and extruded, then 

dried and sintered. The temperature of the print bed was adjusted between room 

temperature and 80°C to produce different drying rates. Burnout of the contaminants 

occurs during a heating step in the sintering process. 

 

2.2.3 TAC Only 
Making a slurry with high solids loading with TAC alone required many iterations and 

different mixing methods. In general, the process began with dissolution of 0.3-0.5 wt% TAC, 

with respect to alumina, in DI water. This solution was then added to alumina powder at 40-50 

vol% in the required mixing container (varied with each mixing method, discussed in Section 

2.3) with the corresponding media. Of critical importance, regardless of the mixing method, the 

container must be very well sealed to eliminate evaporation of ammonia or water during mixing 

and any time before printing. It was not until the mixing process was perfected that 

experimentation with further modification of the slurry by pH adjustment was attempted. The 

freshly mixed slurry exhibited a pH around 8.5-9.5 and near water viscosity; this was adjusted by 

addition of 2M HNO3 to a pH between 4.2-5.2 to produce an extrudable and much more stable 

gel. During extrusion, print bed temperature could be modified to alter coagulation 
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characteristics. Once completely coagulated into a hard solid, the parts could be sintered without 

a binder removal step. 

The evolution of the mixing process involved many techniques including hand mixing, a 

simple magnetic stir bar, a roller mill, a SPEX mill, and a planetary ball mill. Each of these 

required specific speeds and most required mixing media with a specific ball:powder mass ratio 

to be successful. 

2.3 Slurry Mixing 

In an endeavor to develop the most efficient process of mixing a slurry for printing, 

a variety of mixing techniques were investigated. The preferred mixing method should 

balance batch size, mixing time, and consistency, with respect to the application. In a 

simple feasibility test, a small batch size is acceptable, minimum mixing time is preferred, 

and repeatability can be optimized later. On the other hand, to print a large part as the 

culmination of an optimization of a slurry, a large batch size is required, mixing time is not 

important, and the repeatability of the method must be very high to ensure the slurry 

exhibits the expected extrusion characteristics. In either case, the higher the achievable 

solids content, the better the mixing method. This is because, as long as the slurry still 

shows fluid behavior for extrusion, higher solids content leads to a denser green body and 

less shrinkage. A denser green body provides better sinterability, while less shrinkage 

helps mitigate warping and cracking during printing and sintering [1], [5]. The various 

mixing methods and their operation are described in the rest of this section. The results 

and employment of each technique are discussed in Chapter 3. 
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2.3.1 Hand Mix and Stir Bar 
Mixing by hand was done in either a glass or plastic container, with a stainless-steel 

spatula. Typically, only very low solids content (<35 vol%) was achievable due to the 

relatively low amount of kinetic energy involved. The batch size can be scaled to very large 

(hundreds of milliliters), but containers cannot be sealed. Hand mixing can also be a time-

consuming process, and is relatively inconsistent. This method provides easy preliminary 

results for the mixability and particle suspension characteristics of a material system. 

During and after mixing, the flow and settling of the slurry can be qualitatively analyzed. 

Mixing with a magnetic stir bar in the bottom of a glass or plastic container provides 

very similar capability to hand mixing, with the added ability to stir at a measured rate, 

work in a sealed container, and with slightly more energy than by hand. This can provide 

slightly higher solids content slurries when allowed to run for hours. The batch size is 

limited by stir bar size, but still relatively large. Consistency is also increased over hand 

mixing. This can be a good preliminary mixing step for slurries necessitating a sealed 

container, or an intermediate mixing step for slurries that showed promise with hand 

mixing. 

2.3.2 Mixing/Milling Machines 
Three types of industrial mixing machines were used in this research; a roller mill, a 

high energy ball mill (HEBM), and a planetary ball mill.  

The roller mill is a very traditional machine for slurry mixing. The basic principle of 

operation is to rotate a container on its side at such a rate that the contents remain on the 

wall due to friction or centrifugal effects until they are nearly at the top, at which point 

gravity forces them to fall back down. With repetition, a significant amount of energy can 

be put into mixing, especially if mixing media is added.  In this way, agglomerates are 
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broken up by the impact of media and slurry on the bottom of the container, and mixing 

naturally occurs through this process as well. This process allows for sealed containers. As 

the slurry becomes increasingly well-mixed, the viscosity changes, and the optimum 

rotation speed changes accordingly. This makes the repeatability of the method very low, 

considering it may need to run overnight, when, without supervision, a change in viscosity 

may occur without an operator present to adjust speed.  This mixing method can 

accommodate large samples, but requires very long mixing times to achieve liquid slurries 

with high solids content, as it is still relatively low energy. For this research, a basic roller 

mill (U.S. Stoneware, USA), with plastic jars and 5 mm spherical alumina mixing media was 

used. 

The HEBM operates on an eccentric rotation, with axial movement as well as radial, 

causing more random and complete mixing. In this research, an 8000M Mixer (Spex Sample 

Prep, USA) was used, with a stainless-steel mixing jar and 10 mm spherical stainless-steel 

mixing media. This is a very high energy mixing process, using a 1/3 horsepower motor 

and spinning at over 1000 cycles per minute, resulting in extremely low mixing times of 2-5 

minutes, as compared to hours with other mixers. However, the machine is only designed 

for very small samples, allowing for only about 7.5 mL of slurry to be made at one time. The 

consistency of this method is very high.  

The final mixing machine to be mentioned is the planetary ball mill. This operates by 

rotating a base plate, with the media in jars on separate rotating platforms that spin counter to the direction of the base plate, reminiscent of the popular Ǯtea cupǯ ride seen at 
carnivals. The counter-rotation of the plate beneath the mixing jars causes the media and 

slurry to be forced from one wall to another, instead of constantly circling the outside of 
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the jar, as shown in Figure 15. This mixing method allows for relatively large batch 

production (~100 mL), but can require hours to days to mix a large amount of slurry. When 

mixing only small amounts, mixing can be done in a matter of a few hours. When working 

with slurries that are very sensitive to very small quantities of dispersant, such as with 

TAC, the ability to make a large batch helps mitigate the amount of error involved in 

measuring such small quantities. This method shows very high consistency, but only when 

particular care is taken to ensure a good seal in the jars. Due to the long mixing times and 

heat that builds up in the jars from the constant friction, a bad seal may allow the escape of 

enough volatile constituents to render the slurry unmixable, resulting in a hard, dry clump 

instead of liquid suspension. The three mixing machines are shown in Figure 16. 

 

 
Figure 15: Diagram of a planetary ball mill, a) overview of planetary disk, b)cross section of a jar, 

showing force created by planetary disk 
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Figure 16: Mixing machines. a) Roller mill b) SPEX high energy ball mill c) Planetary ball mill 

Once a slurry is mixed via the chosen method and the desired fluid properties are 

achieved, the material is ready for printing. 

2.4 Printing 

As mentioned earlier, there are a multitude of printing systems, with many 

requiring completely different hardware. The direct coagulation system was designed with 

versatility and ease of implementation in mind. The relatively straightforward process of 

extrusion in ambient conditions has requirements that are fulfilled by most polymer 

extrusion printers, and an easy conversion can normally be done to enable DCP. Although, 

similar to the extrusion process, when environmental conditions are not held relatively 

constant, it can be difficult to optimize printing parameters.  Essentially, printing involves 

first getting a suitable printer, then managing the three different processes of extrusion, 

toolpath generation, and curing. 
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2.4.1 The Printer 
 The scope of this research focuses on material and process development, so the 

decision was made to avoid time-intensive hardware development of a custom 3D printer. 

Hence, a Lulzbot® Mini was acquired and modified with a syringe pump style extruder.  To 

further minimize hardware development, the modification was done using the open-source CAD files for ǲUniversal Paste Extruder for ͵D Printersǳ from user RichRap on the CAD 
sharing website thingiverse.com. The parts for this were printed with ABS filament on the 

Mini, making use of its original function as a heat-extrusion thermoplastic printer. Once 

assembled, the syringe pump was mounted in place of the thermoplastic extruder, the 

resulting difference in gear reduction was calculated, and flow rates were adjusted 

accordingly in the software. To reduce environmental variability, the printer was placed in 

an enclosure, as seen in Figure 17. 

 
Figure 17: Lulzbot Mini printer modified for slurry extrusion 

After initial experimentation, it was found that the extrusion pressure required for 

high viscosity slurries was more than the ABS gears could handle, leading to frequent 

clogging of the syringe nozzle and eventual failure of the ABS transmission. As a remedy, an 

aluminum transmission was designed and machined in-house. Once the metal transmission 
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was installed, significantly higher extrusion pressures were achieved, allowing testing with 

much higher viscosity slurries.  The original and metal gears can be seen in Figure 18. 

 

 
Figure 18: a) Printed syringe pump extruder with plastic gears, b) custom aluminum gears in the 

process of being machined 

 

2.4.2 Syringe Extrusion 
With a slurry capable of coagulating in a predictable and repeatable manner, 

extrusion methods could be tested. For the purposes of this research, successful extrusion 

included being able to produce parts with consistent, predictable geometry and the ability 

to create complex geometries. Complex geometry is defined in this research as something 

that would be either inhibitively difficult or simply impossible without the use of additive 

manufacturing. Experiments testing extrusion were performed using a syringe with a 

needle tip having a nozzle diameter of 0.6 mm. Slurry was extruded onto a glass or epoxy 

coated print bed held at temperatures. For these samples, the degree of coagulation was determined by the samplesǯ resistance to deformation. When the sample no longer 

deformed during attempts to remove it from the print bed, it was considered to be solid 

and completely coagulated.  

2.4.3 Toolpath Programming 
 In order to make the desired geometry, a 3D printer must be programmed with g-

code describing the geometry and printing parameters to be used. To accomplish this, there 
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are a few open-source software packages called ǲslicersǳ, capable of generating g-code from 

CAD geometries saved as stereolithography (.stl) files. Due to the fact that the printer used 

in this research was a Lulzbot printer, the slicer used was the Lulzbot-specific version of 

Cura. This slicer allows for control of many of the printing parameters, however, 

modification of individual toolpaths can be very difficult and time consuming. For this 

reason, the default toolpaths generated for any specified geometry or infill pattern were 

not modified. This choice was made for expediency, and it should be noted that custom 

toolpaths designed for DCP would likely result in higher quality parts. 

 

2.4.4 Curing 
 Once solid, many methods require an additional period of time for parts to cure. 

This can involve the completion of a chemical reaction, or simply evaporation of adsorbed 

water, which can take significantly longer than the solidification process. Curing was done 

in atmosphere and inside of an enclosure to regulate and limit air flow which could 

introduce rapid changes in humidity and temperature. Many times, samples were printed 

onto a removable substrate and left to cure on the substrate to minimize risk of damaging 

the part with premature stress during removal from the print bed itself. Green parts were 

determined to be fully cured when they no longer exhibited mass loss over time (likely the 

slow evaporation of adsorbed water), even if the coagulation was complete and parts could 

not be deformed without breaking. 

 

2.5 Sintering 

 Sintering was performed in atmosphere, under pressureless, or Ǯfreeǯ, sintering 

conditions. This is a very traditional sintering method, requiring no specialty tooling, 
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fixtures, or instruments, beyond a high-temperature furnace. To achieve full density by this 

method is evidence of a green part with a very favorable structure for sintering. Free 

sintering requires very low total energy input compared to other methods, as it does not 

involve pressurization or generation of electric fields in addition to simple resistive 

heating. For this research, all sintering was performed in a high temperature box furnace 

(Model 4610, Thermolyne, USA).  

Generally, when trying to create fully dense materials, bulk, or volume, diffusion is 

the preferred dominant form of mass transport, generating the most densification. As 

mentioned in Section 1.3, volume diffusion dominates after the temperature surpasses approximately half the materialǯs melting temperature. For this reason, the sintering 
schedules in this research consist of a fast heating ramp to a temperature near 0.75 Tm and 

held there for a period of time, then cooled relatively slowly to avoid part failure by 

thermal shock. Sintering parameters were varied in response to experimental results until 

a reliable procedure for producing fully dense parts was developed.  

2.6 Mechanical Testing  

 For ceramics to be used reliably as structural engineering materials, an 

understanding of the mechanical properties is necessary. A comparison of these properties 

with published values gives insight into quality and potential applications. In the field of 

ceramics, hardness and elastic modulus are two of the most commonly reported values. To 

measure these, the samples must be prepared such that the assumptions for the test 

method are satisfied, such as flatness and perpendicularity of sides. Once specimens have 
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the ideal geometry, they can be analyzed and compared to other studies which used similar 

testing methods. 

 

2.6.1 Surface Preparation 
 Surfaces of printed and sintered parts were polished prior to mechanical testing to 

ensure a flat and ideal testing surface. This was accomplished by mounting samples to a 

flatting tool and abrading with either SiC or diamond abrasive pads and suspensions. 

Mechanical polishing was performed with media beginning at 240 grit, and ending with 

media as small as 1 µm. For many samples, it was necessary to create a perfectly 

rectangular beam, so four polished sides were made, and perpendicularity was checked.  

 

2.6.2 Hardness Testing 
 Hardness values were determined according to the Vickers Microhardness (HV) 

scale. This method has been widely used on ceramics. The tests were performed on flat, 

polished samples, with a diamond pyramid indenter, a 9.8 N load, and a 15 second hold 

time, according to ASTM E384-16 on an HV1000Z Microhardness Tester (Pace Technologies, 

USA). Due to the inherent brittleness of ceramics, samples are prone to spalling during 

indentation. Because the spalling dissipates some of the energy, the degree of indentation 

can be reduced, indicating a failure of the material that can significantly skew the hardness 

measurement. To ensure accurate hardness measurements, all indents were inspected for 

spalling under an optical microscope and discarded from data sets if spalling had occurred. 

 

2.6.3 Four-Point Bend Testing 
Four-point bend testing was done to evaluate both flexural modulus and flexural 

strength. When testing ceramics, it must be kept in mind that inherent flaws such as pores 
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are statistically unavoidable. These flaws are often distributed randomly throughout the 

ceramic. Four-point bending generates a constant load along most of the beam, so if there is 

a flaw anywhere in the beam, failure will occur there before the ultimate load for a flawless 

section is achieved. This differs from three-point bending, in which the load is always 

highest in the center of the beam, so if flaws are not directly under the loading point, they 

may not lead to failure before the bulk material reaches its ultimate load. For this reason, 

four-point bending gives a more comprehensive understanding of the material properties 

when inherent flaws must be accounted for. 

Four-point bend testing was performed according to ASTM C1161 on an Instron 

testing machine (Model 8501, Instron, USA) with a crosshead speed of 0.127 mm/min. 

2.7  Fluid Properties Characterization 

 As important as the mechanical properties are to the end use of the parts, the fluid 

properties are just as critical to extrusion and shaping of parts. While all the approaches 

involved significant changes in fluid properties during printing, the measured values 

represent the suspension in a freshly mixed state, before being loaded into the syringe for 

extrusion, unless otherwise noted. 

2.7.1 Zeta Potential 
 Dielectric materials that are submerged in aqueous electrolyte solutions develop an 

electric field that surrounds them. This field can be described by its strength at various 

positions, however very few of these are easily measured. One method of characterization 

of this field is by charge at the edge of the diffuse second layer, or the slipping plane, known 

as the zeta potential. This represents the electric potential between bulk solvent and the 
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charged particles adsorbed to the colloid surface. For this research, the zeta potential was 

found using Dynamic Light Scattering (DLS). 

 DLS, also known as photon correlation spectroscopy, is most widely known as a tool 

for particle size measurement, but zeta potential and rheological properties may also be 

found in this way. The instrument uses lasers pulsed at the microsecond scale and 

measures the doppler shift caused by particle motion in an applied electric field.  Zeta 

potential can be determined as a function of this electrophoretic mobility by rearranging 

the Smulochowski theory [41] as shown in (2).  ߞ = ଴ߝ௥ߝߟ��   

Equation 7: Zeta Potential ζ is the zeta potential, �� is the electrophoretic mobility, ߟ is the solvent viscosity, ߝ௥ 

is the dielectric constant of the particles, and ߝ଴ is the permittivity of free space. This 

method is known as electrophoretic light scattering, as opposed to static light scattering, 

which is used to determine particle size and molecular weight.   

Zeta potential measurements were done using a Malvern Zetasizer Nano ZS 

(Malvern Instruments, United Kingdom). The machine uses a 633 nm red laser, shining 

through a transparent cuvette. In testing, cuvettes were filled with suspensions of alumina 

at 0.5 vol% containing TAC at various concentrations or various pH levels. As mentioned in 

Chapter 1, zeta potential should be high in magnitude when a suspension is stable, and at 

low zeta potential, coagulation or settling can occur. 
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2.7.2 Viscosity 
Viscosity was measured using a Viscolead Pro viscometer (Fungilab, Spain). This is a 

concentric cylinder style viscometer, generating Couette flow. For the viscosity to be 

calculated by the instrument, three pieces of information must be known, the spindle 

geometry, the torque on the motor rotating the spindle, and the shear rate of the spindle.  

For this research, an L4 spindle was used, with a shear rate of 132 s-1. The torque was 

measured by the instrument, and viscosity was displayed. 

2.7.3 pH Measurement 
 pH is the inverse logarithm of the concentration of H+, or protons, in a substance, 

and can be measured by the charge created on a probe in contact with the sample. Some of 

the material systems that were measured were dynamic, meaning pH changes naturally 

over time. For these, pH was measured during any pH adjustment, and directly before 

printing. Tests were done using a handheld pH meter (PH150, Oakton, USA) with a 

multifunction temperature/pH probe.  

2.8 SEM Analysis  

Microscopy is essential to understanding the microstructure of materials, and 

Scanning electron microscopy (SEM) allows for very high magnification and resolution 

images. SEM requires that a focused beam of electrons bombard the object to be observed, 

and are emitted to be captured by the detectors. It can be difficult to achieve an ideal image 

when working with ceramics, which can acquire a strong surface charge due to their 

inability to conduct the electrons bombarding them. For this reason, it is very helpful to 

coat the samples with a thin layer of conductive material, such as gold, which is easily 

sputtered. In order to view the microstructure in true cross section, samples were polished 
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for observation. SEM was performed using a JSM – 6500F scanning electron microscope 

(JEOL Inc, USA). Best results were usually acquired with approximately 10 nm of sputtered 

gold coating and 10kV accelerating voltage.  
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3  Results and Discussion 

In this chapter, experimental findings are presented for an assortment of tests 

developed to characterize the printing materials and methods used in this research. This 

begins with the challenge of developing a slurry with adequately high solids content for 

near-net green part formation. Following that, the search for an appropriate method of 

particle stabilization and printing is related. Finally, investigations in optimizing printing 

and sintering parameters for the direct coagulation method are reported. The final section 

of this chapter consists of a paper written for publication in the peer-reviewed journal 

Additive Manufacturing. Following this, a discussion of the applications and implications of 

the technology is put forward. 

3.1 Investigation of High-Solids Slurry Mixing 

 Creation of a slurry with appropriately high solids content for sintering to full 

density was critical to the goals of this work. In general, this requires not only a large 

amount of energy, but also materials with an amenable difference in surface tension. The 

latter ensures a more energetically efficient wetting of solid surfaces by the liquid. In lieu of 

changing the nanopowder, the solvent may be modified with additives that lower the 

surface tension. As for the amount of energy required to mix, this variable was modified by 

using the different mixing machines available. 

3.1.2 Optimizing the Mixing Process 
 The roller mill was the first method to which optimization experiments were 

performed. Eventually, it was found that the roller mill was a very inconsistent and time 

intensive process. Mixing times ranging from hours to days were observed. As explained in 
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Chapter ʹ, mixing in a roller mill requires adjustment of speed to fit the materialǯs viscosity. 

Variables that were investigated included batch size, rotational speed, and duration at each 

speed. These varied from 5mL to 50mL samples, from 10 rpm to 80 rpm, and 30 minutes to 

8 hours, respectively. A ball:powder mass ratio of 1:1 was used in all testing. Results were 

inconsistent to the degree that alternative mixing methods were sought out before 

finishing optimization on the roller mill. With gravity providing a significant portion of the 

total mixing energy, the roller mill provides the least total kinetic energy of all methods 

available. 

 In order to determine if the issues seen in mixing could be overcome with a higher 

energy method, the SPEX high energy ball mill was used. It was assumed that optimization 

would be necessary, and a DOE was planned to investigate all possible parameters. Upon 

the first attempt to mix a 7.5 mL 50 vol% slurry with 0.3 wt% TAC as dispersant, a very 

homogenous and low viscosity slurry was produced with 4 minutes of mixing. With this 

result, and the consistency of those that followed, it was determined that the complications 

seen on the roller mill could indeed be overcome with a more energetic process, without 

needing to perform a DOE. Overall, mixing times in the SPEX mill ranged from 1 to 10 

minutes. The ball:powder mass ratio fluctuated with sample size, as only one set of two 

stainless steel milling balls, weighing 16 grams, were available. This resulted in ratios from 

about 2:1 to about 0.75:1. The only downside of this method was that it can only 

accommodate very small samples (up to 10 mL). In anticipation of printing larger parts, 

larger quantities of slurry were desired. Making batches back to back in the SPEX was 

impractical, as, immediately on exposure to atmosphere, one batch would begin to 
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coagulate before another was finished mixing. Hence, a mixing solution capable of larger 

batch sizes became necessary. 

 The planetary ball mill provides an intermediate level of kinetic energy, between the 

high energy ball mill and the roller mill, and can handle batch sizes up to 80 mL. After 

initial experimentation, results were once again highly inconsistent and unsuccessful, 

taking hours or days, if producing a usable slurry at all. Owing to the many variables 

involved, a complex balance that must be achieved with a planetary ball mill to ensure 

mixing media do not become Ǯstuckǯ in ineffective patterns. Because it was known that 

difficulty in mixing was not a material compatibility issue, and could be overcome by the 

right mixing parameters, a DOE was planned.  

Taguchi Planetary Ball Mill DOE 

Optimization of the planetary ball milling process covered four variables, and was 

done using a Taguchi Design of Experiments (DOE) model. The Taguchi model gives an 

efficient method of testing many variables, and testing these on more than two levels.  The 

capability of testing on more than two levels is a significant benefit over basic factorial 

models, as trends in main effects and features such as inflection points can be found.  The 

four factors chosen for the DOE were mixing speed, ball to powder mass ratio, solids 

volume fraction, and fraction of water pre-mixed in the powder. Mixing speed was 

measured in rpm, and had a value of either 240, 360, or 540. Ball to powder mass ratio 

varied from 1:1 to 2:1 to 4:1, and solid volume fraction from 40% to 45% to 50%. In early 

testing, it was observed that some slurries, which seemed clumped, solid, and dry, would 

suddenly become a very low viscosity liquid with the addition of a very small amount of 

water. This prompted experimentation with the fourth variable, pre-mixed water fraction. 
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The desired fraction of water was added (either 80%, 90%, or 100%) and mixed on the ball 

mill for 5 minutes before the remainder of the water was added, if any.  The response 

factors for the DOE were mixing time, printability, and sintered density.  Mixing time was 

measured in minutes until a fully liquid slurry was achieved. Printability was measured by 

the ability of the slurry to be extruded consistently, without clogging, and maintain the 

intended geometry on the print bed. Sintered density was measured by percent theoretical 

density of bulk alumina.  

For a 4 factor, 3 level design, the Taguchi method can generate a DOE consisting of 

as few as 9 samples (known as an L9). This was the method used in this research, and the 

main effects of each factor was plotted for each response. The samples were run in random 

order to further reduce the chance of self-selection or other systematic effects.   

 

Taguchi Orthogonal Array Design 

4 factor, 3 level, L9 = 9 runs 

 
Table 1: Taguchi Slurry Mixing DOE 

SAMPLE MIXING SPEED 

(360, 240, 540) 

BALL:POWDER 

(1:1, 2:1, 4:1) 

VOL% 

(40, 45, 50) 

% WATER 

(80, 90, 100) 

MIX TIME 

(MINS) 

SINTERED 

DENSITY 

PRINTABILITY 

1 1 1 1 1 100 63.75% 0 

2 1 2 2 2 60 77.89% 1 

3 1 3 3 3 60 83.82% 1 

4 2 1 2 3 300 73.89% 0 

5 2 2 3 1 1030 79.13% 0 

6 2 3 1 2 60 64.50% 0 

7 3 1 3 2 135 79.06% 0 

8 3 2 1 3 30 84.31% 0 

9 3 3 2 1 30 80.27% 1 

Different printability and sintered density were observed due to coagulation rate, 

spreading, clogging, homogeneity, and aeration. In Figure 19, the main effects of each level 

for the four factors is shown for each response. The vertical axis of each plot represents the 

respective response variable, and data points represent the average relative effect across 



  

48 

 

all samples with that condition. For example, in the main effects plot for mixing time, data 

point #2 in the ball:powder factor corresponds to ~120 on the vertical axis. This shows 

that the effect of a 2:1 ball:powder mass ratio was to push mixing time far above that which 

was observed for 1:1 or 4:1. In this case, a lower value for mixing time was desired; for 

printability and sintered density, a higher value was always preferred. The optimum value 

for each factor is presented in Table 2. 
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Figure 19: Mean Effects Plots for Mixing Time, Printability, and Sintered Density 

 

Table 2: Taguchi DOE Optimum Values 

Optimum values of each variable for the desired effect 

Desired Effect Mixing Time Printability Density 

Mixing Speed 540 360 540 

Ball:Powder 4:1 4:1 2:1 

Vol% 40 45 50 

% Water 100 - 100 

With the end goal being a printable slurry that can achieve full density, a few 

compromises had to be made. In the end, the optimized standard mixing procedure used 

mixing parameters of 540 rpm, with 4:1 ball:powder mass ratio, 50 percent solids, and all 

of the water added. With these parameters, it was possible to mix slurries in 2 hours, with 

ideal printability, and sintering to above 99% relative density. 

3.2 Investigation of Various Printing Methods 

The decision to pursue direct coagulation printing (DCP) as the most promising new 

method of ceramic AM was made only after evaluation of multiple other candidate 

methods. Each of these methods was investigated with respect to maximum solids content, 
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printability, and sinterability. Only DCP showed promise in all three of these evaluations. 

For this reason, the highlights of the chitosan and PVA methods are discussed first, 

followed by a comprehensive discussion of the development of the DCP method. 

 

3.2.1 Chitosan Gel Network 
As the first method to be tested, the chitosan bio-polymer method provided exciting 

results, but was replaced relatively quickly by the more promising PVA and direct 

coagulation methods. The chitosan solution was found to carry up to 42 vol% Al2O3 when 

mixed by hand. This value was low enough to raise suspicion about the capability to be 

sintered to full density. In this state, prior to the addition of GDP, the slurry exhibited a 

viscosity of approximately 7000 cP, after which point it exceeded that maximum 

measurement capability of the instrumentation.  

 

 

 

 

 

 

 

 

 

 

The relatively low viscosity at this solids loading gave much confidence for 

printability. It was presumed that higher solids loading could be achieved with higher 

Figure 20: Viscosity vs. alumina solids content in chitosan/acetic acid solution. Points up until #5 

were below the measurement threshold of the spindle being used. Reduction in viscosity at ~42.5 

vol% is due to addition of 0.5 wt% ethanol as dispersant 
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energy mixing methods if sintering produced unacceptable densities. Once GDP was added, 

the gel network was formed in a matter of seconds, significantly raising the viscosity to that 

of a paste. In this state, the suspension was still extrudable, and was able to retain the 

desired geometry when printed, including overhangs and bridging small gaps (~6mm). 

After printing however, the slurries required a very long time to dry, on the scale of 

hours to days, and could not be moved during this time. Slow drying, along with the large 

amount of impurities needing to be removed prior to sintering, and the cost of GDP 

discouraged further testing. Samples were never sintered. Instead, research turned to focus 

on the more promising methods of using a PVA binder and DCP, which were being 

developed simultaneously.   

An image of the gel networks, or sponges, formed by GDP induced crosslinking of 

the chitosan without any alumina is shown in Figure 21. 

 

Figure 21: Chitosan sponges without alumina 

3.2.2 PVA Binder 
The samples made with a PVA binder resulted in highly stabilized suspensions with 

good viscosity for extrusion and such high stiffness to be capable of extended bridging. This 
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material system exhibited a long handling life, but could be easily forced to harden and dry 

through exposure to elevated temperature. Drying times could be reduced from minutes at 

room temperature to seconds at 80℃.  This was by far the easiest slurry for extrusion, as 

clogging in the nozzle was never an issue, and the slurry maintained the exact shape in 

which it was extruded, without noticeable spreading. Another incredible characteristic of 

the PVA binder system is that it could be extruded horizontally through space without any 

support structure underneath for at least twice the width of the extruded bead. As long as it 

was contacting another feature, even just on the side, the extruded bead showed very little 

deflection, and would harden fast enough with elevated temperature, that very complex 

features could be created. Because these extrusions were done by hand, geometric 

accuracy is poor, but Figure 23 shows multiple heat exchangers that were all printed in the 

orientation shown, with extremely long bridges between features and overhangs printed 

without support structure.  

 

 

Figure 22: Structures printed in 1st iteration PVA binder testing 
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Solids loadings up to 50 vol% were achieved. Parts were sintered at 1550℃ for 2.5 

hours. Sintered relative density ranged from an average of 63% to 80%, depending on 

solids and PVA content. Initial PVA content was 19 vol% with respect to alumina and 

resulted in samples with an average relative density of 63%. This is in the range of green 

density for a part printed by direct coagulation. The high porosity indicated that there was 

likely too much PVA for good consolidation during drying, resulting in particle networks 

incapable of complete densification. Some parts printed by this method are shown in 

Figure 22, demonstrating excellent shape control, layer adhesion, and bridging capability. 

The next iteration of testing used half the amount of PVA, bringing it down to 8 

vol%. Part printability was essentially unaffected, and samples sintered at 1550℃ exhibited 

an average relative density of 80%. The sinterability of these samples was obviously enhanced 

by a reduction in PVA. The density was still at least 10% below average for DCP samples. This 

showed that the required energy for densification was higher, however, there was no sign that 

this was the maximum achievable density. With an optimized sintering cycle, likely higher 

temperature and longer hold time, and potentially even less PVA, it is probable that full density 

could be achieved.  

 

   
Figure 23: High temperature heat exchanger concepts with PVA binder 
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 3.2.3 Direct Coagulation with TAC 
The DCP method was identified as the most promising candidate to meet the specific 

aims of this research at an early stage. This led to a significant amount more optimization 

and therefore a much wider spread and more improvement upon results than with the 

chitosan or PVA methods. Most of the work can be divided into a few sections: 

reproduction of literature, TAC concentration experiments, and pH modification 

experiments.  Each of these stages led to a realization of the fundamental principles 

affecting part printability and production.  

 

Reproduction of literature taught about the ability of TAC to cause coagulation on its 

own. Attempts to recreate the results of direct coagulation casting experiments in literature 

[23] resulted in the discovery that, after initial mixing of the alumina, TAC, and DI water, 

the slurry was prone to rapid hardening when exposed to ambient atmosphere. It was not 

noted in the literature whether or not samples were exposed to atmosphere during 

processing, but because this effect was never mentioned, this characteristic is presumed to 

be undiscovered until now. Once this effect was realized, the subsequent processes in the 

reproduction of the literature were foregone, as the rapidly hardening slurry with TAC 

contained less contaminants and already behaved relatively ideally for printing. The slurry 

was studied extensively under these conditions. Experiments were run to optimize mixing 

time and quality, printability, and sintered density.  The results of the very first printability 

and density experiment is shown in Table 3 below, where effects of print bed temperature 

and geometry are seen in the resulting coagulation time and sintered densities of parts. 
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Table 3: Early Printability and Sinterability Experiment 

GEOMETRY TEMPERATURE 
COAGULATION 

TIME 

SINTERED 

DENSITY 
SINGLE DROP 70°C >30 seconds 64.76% 

MEDIUM DROP 70°C ~30 seconds 96.51% 
~1 ML DROP 70°C ~45 seconds 92.98% 

7 LAYERS 70°C 30-40 seconds per 

layer* 89.85% 

SINGLE DROP Room Temp (~21°C) ~4 minutes 32.09% 
MEDIUM DROP Room Temp (~21°C) ~5 minutes 91.21% 

3 LAYERS Room Temp (~21°C) ~4.5 minutes per 

layer* 88.85% 

 

 
Figure 24: Parts from early printing experiments 

This experimentation progressed and continued to show the promise of TAC as both 

a dispersant and a coagulation agent, which naturally became a cornerstone of the DCP 

method. The proposed mechanism for these phenomena is discussed in detail in Section 3.4 

Investigation of Direct Coagulation Printing. 

Shear Behavior 

While no quantitative data was taken, observations were made on the effects of TAC 

concentration on the shear behavior of the material. When TAC was increased from 0.3 

wt% to 0.5 wt% in a 50 vol% slurry, a substantial increase was observed in pressure 

required for extrusion. At 0.3 wt% TAC, the suspension seemed to behave as a Newtonian 

fluid, similar to water. When 0.5 wt% TAC was used, the suspension first appeared to have 

the same fluid properties (when under relatively low shear rates). However, upon 

extrusion or stirring, it was found that the suspension was extremely shear-thickening, or 

dilatant. This behavior is not conducive to extrusion in general, as the material must flow 
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under shear, instead of becoming more rigid. The suspensions with more TAC also 

exhibited a much slower rate of drying and hardening, which is also not desirable for AM.  

Shear thickening behavior is commonly attributed to concentrated, non-aggregating 

suspensions. This is likely due to Ǯjammingǯ as the particles are forced from a relatively 
ordered structure to a random orientation under shear. The electrostatic forces between 

them strongly resist contact or shortening of the interparticle distance, increasing viscosity 

as shear rate increases [42], [43]. Under the assumption that these were the active 

mechanisms in the experimental suspensions, it can be postulated that the electric double 

layer (EDL) interaction energy was raised sufficiently to completely stabilize the 

suspension and cause significant resistance to shear through the addition of TAC. As the 

coagulation effect is desirable for DCP, and slurries should exhibit shear thinning behavior 

for extrusion, it was determined that 0.3 wt% TAC was preferable over 0.5 wt%. 

Fractional Factorial DOE 

A fractional factorial Design of Experiments and ANOVA were done to determine the 

main effects of many variables in the mixing and printing process, with a special interest in 

pH. In this study, print bed temperature, nozzle diameter, flow rate, and slurry pH, solids content, and TAC concentration were varied between a Ǯhighǯ and a Ǯlowǯ value. The DOE 
was a 1/8 fraction, single block, 6 factor design with Resolution III, and 8 total samples run. 

In this scenario, some of the main effects may be confounded with two-way interactions, 

but the efficiency of the testing is great enough to justify the time spent. Table 4 shows the DOE with the corresponding Ǯlowǯ and Ǯhighǯ values for each factor. Flow rate was measured 

in percent of the arbitrary value used for ABS extrusion in the Cura slicer engine.  The DOE 

was prepared in Minitab 17. 
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Table 4: DCP 6 Factor Design of Experiments 

 

Samples were scored during printing and after sintering according to observed 

spreading after extrusion, coagulation time, green strength, sintered density, and 

shrinkage. Scores for printing parameters were qualitative, while measured values for 

sintered density and shrinkage were used. These scores were given weights with respect to 

importance in optimizing the printing process, as shown in Table 5. Scores for samples in 

all categories were summed to give an overall score which could be analyzed using ANOVA 

techniques in Minitab. The main effects of each factor are presented in Figure 25. 

 

  
Table 5: DCP 6 Factor DOE Score Weights 

SCORING 

METRIC 
SPREADING 

COAGULATION 

RATE 

GREEN 

STRENGTH 
SHRINKAGE 

SINTERED 

DENSITY 

RELATIVE 

WEIGHT 
0.5 4 1 3 0.5 

  

RUN 

ORDER 
TEMP PH VOL% WT% FLOW RATE NOZZLE DIA. 

1 -1 -1 1 1 -1 -1 

2 1 -1 -1 -1 -1 1 

3 1 1 1 1 1 1 

4 1 -1 1 -1 1 -1 

5 -1 1 1 -1 -1 1 

6 -1 -1 -1 1 1 1 

7 1 1 -1 1 -1 -1 

8 -1 1 -1 -1 1 -1 

LOW Room Temp pH 3 35 vol% 0.3 wt% 30% 0.6 mm 

HIGH 65°C pH 8.7-9 50 vol% 0.5 wt% 50% 1.2 mm 
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Figure 25: Main Effects Plot for Weighted DCP DOE Scores 

From Figure 25, it is clear which value produced the best results for each factor; 

according to this, the optimized slurry for DCP would be made with 50 vol% alumina, 0.3 

wt% TAC, be adjusted to pH 3, and be printed at room temperature through a 0.6 mm 

nozzle, at a relatively high flow rate. Further adjustments to this were made to 

accommodate other responses such as required extrusion pressure and over-extrusion by 

adjusting pH to 4-4.3 to lower viscosity and bringing flow rate down slightly.  

3.3 Investigation of Sintering Parameters 

When first making parts, a baseline sintering schedule is established around the 

melting temperature of the material and past experience, which is then modified with 

respect to results. As sintering is generally governed by diffusion, it follows the Arrhenius 

relationship, increasing logarithmically with temperature and linearly with time.  Because 
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it may not always be practical to increase sintering temperature, the time may be the only 

tunable factor. Improvements in the sintering schedule were made until a maximum part 

density was achieved. 

Initially, all experiments were done using Taimei TM-DAR 100nm powders. Parts 

made with TM-DAR were initially sintered according to an arbitrarily selected schedule 

having a maximum temperature of 1500°C and a hold time of 1 hour at that temperature. 

From this point, attempts to optimize the sintering schedule were made, with the goal of 

achieving full density.  

During the process of tuning the mixing and printing of DCP slurries, powder 

suppliers were switched due to cost and availability. It should be apparent from 

information in Section 1.2 DLVO Theory Overview, that sintering behavior is strongly 

affected by powder size and morphology. The transition from Taimei 100 nm powder to 

SkySpring 150 nm powder resulted in a significant change in the sintering parameters after 

optimization with the former. Using SkySpring powders, research started with the sintering 

schedule that had been developed for Taimei powders as a baseline to compare the 

sinterability of the two systems. During experimentation with the SkySpring powders, pH 

modification was introduced, introducing the likelihood that the structure and attractive 

forces in particle networks in green parts may also have been modified. This introduces a 

variable that was not tested on Taimei powders, however the general difference in 

sinterability can still be elucidated from the results in Table 6.  
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Table 6: Results of Sintering Study 

SINTERING SCHEDULE 
AVERAGE RELATIVE 

DENSITY 

1500, 1 HR, TM-DAR 79.47% 

1550, 2 HRS, TM-DAR 87.88% 

1550, 2.5 HRS, SS150 66.94% 

1750, 4 HRS, SS150 96.64% 

1600, 16 HRS, SS150 95.19% 

 

The initial sintering schedule used with TM-DAR powders produced relatively low 

density parts (~80%); however, any concerns about sinterability of the material system 

were quickly allayed with the second schedule. Increasing maximum temperature by 50°C 

and doubling the hold time, an increase in density of almost 10% was observed. These 

sintering temperatures are well within the bounds of normal processing for alumina parts 

[23], [44]–[47], so confidence in the ability to reach full density with slightly higher 

temperature and longer hold time was high. 

Upon switching to SkySpring powders, it was predicted that the required energy 

would be higher due to the larger particle size. The sintering schedule was adjusted to have 

a 25% longer hold time. This resulted in parts with the lowest observed densities of the 

entire study (~65%). In an attempt to ensure that the SkySpring powders would be 

sinterable to full density, the schedule was adjusted to significantly increase the energy 

input. After increasing temperature by 200°C and hold time by 1.5 hours, parts were 

produced with an average of about 96% relative density; high enough to ensure full density 

was achievable with these powders. After this, an attempt was made to develop a lower 

temperature sintering schedule to accommodate a wider variety of furnaces. Reducing 

temperature to 1600°C and increasing hold time to 16 hours, parts with practically 

equivalent densities were manufactured.  
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All density measurements for these results were done by Archimedes method. This 

method has inherent inaccuracies due to the method of sealing parts against water uptake, 

and can result in calculation of lower-than-actual density. Areal density measurements 

were made on select parts made with SkySpring powders and sintered at 1750°C and 

1600°C, with results showing densities from 97-100%. This confirmed that these sintering 

schedules did indeed produce fully dense parts. 

3.4 Investigation of Direct Coagulation Printing 

The work presented in this section was submitted for publication in the peer-

reviewed journal Additive Manufacturing, and was left as submitted, to retain the intended 

flow of thoughts and information1. For this reason, some explanations and processes may 

have already been mentioned, however, it is also hoped that this can reinforce the 

understanding of the work presented through differences in wording and train of thought.  

 

3.4.1 Journal Submission Summary 
This work investigates the feasibility of a binderless, extrusion-based additive 

manufacturing approach to fabricate alumina (AlଶOଷ) parts from nanopowder. Traditional 

manufacture of ceramics with subtractive methods is limited due to their inherent 

hardness and brittleness, inevitably leading to ceramic parts with less-than-optimal 

geometries for the specific application. With an additive manufacturing approach, ceramic 

parts with complex 3D geometries, including overhangs or hollow enclosures, become 

                                                        
1 Additive Manufacturing of Ceramic Nanopowder by Direct Coagulation Printing 

Tucker J. Hensen, Trevor G. Aguirre, Corson L. Cramer, Austin S. Wand, Kaka Ma, David A. 

Prawel, John D. Williams, Troy B. Holland 

Colorado State University, 80523 Fort Collins, CO, USA  
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possible. These complex ceramic parts are highly valuable in heat exchanger, condenser, 

biomedical implant, chemical reactant vessel, and electrical isolation applications. This 

research employed direct coagulation of alumina nanopowder slurries with the polyvalent 

salt tri-ammonium citrate providing the solidification mechanism in an extrusion-based 

printing process. The viscosity of the slurries was modified by adjusting pH, resulting in a 

paste that is suitable for extrusion, which retains near-net geometry. It was shown that the 

direct coagulation approach can be used to create a suspension with tuneable flow 

characteristics and coagulation rate, and a mechanism describing the process was 

proposed. The direct coagulation printing (DCP) method is described in detail, including 

how slurry is extruded, solidified, and printed in complex geometries, and sintered to full 

density. Microstructure and mechanical properties were characterized with a comparison 

to different materials and methods from literature.  

Keywords: Additive Manufacturing (AM), Binderless, Direct Coagulation, Extrusion, Nano 

 

3.4.2 Introduction 
Additive Manufacturing (AM) has spurred a wave of new capability in the world of 

design allowing for novel and optimized designs that were not previously attainable [3], 

[4], [7]. Specifically, extrusion-based 3D printing is one of the most cost effective methods 

of additive manufacturing and is capable of producing functional parts with polymers, 

metals, ceramics, and composites [9], [28], [29], [48]–[54]. 3D printing of ceramics allows 

for engineering of complex with optimized geometry, as well as thermal, electric, and 

mechanical properties. This capability leads to increased performance of lightweight 

structural components, operation of thermal energy generation systems, sensors, 

biomedical devices, and so forth [4], [11], [30], [31], [55]–[57]. With its many advantages, 
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development of ceramic AM technology has been pursued essentially since the age of 

ceramic pottery. Robotic controls were first used to deposit ceramics in the 1990s [3], [56]. 

Common methods of AM with engineering ceramics include binder jetting, stereolithography ȋSLA™Ȍ, direct ink writing ȋD)WȌ, selective laser sintering/melting ȋSLS/SLM™Ȍ and laser chemical vapor deposition ȋLCVDȌ [4], [49], [54]. The scope of the 

current work focused on an extrusion-based system. 

The use of nanometric precursor powders for AM has been found to drastically 

improve sinterability due to enhanced thermodynamic driving forces for diffusion arising 

from small radii of curvature at surface interfaces and increased surface area. Mechanical 

properties such as flexural strength can be considerably improved when sintering is tuned 

to keep final grain sizes in the nano-scale as well [1], [5]. This has been demonstrated in 

previous work, resulting in high density alumina parts with good mechanical and electrical 

properties relative to traditionally manufactured alumina [44], [58]. Nano alumina is also 

small enough to be capable of colloidal dispersion, and is widely used in this way for slip 

and tape casting as well as abrasive polishing [5], [59]–[61]. These colloidal suspensions 

have also been used in extrusion based AM by a few groups [2], [12], [26], [27], [62], [63] 

with promising results, however, none have employed a binderless system such as the 

direct coagulation method described in the current study. 

Previous studies have shown that fully dense parts with complex geometries 

produced by the direct coagulation approach exhibit mechanical properties comparable to 

parts made by conventional methods [45], [64]–[68]. Some groups have used tri-

ammonium citrate (TAC) as a dispersant for gel-casting and laser sintering [22], [46], [57], 

[69], [70]. It is known that slurries of alumina and other ceramic material can be directly 
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coagulated by adjusting the pH [24], [71]. An opportunity to print virtually any ceramic or 

metal in nanopowder form without binders is presented by using TAC as a dispersant, 

using the direct coagulation method for additive manufacturing, and subsequent sintering. 

This makes the process more time and energy efficient because there is no burnout step. 

Direct coagulation printing (DCP) is also less prone to impurities than methods requiring a 

binder [3], [4], [9].  

DCP falls under the category of extrusion freeforming (EFF) techniques, which 

encompass such other technologies as fused deposition modeling (FDM) and robocasting 

(RC). An early paper done by Cesarano et al. [26] defined the term robocasting, which is 

most closely comparable to DCP. The novel differences are that DCP does not use binders, 

and is focused on the coagulation effect, rather than drying. This study investigates the 

feasibility of DCP as a method of ceramic additive manufacturing, including making the 

printing material, establishing printing parameters, characterizing media flow and 

coagulation behavior, establishing sintering schedules, analyzing microstructure, and 

testing mechanical properties. Free sintering of nano-sized alpha-alumina from powder 

compacts used in [44] helped to establish sintering parameters in this research. We believe 

this is the first reporting of 3D printing of ceramics without a binder, starting from 

nanopowder, and using the direct coagulation printing method with an extrusion delivery 

system. 

The fluid-to-solid transition of DCP is controlled by pH shift in an aqueous ceramic 

slurry with the polyelectrolyte dispersant/coagulant TAC resulting in coagulation of 

particles out of colloidal suspension, similar to the high valence counter-ion direct 

coagulation casting method and others [16], [23], [24], [46], [72], [73].  DCP involves an 
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aggregation process as the ceramic particles in suspension become unstable due to 

reduction of zeta potential and changing ion concentration in an in situ chemical reaction. 

DLVO theory of colloid stability can be used to analyze this as a symmetric system with 

homoaggregation [36], [74]–[76]. The citrate ion in TAC is a multivalent ion, with charges 

ranging from -1 to -3 eV, as ammonium ions dissociate with increasing pH [24]. The three 

pKa values of TAC are at p( ͵.ͳ, Ͷ.ͺ, and ͸.Ͷ; therefore, at the slurryǯs natural p( of ͺ-9, 

about 5-6 orders of magnitude more positive ions are present at the natural pH than at pH 

3. At the natural pH of 8-9, citrate ions have a valence of 3, and Debye length is at its 

shortest. Coagulation is very rapid, occurring in seconds at this pH. This follows the Schulz-

Hardy rule, which states that salts are most effective at destabilization of colloids when 

valence is high [36]. When pH is shifted to the acidic range, ammonia evaporation is 

reduced as a result of reduced ammonium ion dissociation, slowing the evaporation of 

water and allowing for longer coagulation time. The increase in viscosity decreases 

diffusion throughout the slurry, further increasing coagulation time and working life.  

Interparticle relationships and ammonia evaporation rate based on DLVO theory 

were calculated using Equation 8, where � is the double layer force, z is the valence of the 

respective ions, e is the electron charge, ߝ is the dielectric constant of the medium,  ߝ଴ is the 

permittivity of free space, and ߜ is the interparticle spacing. Equation 9 is the Van der 

Waals force (�), where �ு  is the Hamaker constant and ܴ௦ is the particle radius. Equation 

10 is the Debye length (�−ଵ), zi is the counterion valence, and �௜∞ is the counterion 

concentration [77]. 
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� = �ଵ�ଶ�ଶͶ�ߝߝ଴ߜ 

Equation 8: Repulsive Double Layer Force � = − ����ଵଶఋ   

Equation 9: Attractive Van der Waals Force 

�−ଵ = {ͷ.ͶͲͶ�ͳͲ^ͳͷ ∑ �௜ଶ�௜∞}௜
−ଵ/ଶ

 

Equation 10: Debye Length 

  

 

The unique effects of pH modification on colloidal slurries allow precise tuning of 

the viscosity and coagulation rate. This makes the DCP method very adaptable to a variety 

of printing conditions and printer styles. 

3.4.3 Materials and Methods 
Producing a fully dense, 3D printed part involves three main steps. First, a slurry is 

prepared with a sufficiently high solids content in order to avoid catastrophic shrinkage 

and be easily sintered to >97% theoretical density. Second, the slurry is printed to near-net 

shape. This step dictates that the material must have a sufficiently low viscosity for 

extrusion and must quickly become sufficiently stiff to retain the intended shape under its 

own weight. This, while also coagulating to form green parts that are strong enough to be 

handled for sintering. Third, the part is sintered according to an appropriate schedule to 

create the desired microstructure. 
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Figure 26: DCP Process Flow 

Alumina slurries were prepared with ͻͻ.Ͳ% pure α-phase Al2O3 powders with an 

average particle diameter of 150 nm (Skyspring Nanomaterials, USA). Tri-ammonium 

citrate, 97% (titration), and molecular weight 243.22 g/mol (Sigma Aldrich, USA), was used 

to generate the direct coagulation. TAC is dissolved in de-ionized water at 0.3 wt% with 

respect to the alumina powder being used, before being added to the powders at the 

desired volume fraction (vol%). A high energy ball mill (HEBM) (PQN04, Across 

International, USA) was used with alumina ball milling jars with 10mm diameter alumina 

media at a mass ratio of 4:1 to powder mass. The jars had Viton gaskets, and were further 

sealed with parafilm and rubber tape to prevent the escape of any vapors arising during 

mixing. It was critical to the mixing process to ensure that the jars were well sealed. All 

processes after this point gave special consideration to minimizing the exposure of the 

slurry to unsealed, ambient atmospheric conditions, as this would induce premature 

coagulation due to ammonia or water evaporation. The sealed jars were then loaded, into the (EBM and milled for one hour of ǲonǳ time, with a repeating cycle of ͷ:ͷ minutes ǲonǳ : 
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ǲoffǳ, at ͷͺͲ rpm. Slurries with low viscosity and a p( around ~ͻ.ͳͲ were produced. The 

pH was adjusted to approximately 4.50 with 2M nitric acid (HNO3). During pH adjustment 

the slurry thickened to a paste which did not deform under its own weight and required 

minutes to coagulate, as opposed to seconds. 

 

Figure 27: Diagram of DCP printer 

 

After pH adjustment, the slurry was loaded into syringes in a custom extruder based on the open source model ǲUniversal Paste Extruderǳ, ȋRichRap, Thingiverse.comȌ. The 
extruder was modified with a metal transmission to allow higher extrusion pressure for 

high viscosity slurry and smaller extrusion nozzles. The extruder was mounted on the 

gantry of a Lulzbot Mini 3D Printer (Aleph Objects, USA) with a glass print-bed. Machine 

control G-code for the printed parts was based on stereolithography files processed using 

the Cura slicer engine (Ultimaker, USA). The printer was placed in an enclosure to limit 
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temperature gradients and air flow that may disturb the printing process. Nozzles with an 

inner diameter of 0.6 mm were used. The parts were printed through a room temperature 

nozzle onto an unheated bed and allowed to cure before sintering. 

Viscosity measurements were performed with a Viscolead Pro viscometer (Fungilab, 

Spain) with an L4 spindle and a shear rate of 132 s-1. After curing, sintering of parts was 

performed in atmosphere in a high-temperature furnace (Thermolyne 4610, USA). The 

sintering schedule consisted of a fast (100°C /minute) heating rate to above 1200°C, 

followed by a slower ramp (25°C  /minute) to a hold temperature of either 1500, 1550, 

1600, 1650, or 1750°C, and held for between 1 to 16 hours according to maximum 

temperature. Samples were allowed to cool naturally in the furnace. No intermediate 

binder removal step was necessary between green and sintered states. Density of parts was 

found by both Archimedes and areal density methods [78]. Grain size was determined by 

digital image analysis of SEM micrographs of polished surfaces using ImageJ (Broken 

Symmetry Software). Specifically, the three-circle method was used according to ASTM 

E112. The average Vickers hardness was found by Vickers indent according to ASTM E384-

16 using an HV1000Z Microhardness Tester (Pace Technologies, USA) with an applied load 

of 9.8 kgf and 15 seconds hold time. Flexural modulus and flexural strength were measured 

using four point bending according to ASTM C1161 on an Instron testing machine (Model 

8501, Instron, USA) with a crosshead speed of 0.127 mm/min. 

Zeta potential measurements were taken using a dynamic light scattering (DLS) 

instrument (Zetasizer Nano ZS, Malvern Instruments, United Kingdom). For these, alumina 

powder was mixed at 0.5 vol% in DI water, with various concentrations of TAC, and loaded 

into transparent cuvettes.  
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3.4.4 Results 

Powder and Slurry characterization 

Figure 28 is an SEM image of as-received powder showing uniform particle 

diameter of approximately 150 nm and roughly spherical shape, consistent with the manufacturerǯs specifications. Characterization of the coagulation and fluid properties of 
the slurry is critical to both quality and reproducibility in printing, so it is important for 

predictive ability to document the powder quality, size, and size distribution. 

 
Figure 28: As-received alumina powder 

TAC acts as a weak acid in aqueous solution and changes the electrical interactions 

between particles through modification of the electrical double layer force and Debye 

length; the effects of which are shown as derived from Equations 1-3 in Figure 29. 

20 μm 
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Figure 29: Analytical model of Debye Length, EDL Interaction Energy, and Ammonia Evaporation Rate 

vs. pH. * represents pH 3.1 after significant ammonia evaporation 

 

The zeta potential of the alumina was measured with respect to TAC concentration 

and pH. It is shown in Figure 30 that the zeta potential magnitude increases steadily with 

increased TAC concentration, reaching a saturation value of -55 mV at concentrations 

above 0.8 wt%. Figure 31 shows that the zeta potential is positive around pH=2, decreases 

to zero, or the IEP, at around pH=4-4.5, and then becomes relatively large and negative as 

the slurry is adjusted into the basic region of pH. This is consistent with published results 

[24]. 
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Figure 30: Zeta potential with respect to TAC concentration 

 

 
Figure 31: Zeta Potential with respect to pH 

 

Figure 32 presents slurry viscosity plotted against slurry pH. As mentioned 

previously, pH was modified using 2M HNO3. For the slurry prepared at 50 vol% alumina 

with 0.3 wt% TAC, the pH is initially near the IEP of alumina (pH 8-9) [24] and at its lowest 

viscosity, allowing the assumption that the mixture is at its most homogenous and well 

dispersed state. After the dissociated ammonium molecules from TAC are deprotonated to 
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form ammonia, the ammonia evaporates out of solution, as shown in Equation 11 causing a 

pH shift and change in electrical interaction forces between particles [23]. This effect leads 

to coagulation of the particles as the suspension moves into the unstable region.  ܰ�ସ+ + ܱ�− ⇌ ܰ�ଷ ∙ �ଶܱ ↑ 

Equation 11: Ammonia Evaporation Reaction 

Using this principle, slurry extrudability and solidification behavior may be 

modified through pH adjustment. Viscosity changes little until pH is below 6.4, then 

increases nearly linearly until pH 3.1. For a nozzle diameter of 600 µm, optimal viscosity for extrusion was found to be between ͹ͷͲ and ͳͲͲͲ Pa∙s, correlating to a p( between Ͷ.ͲͲ 
and 4.30. This pH range also corresponds coincidentally to the IEP of the system, 

supporting the assumption that it is in this range that the strongest particle networks are 

formed due to lack of repulsive forces. In which case, it is possible that the resulting green 

parts would be of maximum strength and density for the system. 

 
Figure 32: Slurry viscosity vs pH 
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Printing 

Before parts were produced, printing parameters were established for the slurry. 

Volumetric flow rate, movement speed of the printhead, and print-bed temperature all 

influence the quality of parts being printed. Inadequate flow rate leaves incomplete and 

broken segments of material or causes the slurry to spread poorly. Inadequate movement 

speed causes slurries to coagulate and clog in the nozzle or coagulate too fast on the print-

bed resulting in poor layer adhesion. It was found that a flow rate of 0.0028 cm3/s paired 

with a movement speed of 10 mm/s with the print-bed at ambient temperature yielded the 

best layer adhesion, with the least spreading, and reducing cracking of parts, resulting in 

the best printing results. 

Printed parts were evaluated by minimum feature size as well as green density, 

strength, cure time, and layer adhesion. Minimum feature size was found to be 620 µm, 20 

µm of which was due to spreading after leaving the nozzle. Parts did not deform under 

their own weight implying that coagulation occurs. Green parts were, on average, 53% 

theoretical density with some samples as high as 65%.  Green strength of parts was too low 

to be measured by the available load cell; however, green strength was sufficient for part 

removal from the build plate and handling without failure before sintering. As complete 

coagulation generally required longer than the time to print, it was prudent to allow time 

after printing to ensure sufficient green strength for removal and handling. This cure time 

was typically between ͵Ͳ and ͸Ͳ minutes for material extruded at p( ≈Ͷ.ͷ. While 

individual layers may have acceptable microstructure and properties, if adhesion between 

layers is not complete, green strength, sintered density, and sintered strength are severely 

affected [28], [50]. Due to the nature of the coagulation process, particles in successive 
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layers likely form attractive networks with each other, resulting in excellent layer adhesion. 

As shown in Figure 33, a thin-walled part section shows homogenous bulk material with no 

observable separation between layers.  

 
Figure 33: Fracture surface of a green part where a) is at 200x and b) is at 300x 

 

Figure 34 contains photographs of several complex geometries that were printed.  

The DCP method of coagulation and extrusion demonstrates how overhangs can be printed 

with a hollow model rocket design. A closed-cell hollow part and fully dense turbine 

propeller prototype were also attained with this method. All of these parts were printed 

without the use of support material. 

a

) 

b

) 
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Figure 34: a) Printed rocket prototype demonstrating overhangs and enclosed volumes, b) part 

printed with closed-cell hollow infill, c) printed turbine propeller 

Sintering 

After free sintering in air according to previously mentioned heating schedules, 

densities of parts above 97% theoretical density were measured by both the Archimedes 

principle and areal methods. Areal density measurements were as high as 99.99% relative 

density. In addition to density, the microstructure of sintered parts was characterized in 

SEM, as shown in Figure 35. Grain growth was roughly isotropic, resulting in roughly 

spherical grains and limited porosity. Average grain size was ʹ.ʹ μm ± ͳ μm across a range 
of samples sintered from 1500 – 1750°C for 1 – 16 hours.  

a

) 

c) b

) 
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Figure 35: SEM images of sintered, 3D printed alumina showing magnifications of a) 250 x, b) 4,000 x, 

and c) 7,000 x 

Sintered parts were translucent white, transmitting light through walls as thick as 2 

mm, as demonstrated in Figure 36. This is further evidence of the high relative density and 

purity of the sample because of the sensitivity of optical properties of alumina to defects 

such as pores and impurities [47]. Part shrinkage due to densification was found by 

measuring at least four features on select parts before and after sintering. It was found that, 

among 15 samples, there was an average isotropic shrinkage of 19% with a standard 

deviation of 3%. Figure 36 shows a green part next to another that was printed identically 

and then sintered to full density. It is important to note that warpage, failure through 

cracking or rupture is possible if parts did not cure sufficiently.  

a

) 

b

) 

c) a
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200 
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Figure 36: a) Sintered rocket translucent to white light, b) Identically printed green and sintered 

rockets demonstrating shrinkage due to sintering 

 

Mechanical Testing 

To assure comparability with bulk alumina, the mechanical properties of printed 

parts were measured. Samples displayed an average hardness of 1788 HV.  Flexural 

modulus and flexural strength averaged 10.8 MPa and 173 GPa, respectively. Results found 

in this study were compared to published values from a wide range of industrial 

applications and minimum requirements [64], [65]. Specifically, nine commercial grades of 

alumina and two fine grained (1-2µm and 10-15µm) samples, produced by conventional 

sintering methods, are compared to direct coagulation samples. The nine grades are split 

into two main groups, the first being A1-A5, having relative densities of at least 99%; and 

the second group being A6-A9, with relative densities between 80% and 99%. These main 

groups can be divided into sub-classes according to type, purity, and intended service [66]. 

This study is comparing properties of conventionally fabricated parts to those made layer-

by-layer. Layer-by-layer forming processes can result in macro-scale structural defects that 

b

) 

a

) 



  

79 

 

can affect the observed properties, regardless of the microstructure.  Flexural strengths of 

parts produced by DCP were notably less than reported values for commercial alumina by a 

factor of ~20, as evidenced in Figure 37.  The flexural modulus of printed parts, however, 

was very comparable to high-grade commercial alumina, with values as high as 400 GPa as 

shown in Figure 38. It can be seen from Figure 39 that hardness of printed samples was in 

the same range as the hardest commercial grades. Therefore, the printed parts have 

potential application in products requiring wear resistance, along with any applications for 

which mechanical strength is not of special importance, such as electrical insulation and 

refractory applications. Although low strength was measured, we note that very little 

tuning of the toolpaths or other printing parameters to improve mechanical properties was 

performed. This potentially allowed for macrostructural defects leading to reduced flexural 

strength [50], while the properties of the microstructure are unaffected because modulus is 

an intrinsic property of the material and hardness is tested on a very small region.  For this 

reason, optimization of printing parameters and toolpaths is recommended for future 

work. 
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Figure 37: Flexural Strength of commercial samples as well as printed parts in this research 

 
Figure 38: Flexural Modulus of commercial samples as well as printed parts in this research 
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Figure 39: Hardness of commercial samples as well as printed parts in this research 

 

3.4.5 Discussion 
The method of DCP for additive manufacturing is unique and presents new 

advantages over conventional methods, and it has many opportunities for optimization and 

analysis. The analytical description of interparticle forces with respect to pH shown in 

Figure 29 correlates well with the observed relationship between viscosity, pH, and 

coagulation rate. As pH becomes more acidic, ammonia evaporation rate decreases, 

interparticle attractive forces are lowered, and Debye length increases, all of which 

contribute to a tunable suspension with higher viscosity and lower coagulation rate. 

However, in this study, precise control of the coagulation rate was not the goal, and 

clogging occurred intermittently during extrusion. This clogging can lead to complete 

printing failure[12], but more often leads to inconsistency in extrusion flow rate, which can 

lead to uneven printing. Along with this, significant flaws can arise when there is no 

capability to modify the extruder toolpath to mitigate staircasing, chord approximation, 

and perimeter overlap defects [50], as is the case with the Cura slicer engine. It is 
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speculated that both of these effects are a source of internal pores and flaws in what should 

be solid structures, such as the beams tested for flexural strength. Assuming printed parts 

have fracture toughness comparable to published values (Ͷ ܲܯ�√݉)[64]–[66], internal 

flaw size leading to fracture at the observed stress can be calculated using Equation 12 

where �ூ஼  is fracture toughness, Y is a geometrical constant, �� is stress at failure, and � is 

half the length of an internal pore. �ூ஼ = ���√�� 

Equation 12: Griffith Fracture Toughness Equation 

This calculation shows that a flaw of approximately ͳͲͲ μm would be sufficient to 
result in the observed low flexural strength. With the extruder nozzle moving at the 

printing speed of 10 mm/s, a flaw of this size would only require inconsistent extrusion for 

~0.01 s. While hardness, flexural modulus, and translucency of samples suggest the quality 

of printed parts is consistent with the highest commercial grades of alumina, relatively 

large internal flaws due to inconsistent extrusion would account for samples breaking 

under relatively low loads, resulting in the low flexural strength values observed. We 

propose that, with more precise control of coagulation rate and extrusion flow rate, this 

inconsistency can very likely be mitigated. This challenge has already been observed in 

research and the proposed solution is not unique [50]. 

Once printed, a remarkable aspect of the direct coagulation technique is the 

relatively short cure time and complete lack of an intermediate binder burnout before 

sintering. Alternative methods of ceramic forming sometimes include extensive cure times 

for parts before they are able to be handled or sintered [12], [16], [23], [26], [27], [73]. Our 

method presents a significant potential decrease in production time. Many other methods 
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of ceramic additive manufacturing, such as binder jetting and many DIW techniques, also 

require removal of a binder material that may be time consuming, costly, and leave behind 

impurities, large pores, or cause warpage prior to sintering [3], [4], [7]. By eliminating this 

step, geometric fidelity, purity, and throughput time may be improved. 

In the sintering process, the isotropic and consistent nature of the shrinkage can be 

highly advantageous to the designer. Printing with a 600 µm nozzle, parts may be oversized 

such that they shrink to the desired dimensions. The resulting parts have an effective 

resolution of approximately 486 µm. This resolution is competitive with many desktop 

thermoplastic FDM printers like Lulzbot, Ultimaker, Stratasys, and Makerbot, to name a 

few, and can likely be improved upon with higher pressure extruders or tuning of fluid 

properties. 

For this method to be commercially viable, further characterization is necessary to 

generate improvements in reliability and identify suitable applications. A more thorough 

understanding of slurry rheology would be helpful in determining optimum printing 

parameters. A study of the coagulation kinetics and microstructures produced thereby 

could help in reducing cure time and sintering time as well as reducing clogging issues. Use 

of a CAD slicer program that can make continuous extrusion toolpaths with appropriate 

road overlap would also lower the chance of large internal flaws [50]. Further mechanical 

testing would be helpful in developing design parameters for parts intended for structural 

service. Characterization of other material properties such as electrical and thermal 

conductivity, and optical and wear characteristics, could validate printed parts for 

applications with appropriate requirements. Finally, in attempting to use direct coagulation 

to print with various other ceramics and metals we hope to demonstrate the true capability 
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of this additive method to be used across a broad spectrum of materials, many of which 

have not yet been shown to be printable. 

3.4.6 Conclusion 
A novel binderless extrusion method of additive manufacturing is presented using α-Al2O3 nanopowder slurries. Slurries showed good dispersion using TAC and 

demonstrated direct coagulation controllable with pH shift. Resulting flow and 

solidification properties of the slurry allowed the use of an extrusion delivery system, and 

the resulting 3D printed parts were sintered to full density in a single post-processing step. 

Coagulation is controllable so 3D printing is dependent on the kinetics of the coagulation 

reaction. This method is advantageous because fully dense, complex geometries can be 

created with little contamination, retention of small-grained microstructure, and good 

uniformity. The printed parts exhibited mechanical properties comparable to existing parts 

but with reduced strength, speculated to be caused by flaws in the toolpath or printing 

parameters. By further controlling the coagulation and deposition, the observed reduction 

in strength may be mitigated, making this method highly competitive for industrial 

production of structural parts. It is likely, considering the nature of alumina, that printed 

parts would already be suitable for research and industrial use in refractory and electrical 

insulation applications. 

This research was funded through lab set-up funds for Dr. Troy (ollandǯs Advanced 
Materials Processing and Testing (AMPT) Lab at Colorado State University. Special thanks 

to Dr. Qiang Wang, Dr. Matt Kipper, and Dr. Donald Radford at Colorado State University for 

enlightening conversations on nano-colloids, gel materials, and generosity in use of their 

instrumentation. 
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4  Conclusion and Future Work 

4.1 Conclusion 

 Three material systems were examined for suitability as a novel additive 

manufacturing method; the chitosan gel network, the PVA binder, and the direct 

coagulation system. Slurry preparation methods were investigated for each. After slurry 

evaluation, the chitosan gel method was not pursued further, as it was the least promising. 

Printing and sintering experiments were then performed using PVA binder and direct 

coagulation systems.  Sintering results for the PVA binder system showed that, while 

printability was excellent, porosity was unacceptable. With regard to the specific aims of 

this research, direct coagulation printing was the only approach to demonstrate full 

success in extrudability, generating complex geometries, and sintering to full density. The 

chitosan gel network and PVA binder were simply not as easily adapted to 3D printing of 

complex and fully dense structures. The success of the direct coagulation approach exposes 

a novel, binderless, extrusion method of additive manufacturing with promise in 

applications with both metals and ceramics. Mixing parameters for preparation of high 

solids content slurries for DCP in a planetary ball mill were optimized. Sintering of DCP 

samples was also perfected, consistently resulting in fully dense parts. Mechanical testing 

of DCP printed parts was performed to allow for comparison of flexural modulus, strength, 

and hardness with similar alumina materials produced by conventional methods. The 

binderless aspect of DCP makes it more attractive than many contemporary methods by 

increasing potential throughput with a more time-efficient process, and simultaneously 

reducing cost by saving time, energy, and material investment. Ability to use nanopowders 
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gives the opportunity to achieve significantly better mechanical properties by producing 

parts with nanometric microstructural features. Overall, DCP presents a novel, binderless 

extrusion method of additive manufacturing, capable of using nanopowders and producing 

alumina parts comparable to conventionally produced alumina in mechanical properties 

and many contemporary printing approaches in geometric capability and speed.  

 

4.2 Directions for Future Work 

  Future research efforts can be focused in two directions. First, improvements 

to the quality of parts can always be made; to such characteristics as resolution, strength, 

and repeatability in mechanical properties. Second, further applications and materials 

systems can be explored. Improvements in quality must come before DCP can be used for 

commercial applications, and demonstration of broader capabilities will enhance the range 

of these applications. 

 Proposed strategies for improving part quality are relatively direct. To improve 

resolution, the use of smaller extrusion nozzles is suggested. To achieve this, it is likely that 

some rheological optimization or increase in achievable extrusion pressure will be 

necessary, as viscosity and pressure are main factors in extrudability. Based on the 

assumption that strength of parts is reduced by slicing and extrusion errors, the first step 

would be to improve toolpath generation. This can either be done with commercially 

available programs, or by programming custom toolpaths or toolpath generation software 

in-house. Upon improvement of toolpaths, it is expected that part reliability can also be 

increased. To further improve reliability and strength, the printing environment and 

extrusion parameters can be optimized to eliminate nozzle clogging, providing more 
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consistent extrusion. With these changes implemented, it is expected that parts can be 

produced by DCP with acceptable quality for broad commercial applications. 

 DCP has been characterized in this research only for alumina powders and parts. 

This printing method is inherently applicable to other materials capable of electrostatic 

stabilization and coagulation, which includes nearly all ceramics and metals. Developing 

slurries and successfully creating parts with any other materials would expand the 

capability of industrial and research organizations involved with said material. In the 

biomedical sector, 3D printed implants and tissue scaffolds made of biocompatible 

ceramics could be produced. In the power generation and engine industry, high strength 

refractory metals and ceramics are of interest for ultra-high temperature heat exchangers 

with unique geometries only producible by AM are being researched. In space propulsion 

and plasma generation, complex, monolithic, and lightweight ceramics for electrical 

insulation are desired. These are just a few of the applications that are possible with the 

expansion of capability into other material systems. Similar to the evolution of 

thermoplastic and metal AM, there are likely many applications for AM of ceramics that 

have not yet been discovered. As the technology is taken up by industry and more research 

and experimental designs are done, there will undoubtedly be discoveries of new methods 

of optimizing geometry, weight, mechanical and fatigue performance, and overall 

application of ceramic parts. It is my hope that further research with DCP can help to 

advance many facets of technology in the coming years. 

 


