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Most industrial ceramic processing applications require slurries that can be easily 

poured with the highest solids loading. This helps in making the final cast have a good 

packing uniformity and reduces the sintering shrinkage. Rheological studies are carried 

out with alpha silicon carbide slurries in a non-polar media using polystyrene, 

polybutadiene and LP1 dispersants. The experimental data were fit into the Krieger- 

Dougherty equation to find out the maximum solids loading and colloidal properties of 

the slurry. 

A novel solid freeform method, “Electro-photographic Solid Freeform Fabrication” 

(ESFF), needs specific qualities for solid (powder) and liquid (slurry) toner (electronic 

ink). The development of a liquid toner, study of its flow behavior and electrophoretic 

tests confirming that the toner could be used for ESFF are carried out and the data 

analyzed.  
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CHAPTER 1 
INTRODUCTION 

A novel Solid Freeform Fabrication (SFF) method, referred to as Electro-

photographic Solid Freeform Fabrication (ESFF), needs specific qualities for a toner 

material (solid or liquid). By using a liquid toner we can deal with sub-micron size 

powders, which would help in improving the resolution of the prototype obtained. Here, 

we deal with preparing a liquid toner and carrying out tests to show that the liquid toner 

can be used for the solid freeform fabrication process. A liquid toner consists of sub-

micron sized particles dispersed in a non-polar solvent, with polymers acting as 

dispersants and charge controlling agents maintaining the charge. Rheology studies were 

done to find the maximum solids loading that can be obtained for the slurries with 

polystyrene, LP1 and polybutadiene. The models were fit to the Krieger-Dougherty 

equation. Electrophoretic tests were done to study the variance of optical density with 

voltage and time. 

Chapter 2 deals with an introduction to solid freeform fabrication. A brief history, 

how the process works, the advantages and the applications of SFF are described here. 

The later part of the chapter deals with a novel SFF technique referred to as electro-

photographic solid freeform fabrication. In chapter 3, a discussion is based on basic 

theories and concepts that exist in colloidal processing, mainly, the various stabilization 

methods and coagulation. The dependence of viscosity on packing fraction, the Krieger-

Dougherty equation and basic concepts on rheology are discussed in chapter 4.Chapter 5 

deals with the methodology for the materials selection. How and why the specific 
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materials were chosen for the experiments are explained. In chapter 6, the various 

characterizations on the raw materials taken are explained. The methodology for the 

experiments and the equipments used for the various experiments are also mentioned 

here. Chapter 7 deals with determining the amount of polymer needed to completely 

cover the silicon carbide particle and to determine the amount of charge controlling agent 

needed to get the required electrophoretic deposition. The dependence of relative 

viscosity on solids loading of the slurry, the Krieger- Dougherty fit curves and the 

determination of the maximum solids loading for the slurry are concentrated in chapter 8. 

Chapter 9 deals with the study of the variance of optical density with voltage and to find 

out the best voltage region to carry out the electrophoretic depositions at. In chapter 10, 

the concentration is on the study of the variance of optical density with time for the 

slurries having polystyrene as the polymer and those having LP1 as the polymer. The 

analysis of the electrophoretic deposition is seen in Chapter 11. The pictures of the 

deposition are also present here. Chapter 12 gives a brief conclusion to the results of the 

experiments. 
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CHAPTER 2 
GENERAL THEORIES AND CONCEPTS IN SOLID FREEFORM FABRICATION 

History 

The thought of making three-dimensional objects, without the use of any tooling 

methods have interested scientists for many years [1]. Technique’s using a specific 

hardening feature by the laser beam, were available in the early eighties [2]. Hull and 

Charles [3] patented the stereolithography apparatus in 1986. By this process three-

dimensional plastic parts could be created directly from Computer Aided Design (CAD) 

data. From then on many Solid Freeform Fabrication (SFF) techniques have been 

developed. 

What Is SFF? 

Solid Freeform Fabrication (SFF) is a method to fabricate custom three-

dimensional objects with desired properties from computer data [4, 5]. This is basically a 

layer-by-layer manufacturing method of three-dimensional objects. Due to this layer-by-

layer building approach, quicker and cheaper production of prototypes could be made. 

First, the solid model of the part to be manufactured is created in CAD software. This is 

then exported to the SFF process via a software interface [4]. The software interface is 

java or java2 and the program used is the solid slicer. The SFF process deposits various 

materials layer by layer in the shape of the cross-section of the solid to create the part. A 

simplified flow diagram is shown in figure 2-1. 
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Figure 2-1.Block diagram of the principle of the solid freeform fabrication (SFF) 

technique 

The automation for the entire process is also possible. In theory, since the 

prototypes can be produced very fast the solid freeform fabrication is also referred to as 

Rapid Prototyping (RP). 

Solid freeform fabrication methods can be classified on the basis of the raw 

material used, lighting of photopolymers, and by the application range for which it is 

used [2]. The earliest form of SFF was stereolithography [3, 5]. Stereolithography uses an 

Ultra Violet (UV) laser (generally a helium-cadmium laser) to create successive cross 

sections of three-dimensional objects within a vat of liquid photopolymer. This technique 

makes use of photo reactive polymers, those that react with UV light. When UV light 

strikes the photo reactive polymer resin, it gets solidified. Thus, in this manner a layer of 

the three-dimensional model could be formed. The process is continued by either 

Computer Aided Design, 3-
D Model 

Solid Freeform Fabrication 
Process 

3-D Object 

Additional Materials 
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lowering the object into the vat of the polymer or by spreading a new layer on the object 

in order to make the next and subsequent layers form the solid part. A schematic diagram 

of the stereolithography prototyping system stated by Hull and Charles [2] is shown in 

figure 2-2. The parts that are built using stereolithography are durable, but fragile. The 

stereo lithographic machine is accurate with building parts containing intricate details and 

complex shapes. 3D systems of Valencia, CA, since 1988 is the industry leader in selling 

RP machines particularly those using stereo lithographic techniques.  

 

 C o m p u t e r  
C o n t r o l  

U V  L i g h t  

3 D  P a r t s  R e s i n  Z  

 

Figure 2-2.The stereo lithographic machine [2] 

SFF has been associated with manufacturing environments, where it is used for the 

rapid production of visual models, low run tooling and functional objects [6]. The 

additive nature of SFF techniques, offers great promise for producing objects with unique 

material combinations and geometries, which could not be attained by traditional 

methods and are different from most machining processes (milling, drilling, grinding, 

etc), as these are subtractive processes that remove material from a solid block.  So, it can 

be used in diverse fields as aerospace, electronics, architecture, biomedical engineering 

and archeology [6]. SFF allows designers to quickly create tangible prototypes of their 
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designs rather than two-dimensional pictures.  These help in making less expensive and 

excellent visual aids for communicating ideas with co-workers or customers.  It can also 

be used for design testing. For small production runs and complicated objects, SFF is the 

best process available.  The time required to build the prototype depends on the size and 

complexity of the object.  The time saving allows manufacturers to bring products to the 

market faster and more economically [6].  

Electro-photographic Solid Freeform Fabrication (ESFF) is a novel solid freeform 

fabrication technique. It uses the electro-photography technique to deposit particles layer-

by-layer on a specially designed platform. [1, 7, 8] (Figure 2-3) 

 

Figure 2-3.The electro-photographic solid freeform fabrication (ESFF) machine [8] 

During the electro-photography process, the particles are picked up by a charged 

surface and deposited on an oppositely charged surface. Therefore, it is important to 

know the characteristics, especially the charging characteristics of the particles in this 

process. Kumar [1] has designed a test-bed, ESFF machine (Figure 2-4), which deposits 
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the particles in the required regions, layer-by-layer, on a numerically controlled two-axis 

platform. 

 

Figure 2-4.A schematic of the electro-photographic solid freeform fabrication (ESFF) 
machine [8] 

A heating and compacting system is used to fuse each layer of particles deposited. 

Figure 2-5, shows a schematic representation of how the ESFF process works. The 

photoconductor drum is charged with the help of a charging roller using direct contact 

charging. The laser image projector makes the image on the photoconductor drum by 

removing the charge from the drum at the required regions. From the image developer 

 

Figure 2-5.A sketch showing the principle of the electro-photographic solid freeform 
fabrication (ESFF) machine [8] 
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the particles are attracted to the magnetic development drum, by applying a high voltage 

on the drum. The particles then get transferred to the photoconductor drum at the regions 

required because of their opposite polarity. The developed image is then transferred onto 

the build platform with the help of an electric field and then permanently fixed by fusing. 

The photoconductor surface needs to be cleaned using physical or electrical methods, 

before the process is repeated to get the three-dimensional object. 

Of late, there has been a great demand worldwide for electro-photography based 

full color printing devices for both Small Office and Home Office (SOHO) and for the 

heavy volume commercial application [9, 10, 11, and 12]. The printing “toner” 

(electronic ink) can be either in the powder form (solid toner) or the sub-micron sized 

toner particles can be suspended in a dielectric liquid (liquid toner). There has been an 

increasing demand for a high quality short run printing and the liquid development 

process using a liquid toner can meet this demand well because with this we can achieve 

high resolution, good image quality and a better packing uniformity [13]. Thus, liquid 

toners are important and there is the need to develop a liquid toner for the ESFF process. 
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CHAPTER 3 
BASIC THEORIES AND CONCEPTS IN COLLOIDAL PROCESSING 

A colloid consists of two phases [14]. One of the phases, referred to as the 

dispersion medium is generally a solid, liquid or a gas and the other, the finely dispersed 

particulate phase, is either a gas, liquid or a solid. It is seen that compared to powder 

consolidation methods, using colloidal suspensions, leads to a much better packing 

uniformity in the green body for sub-micron sized particles. This helps in achieving 

superior micro-structural properties during sintering. The use of a high solids loading 

slurry, reduces the shrinkage due to sintering, during the compaction process. Moreover, 

the sinterability is also better using a high solids loading slurry. However, the difficulty 

lies in making a colloidal suspension with the highest possible solids loading and a low 

enough viscosity so that it can be poured. [14] 

For colloidal suspensions, to give the best packing uniformity, the suspension 

prepared must be stable. When particles are close together, the attractive van der Waals 

forces tend to coagulate the particles. To avoid coagulation, various stabilization methods 

can be used which are explained below. A stable high solids loading colloidal suspension 

can be consolidated to a densely packed structure. 

Stabilization Methods for Colloids 

For particles in a liquid dispersing medium, attractive van der Waals forces tend to 

flocculate the particles. To avoid flocculation or coagulation of particles, a reduction in 

the attractive forces is needed and the techniques used to achieve this are based on 

introduction of repulsive forces [14]. The repulsion between particles, based on the 
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electrostatic charges on the particles is termed as electrostatic stabilization. The 

stabilization mechanism is termed as polymeric stabilization, when the repulsion is 

produced by polymer molecules, adsorbed or chemically attached, onto the particle 

surfaces or existing freely in the solution. When repulsion is a consequence of the 

combination of electrostatic and polymeric stabilization mechanisms it is termed as 

electrosteric stabilization [14]. 

Electrostatic Stabilization 

In electrostatic stabilization, the repulsion is not between the charged particles. A 

diffuse electrical double layer of charge is produced between the particles and this 

interaction formed between the diffused double layers formed is the cause for the 

repulsion. For a particle covered by a diffuse double layer, the shear slippage occurs at a 

distance from the surface and the potential at this shear slippage is termed as the zeta 

potential.  The zeta potential is the potential at the surface of the electrokinetic unit, 

moving through the liquid medium, as determined from the measured electrophoretic 

mobility [14,15]. 

For ceramic particles dispersed in a solution the main process by which they can 

acquire a surface charge is by the adsorption of ions from the solution. The surfaces of 

oxide particles are normally hydrated in water. The adsorption of H+ ions produces a 

positive charge on the oxide surface and similarly the adsorption of the OH- ions 

produces a negative charge on the oxide surface. At some intermediate pH, the adsorption 

of H+ ions will balance that of the OH- ions. This intermediate pH is called as the Point of 

Zero Charge (PZC)[14]. At this point, the particle surface is effectively neutral. 

It is observed that the measurement of the surface potential is difficult, as some 

finite ionic dimensions, could approach only up to a certain distance of the interface. This 
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led to the stern layer effect. The stern layer effect states that the double layer consists of 

three regions. The outermost layer is called the ‘diffuse double layer.’ The layer formed 

due to the adsorption and which lies adjacent to the particles interface is called the ‘inner 

Helmholtz layer.’  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1.The double layer consisting of the three regions [15] 

The layer where the counter ions were arranged at a distance form the interface is called 

as the ‘outer Helmholtz layer’. It is easier to measure the potential at a small distance 

form the particle surface, that is, at the surface of the stern layer and this potential is 

   ψζ

ψ0

ψs

Diffuse double layer

 Shear plane

Stern plane

Distance
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referred to as the zeta potential.  The pH where the charge on the stern layer is zero, 

rather the zeta potential is zero, is referred to as the Iso-Electric Point (IEP). 

Double Layer Repulsion 

It is seen that for colloidal particles, when two particles come closer together their 

double layers start to overlap. If the particles carry the same charge, repulsion is seen 

after their double layers overlap resulting from inter-penetration of the two diffuse layers.  

This repulsion prevents further movement of the particles closer together and is believed 

to be the reason for the stability of the suspension. The universally accepted theory for 

the interaction between electrical double layers is the DLVO theory (after Derjaguin, 

Landau, Verwey and Overbeek) [14, 16].  

DLVO Theory 

Named after Derjaguin, Landau, Verwey and Overbeek, this theory explains the 

interactive forces acting between the electric double layers. The theory states that the 

total interaction energy is the sum of the attractive potential energy and the repulsive 

potential energy.  

VT = VA + VR        [3.1] 

The electric double layer stabilization is seen when the double layers of similarly 

charged particles approach each other and the repulsive forces between them are large 

enough to overcome the van der Waals forces of attraction. 

Polymeric Stabilization 

This is the stabilization of the colloidal particles by organic polymer molecules. It 

can be accomplished by either steric stabilization or depletion stabilization. When the 

stabilization mechanism is achieved by polymer molecules adsorbed or attached to the 

colloidal particle, the mechanism is referred to as steric stabilization. When the 
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stabilization is achieved by polymer molecules in the free solution it is termed as 

depletion stabilization [14]. 

 

Figure 3-2.The variation of potential energy between two particles in a liquid medium 
due to van der Waals attraction and electric double layer repulsion [15,16] 

Electrosteric Stabilization 

Electrosteric stabilization requires the presence of both the adsorbed polymers and 

the double layer repulsion - a combination of the electrostatic and steric forces. This can 

be achieved by using a charged particle and a neutral polymer, by using a neutral particle 

and a charged polymer or by using a charged particle and a charged polymer [14]. 
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Coagulation 

The potential barrier decides the stability of a suspension. In most colloids the 

particles remain suspended only when the energy barrier is greater than kT. In other 

cases, it is seen that the particles tend to adhere to each other. If this process is reversible 

it is termed as flocculation and if it is irreversible it is termed as coagulation. A coagulate 

is defined as a set of particles in suspension held together by attractive van der Waals 

forces [14, 15]. 
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CHAPTER 4 
BASIC CONCEPTS AND THEORIES IN UNDERSTANDING THE RHEOLOGICAL 

PROPERTIES FOR PARTICULATE SUSPENSIONS 

Rheology is the study of deformation and flow of matter. As the stability of the 

dispersion is dependent on the final structural outcome of the consolidated solid, it is 

important to understand and know the rheological properties of the colloidal suspension. 

A good colloidal suspension is one that has a high solids loading and a low viscosity. The 

high solids loading helps obtain a high packing density during the compaction process. 

The viscosity of the suspension should be low enough so that it can be poured easily [16, 

17, 18].  

Importance of Rheological properties 

The most important property used to describe the flow of a liquid is its viscosity.  

By carefully analyzing the viscosity we can find out the maximum solids loading that can 

be achieved for the suspension. This helps in making suspensions with high packing 

densities during compaction and reduces the shrinkage. 

The viscosity is defined as  

η= τ \ γ     [4.1] 

where, η is the viscosity, τ is the shear stress and γ is the shear rate. 

From the variation of viscosity with shear rate of the suspension we can know if the 

liquid shows a Newtonian behavior or not. For Newtonian liquids, the viscosity is 

independent of the shear rate of the suspension. However, for most of the suspensions 

generally used, such as polymer suspensions or colloidal suspensions the viscosity 
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changes with shear rate of the suspension and are therefore termed as non-Newtonian 

liquids. Therefore in these cases the viscosity will be a function of shear rate. 

Depending on how the viscosity varies with shear rate we can have different kinds 

of liquids. If the viscosity of the suspension decreases with shear rate it is called as shear 

thinning or pseudoplastic liquid and if the viscosity increases with the shear rate it is 

called as shear thickening or dilatancy. We have the thixotropic behavior when the 

viscosity depends not only on the shear rate but also on time. 

 

Figure 4-1.The variation of shear stress and viscosity with shear rate. A. newtonian 
Liquid, B. dilatant liquid and C. pseudoplastic liquid 

Solids Loading 

We consider the particles to be hard spheres, for better understanding of the effect 

of the concentration of the particles. This means we discard the presence of charged 
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electrical double layers or adsorbed polymers. According to Einstein, the increase in the 

viscosity is caused by the increase in the solids loading as shown in the equation below 

η= η0 ( 1 + 2.5ф )      [4.3] 

where, η is the viscosity of the suspension, η0 is the viscosity of the liquid medium, ф  is 

the volume fraction of the particles. 

A more generalized equation is  

η= η0 ( 1 + k1ф )      [4.4] 

where, k1 is the Einstein’s coefficient, which is 2.5 for hard spheres. 

However this equation particularly deals with dilute suspensions (when there is no 

interaction between the particles). For concentrated suspensions, the equation becomes 

more complex and is given by, 

η= η0 ( 1 + k1ф + k2ф2 + k3ф3 + k4ф4+ ...)  [4.5] 

Generally the viscosity is expressed as the relative viscosity (ηr ) and is the ratio of 

the viscosity of the suspension (η ) to the viscosity of the liquid medium (η0). 

As more and more particles are added into the solution, there is an increase in the 

solids loading and finally at a certain solids loading the viscosity reaches infinity. This 

limiting value is called the maximum solids loading (фm). At the maximum volume 

fraction, the particles in the slurry are so close together that their average separation 

distance is almost zero and this makes their flow impossible [18,19].  The maximum 

solids loading is around 0.65 for hard spheres and maybe around 0.4 - 0.5 for colloidal 

suspensions in which the interaction between the particles are significant. Depending on 

the slurry that is prepared we can have variations in the maximum solids loading . 
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For mono-size spheres, the Krieger and Dougherty equation explained  [14, 16] 

below can be used to calculate the maximum solids loading which is given by 

m

m
r

φη

φ
φη

][

1
−









−=       [4.6]  

where [η] is the intrinsic viscosity and фm  is the maximum solids loading. 

Particle Size Analysis 

The particle size and size distribution does have an impact on the viscosity of the 

colloidal suspension. It is seen that the Krieger Dougherty fit works only when the 

particles are mono dispersed. When the particles are poly-dispersed it is seen that the 

maximum solids loading is different compared to the mono-dispersed particles as the 

smaller particles can occupy the voids between the larger particles. For mono sized 

particles the viscosity reaches a maximum value at a lower solids loading. Thixotrophic 

behavior or lowering of the maximum solids loading is seen when the majority of the 

particles are of the smaller size range. This happens as the particles have a large specific 

surface area for the solvent and dispersant to bind to. Dilatancy, due to the obstruction of 

flow of particles leads to a lowering of the solids loading in the suspensions having a 

majority of particles of the larger size.   

Polymer Adsorbed Layers  

The adsorption (chemical bonding) of polymer layers onto the surface of particles 

can result in a better stabilization of the colloidal suspension. If the polymers are organic 

in nature, steric stabilization is seen. If the polymers are ionizable, the stabilization 

mechanism is a combination of the steric and the electrostatic methods- electrosteric 

stabilization. The adsorbed layer of the polymer should be such that they can overcome 

the van der Waals forces of attraction and thereby prevent the adherence of the particles. 
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The polymer additions of the amount of 0.4-0.5 % of the weight of the particles can help 

achieve fairly low viscosities at high solids loading [14].  
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CHAPTER 5 
METHODOLOGY FOR LIQUID TONER MATERIAL SELECTION 

In liquid development systems, non-aqueous dispersions consisting of sub-micron 

sized particles stabilized in an adsorbed layer of polymer and charge control agents in 

aliphatic hydrocarbons are used as toners [20]. 

Solvent–Selection Methodology 

As, ISOPAR (ISO- PARaffinic hydrocarbon – highly branched alkanes with 7-15 

carbon atoms), the solvent used in most industrial applications for the development for 

the liquid toner, is not well defined, a solvent with similar properties as of ISOPAR and a 

clearly defined structure was selected. Thus, decahydronapthalene (C10H18) was used as 

the solvent [18, 21, and 22]. The properties considered were a high flash point (135ºF for 

decahydronapthalene), non-polar nature, non- conductivity, chemical inertness, relatively 

non-viscous nature and volatility. Decahydronapthalene meets the majority of these 

requirements. The chemical structure for decahydronapthalene is given in figure 5-1.  

Ceramic Particles–Selection Methodology 

Silicon Carbide (SiC), sub-micron sized particles were used, as they are an 

important ceramic for structural and electrical applications, because of their excellent 

mechanical and electrical properties at high temperatures [18, 19]. Sub-micron sized 

particles were made use of to produce very high-resolution images [13]. Silicon carbide 

has been used as an industrial product for more than hundred years. It can be used for a 

broad range of applications like high temperature semiconductors, medical, biomaterials 

and light weight- high strength structural materials.  
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Figure 5-1.The chemical structures for trans and cis decahydronapthalene. 

Dispersing Agent–Selection Methodology 

The adsorbed layer of the polymer should be such that they can overcome the van 

der Waals forces of attraction and thereby prevent the adherence between the particles. 

To find suitable dispersing agents for the SiC and C10H18 system, the refractive indices 

and dielectric constants for silicon carbide and decahydronapthalene were substituted in 

 

trans- Decalin 

cis - Decalin 
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[5.1]
 

the Tabor-Winterton equation mentioned below and the Hamaker constant was calculated 

[17].  

 
 
 
 
 
 
 
 
 
 
 

For the SiC and C10H18   system the refractive indices are 2.649 [23] and 1.475 [24] 

respectively and the dielectric constants are 9.71 [25] and 2.196 [26] respectively at 

298K. Using these values in the Tabor Winterton Approximation (TWA), the Hamaker 

constant was calculated to be 2.233*10-19J for the SiC–C10H18 system [16]. A graph, for 

sphere-sphere interactions, at 298K, with the Hamaker constant of the system, showing 

the variation of separation distance of SiC particles with respect to the van der Waals 

interaction energy was plot [figure 5-2]. 

The figure 5-2 shows an increase in the magnitude of the van der Waals interaction 

energy as the particle separation distance decreases. The increase in the van der Waals 

interaction energy can be seen to start when the separation distance is 40 nm. So, if we 

can keep the particles 40 nm apart, by using a polymer, we could avoid the coagulation of 

the particles due to van der Waals interaction. Using the solubility parameter handbook, 

the solubility parameters for polymers [polybutadiene (18.0 (MPa)0.5) and polystyrene 

(18.6 (MPa)0.5) ] having similar solubility parameter values with that of C10H18 (18.0 

(MPa)0.5 ) were chosen [27]. Now, using the formula for the radius of gyration(r) given 
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below the approximate molecular weights required for these polymers were calculated 

[14]. 

 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 5-2.Separation distance (nm) for SiC particles with the van der Waals interaction 

energy (kT) in the sphere-sphere interaction mode. The Hamaker constant for 
the calculation was taken to be 2.23*10-19J and the temperature was 298K 

r2 = c n l2       [ 5.2 ] 

where, ‘l’ is the segment length, ‘c’ is a constant factor and ‘n’ is the number of 

segments. 

The average molecular weights required for polystyrene and polybutadiene were 

calculated to be in the order of 105 and 103, respectively. Actual solubility tests showed 

that polybutadiene and polystyrene were soluble in the non-polar solvent. Thus, 

polybutadiene, polystyrene and for comparison, Hypermer LP1 (High performance 

polymer- an industrially used polymer) were chosen.  
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Charge Controlling Agents–Selection Methodology 

In industrial systems, particle charge controlling agents are added to control the 

magnitude and sign of the surface charge of the particles [18, 28, 29, and 30]. Therefore, 

CCA7, an industrially used negative charging agent, was used to provide the charge. 
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CHAPTER 6 
RAW MATERIALS CHARACTERIZATION AND EXPERIMENTAL TECHNIQUES 

 
6H-alpha silicon carbide (Grade UF-15, H.C.Starck, Canada), cis-trans 

decahydronapthalene (Aldrich), polystyrene (Aldrich), polybutadiene (Aldrich), LP1 

(Uniqema, Belgium) and charge controlling agent 7 (Avecia-Inc) were the starting 

materials. The average molecular weights for polystyrene, polybutadiene and LP1 are 

~230000, ~ 5000 and ~ 6000 respectively. The Silicon Carbide (SiC) and Charge 

Controlling Agent 7 (CCA7), particle sizes, were measured with the Brookhaven 

instruments – Zeta plus particle sizing and were found to yield a d50  of 0.52±0.02 µm and 

0.42±0.02 µm respectively. The surface area of SiC, measured by BET (AREAMETER 

II) N2 adsorption is 15m²/g (H.C. Starck). Polystyrene, polybutadiene and LP1 are used 

as dispersants for the different experiments and their amounts are based on the weight 

percent of the dry SiC powder.  

Table 6-1.Raw materials used for the experiments 
S.No Material  Company D50, Mw , BET surface area 
1 6H-alpha- silicon carbide H.C.Starck, Canada D50  of 0.52±0.02 µm, 15m²/g  
2 Cis-trans decahydronapthalene  Aldrich 99+% purity  
3 Polystyrene Aldrich Mw ~ 230,000 
4 Polybutadiene Aldrich Mw ~ 5,000 
5 LP1 Uniqema, Belgium Mw ~ 6,000 
6 Charge controlling agent 7  Avecia-Inc  D50  of 0.42±0.02 µm  

 

Scanning Electron Microscopy (SEM ) 

The SEM imaging was carried out using the JEOL JSM6330F. The JEOL 6330 is a 

cold field emission scanning electron microscope. The cold field emission has the 
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advantage of high brightness (large current density) and small beam diameter (high 

resolution) at low accelerating voltages to allow imaging of soft polymeric materials 

without causing damage to the sample. Resolution of the instrument is around 1.5nm 

depending on the sample. The instrument has an energy dispersive X-ray spectrometer 

(EDS) for elemental analysis.  

 

Figure 6-1.SEM picture of the 6H-alpha- silicon carbide (UF Grade 15) 

The SEM image for SiC was taken at 10,000X magnification with a working 

distance of 14.6mm. The figure 6-1 shows that the particles are mainly spherical and are 

more or less of the same size and shape.  

The SEM picture for the CCA7 was taken at 8,000X magnification with a working 

distance of 16.2mm. The figure 6-2 shows that the particles are mainly rod shaped. 
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Figure 6-2.SEM picture of the charge controlling agent (CCA7) 

Energy Dispersive x-ray Spectrometry (EDS) 

The EDS was carried out using the JEOL JSM6330F SEM. The instrument has an 

energy dispersive X-ray spectrometer (EDS) for elemental analysis which was used. The 

EDS of CCA7 shows that the negative charge controlling agent is mainly a chromium 

complex (figure 6-3). 

 

Figure 6-3.EDS of the charge controlling agent 7 (CCA7) 
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Nuclear Magnetic Resonance Spectroscopy (NMR) 

Nuclear magnetic resonance spectroscopy makes use of the spin of the media to 

study physical, chemical, and biological properties of matter. Nuclear magnetic 

resonance is a phenomenon which occurs when the nuclei of certain atoms are immersed 

in a static magnetic field and exposed to a second oscillating magnetic field. Dependent 

upon whether they possess the property called spin, some nuclei experience this 

phenomenon, and others do not. The carbon (13C) NMR and the proton (1H) NMR for the 

LP1 polymer were taken. The NMR for the LP1 polymer shows that the polymer consists 

of single bonded carbon and hydrogen  

 

Figure 6-4.The carbon (13C) NMR for the LP1 polymer 
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Figure 6-5.The proton (1H) NMR for the LP1 polymer  

Planetary Ball Mill 

The pulverisette 5” laboratory planetary ball mill with a maximum speed of 

350rpm was used initially for the lower solids loading slurries. Zirconia balls were used 

as the milling media and the mill jars are made of Alumina. But, due to losses in the 

slurry suspension by using the ball mill, the misonix sonicator was used. 
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Misonix Sonicator 3000  

For high solids loading slurries, the misonix sonicator 3000 ultrasonic horn was 

used for the suspension preparation. The generator provides high voltage energy pulses at 

20 kHz and takes care of the changes in the load conditions such as viscosity and 

temperature. A titanium disruptor horn transmits and focuses oscillations of the 

piezoelectric crystals and causes radiation of energy which under a phenomenon called 

“cavitation” (formation and destruction of the microscopic vapor bubbles that the sound 

waves generate) produces the shearing and tearing action necessary for the slurry 

formation. 

Suspension Preparation 

Measured amounts of decahydronapthalene and the polymer (polystyrene or 

polybutadiene or LP1) are taken in a beaker and placed on a hot stirrer till the polymer 

dissolves in the carrier. This is followed by the addition of measured amounts of CCA7 

and the product is placed in a misonix sonicator 3000 ultrasonic horn for 60 minutes. SiC 

is then added. The product is then placed in misonix sonicator 3000 ultrasonic precursor 

for 120 minutes. The suspension is thus prepared. This procedure is used for making 

slurries to determine the optimum amounts of the polymer, charge controlling agent 

required and for making slurries with different solids loading  

Rheometer 

Viscosity measurements were performed using a modular compact rheometer 

(MCR 300, Paar Physica) with a concentric cylinder system using the US200 universal 

software. The inner cylinder diameter is 27 mm. The temperature unit features peltier 

heating. 
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Viscosity Measurements  

The shear flow measurements are operated at 298K. The shear rate changes from 

0.001 to 1000 s-1. The temperature control unit is TEZ150P, which features peltier 

heating. The slurry is pre-sheared at 800s-1 for 60 seconds. The slurry is then kept 

stationary for 10 seconds to equilibrate. Then the measurements are carried out. The 

relative viscosity is the ratio of the viscosity of the suspension to the viscosity of 

decahydronapthalene, at the same temperature [15].  

Optical Density Measurement Equipment Setup  

The voltage measurements during the electrophoretic deposition are done using the 

DC voltage source (1-5 kV, Matsusada). A glass container holds the slurry. A steel 

electrode acts as the cathode and another as the anode. The gap between the electrodes is 

6 cm. One of the electrodes is grounded and on the other a developing bias voltage is 

applied. The optical density is the ratio of the deposited mass to the surface area and this 

gives information on the darkness of the print [13, 31, 32 and 33]. The application of 

voltage leads to the deposition of SiC particles on the electrode. By measuring the optical 

density for different voltages and time, graphs are plot showing the variation of optical 

density with voltage and time 
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Figure 6-6.Flowchart for the suspension preparation  
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CHAPTER 7 
EFFECT OF POLYMER ADSORPTION ON RHEOLOGY AND SOLIDS LOADING 

OF THE SUSPENSION 

Determination of the Optimum Amount of Polymer 

The amount of the polymer added to the suspension must be just enough so that it 

covers the SiC surface completely. The addition of excess may cause an increase in the 

viscosity and if less than the required amount is added, the repulsive forces are not strong 

enough to overcome the van der Waals forces of attraction. When there is the addition of 

the optimum amount of the polymer, the repulsive barrier potential is high enough to 

overcome the attractive potential [14, 15 and 17]. The optimum amount is the lowest 

point on the graph plot between the weight percent of dispersant and viscosity.  

Optimum Amount of Polystyrene  

The viscosity measurements were carried out for different weight percent of 

polystyrene in 5 vol% SiC with decahydronapthalene as the solvent. The shear rate taken 

for the measurement is 161s-1. It is assumed that the lowest point in the figure 7-1, when 

there is the complete coverage of the silicon carbide particles, is at 0.4 wt% polystyrene. 

Thus, for all further experiments the amount of polystyrene added was fixed at this value. 

Optimum Amount of LP1  

Viscosity measurements were carried out for different weight percent of LP1 in 5 

vol% SiC with decahydronapthalene as the solvent. The shear rate taken for the 

measurement is 99.9s-1. It is assumed that the lowest point in the figure 7-2, when there is 
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the complete coverage of the silicon carbide particles, is at 0.4 wt% LP1. Thus, for all 

further experiments the amount of LP1 added was fixed at this value. 
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Figure 7-1.Optimum amount of polystyrene required for complete coverage of the SiC 
surface. The shear rate is 161s-1. 

Optimum Amount of Polybutadiene  

The viscosity measurements were carried out for the different weight percent of 

polybutadiene in 5 vol% SiC with decahydronapthalene as the solvent. The shear rate 

taken for the measurement is 99.9s-1. It is assumed that the lowest point on the figure 7-3, 

when there is the complete coverage of the silicon carbide particles, is at 0.4 wt% 

polybutadiene. Thus, for all further experiments the amount of polybutadiene added was 

fixed at this value. 
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Figure 7-2.Optimum amount of LP1 required for complete coverage of the SiC surface. 
The shear rate is 99.9s-1. 
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Figure 7-3.Optimum amount of polybutadiene required for complete coverage of the SiC 
surface. The shear rate is 99.9s-1. 
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Comparison of the Optimum Amounts of Dispersants 

The variation of viscosity with different weight percent of polystyrene, 

polybutadiene and LP1 in 5 vol% SiC with decahydronapthalene as the solvent is shown 

in figure 7-4. It can be seen that the optimum amount for polystyrene, polybutadiene and 

LP1 are 0.4, 0.3 and 0.4 wt% SiC respectively. Therefore, with the addition of the 

optimum amount of the polymer, the repulsive barrier potential is high enough to 

overcome the attractive potential and the complete coverage of the SiC particles is 

obtained. 
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Figure 7-4.5 vol% SiC in decahydronapthalene with varying amounts of the dispersants 
polystyrene(PS), polybutadiene(PB) and LP1 used. 

Determination of the Optimum Amount of Charge Controlling Agent 

In industrial systems, the particle charging agents are added to control the 

magnitude and the sign of the charge, for better dispersability and to adjust the 

 



37 

 

triboelectrically generated charge of the toner [18]. The optimum amount of the charge 

controlling agent added to the suspension is the minimum amount that must be added to 

get the highest amount of uniform deposition. 

Optimum Amount of CCA7 in the LP1 suspension 

In figure 7-5, there is an increase in the optical density with the addition of CCA7 

for the slurry with the LP1 polymer and after further addition of CCA7 this value 

decreases. It is seen, that the maximum optical density and therefore the optimum amount 

of CCA7 is seen when the amount of CCA7 is 0.1 times the amount of polymer added. 5 

vol% SiC in decahydronapthalene was used for the experiments. The time (sec) 

mentioned for which the deposition was done was 60 seconds and the DC voltage applied 

was +4kV. The amount of LP1 polymer added was 0.4 wt% SiC. 

Optimum amount of CCA7 in the Polystyrene Suspension 

In the figure 7-6 there is a decrease in the optical density with the addition of 

CCA7 for the slurry with polystyrene and after further addition of CCA7 this value 

increases. It is seen, that the maximum optical density and therefore the optimum amount 

of CCA7 is seen when the amount of CCA7 is 0.1 times the amount of polymer added. 5 

vol% SiC in decahydronapthalene was used for the experiments. The time (sec) 

mentioned for which the deposition was done was 60 seconds and the DC voltage applied 

was +4kV. The amount of polystyrene (PS) added was 0.4 wt% SiC. Therefore, for 

polystyrene, the optimum amount of CCA7 is taken as 0.1 times the amount of the 

polymer, as in this case the best deposition and maximum optical density is obtained. 
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Figure 7-5.The amount of LP1 added is 0.4 wt% SiC for the 5 vol% SiC in 
decahydronapthalene. The deposition was done for 60 seconds and the DC 
voltage applied was +4kV. 

Comparison of the Optimum Amounts of CCA 

From figure 7-7, the optimum amount of CCA7 is taken as 0.1 times the amount of 

the LP1 polymer or polystyrene added as in this case we get the best deposition and the 

maximum optical density. The optimum amount of the charge controlling agent added to 

the suspension is the minimum amount that must be added to get the highest amount of 

uniform deposition and the maximum optical density. 
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Figure 7-6.The amount of polystyrene added is 0.4 wt% SiC for the 5 vol% SiC in 
decahydronapthalene. The deposition was done for 60 seconds and the DC 
voltage applied was +4kV. 
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Figure 7-7.The amount of LP1 and polystyrene(PS) added are 0.4 wt% SiC for the 5 
vol%  SiC in decahydronapthalene. The deposition time was 60 seconds and 
the DC voltage applied was +4kV 
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CHAPTER 8 
EFFECT OF RELATIVE VISCOSITY ON SOLIDS LOADING OF THE NON POLAR 

SILICON CARBIDE SUSPENSION 

The viscosity of the slurry depends on the solids loading and this value reaches 

infinity at the maximum volume fraction (Φm). The maximum volume fraction depends 

on the particle size and the particle shape. At the maximum volume fraction, the particles 

in the slurry are so close together that their average separation distance is almost zero and 

this makes their flow impossible [14,16]. The experimental points have been fit to the 

modified Krieger-Dougherty [16] equation. 

For a SiC slurry in decahydronapthalene, the variation of shear rate with shear 

stress shows a shear thinning behavior (figure 8-1). 
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Figure 8-1.The variation of shear stress with shear rate for a 0.4 wt% LP1 stabilized 
slurry with 5 vol% SiC in decahydronapthalene. 
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It is seen that with an increase in the shear rate there is also an increase in the shear 

stress following the curve for the shear thinning behavior.The variation of shear rate with 

viscosity, for a SiC slurry in decahydronapthalene,   shows a shear thinning behavior 

(figure 8-2). It is seen that with an increase in the shear rate there is a decrease in the 

viscosity of the slurry. 
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Figure 8-2.The variation of shear stress with viscosity for a 0.4 wt% LP1 stabilized slurry 
with 5 vol% SiC in decahydronapthalene. 

Relative Viscosity on Solids Loading for the Polybutadiene Stabilized Suspension  

From the figure 8-3, the graph between the volume fractions of silicon carbide with 

respect to the relative viscosity, the maximum solids loading, Φm, for the polybutadiene 

suspension is found to be 0.69  (η =5.24). The higher Φm value illustrates that the packing 
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behavior is high in this case. The viscosity measurements were taken at a shear rate of 

99.9s-1.  

 

Figure 8-3.Variation of relative viscosity with solids loading of  SiC in 
decahydronapthalene with 0.3 wt% SiC, being the polybutadiene (PB) 
amount. The amount of CCA7 added was 0.1 times the amount of polymer 
added to the slurry. 

Relative Viscosity on Solids Loading Dependence for the LP1 Stabilized Suspension 

From the figure 8-4, the graph between the volume fractions of silicon carbide with 

respect to the relative viscosity, the maximum solids loading, Φm, for the LP1 suspension 

is found to be 0.55 [ η=5.4 ]. The higher Φm value illustrates that the packing behavior is 

high in this case. The viscosity measurements were taken at a shear rate of 99.9s-1. 
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Figure 8-4.Variation of relative viscosity with solids loading of  SiC in   
decahydronapthalene with 0.4 wt% SiC, being the LP1 amount. The amount 
of CCA7 added was 0.1 times the amount of polymer added to the slurry. 

Solids Loading Dependence on Relative Viscosity for the Polystyrene Stabilized 
Suspension 

From the figure 8-5, the graph between the volume fraction of silicon carbide with 

respect to the relative viscosity, the maximum solids loading, Φm , for the polystyrene 

suspension is found to be 0.22 ( η=12.8 ). The lower Φm value illustrates that the packing 

behavior is poor in this case. The viscosity measurements were taken at a shear rate of 

99.9s-1. 
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Figure 8-5.Variation of relative viscosity with solids loading of SiC in   
decahydronapthalene with 0.4 wt% SiC, being the polystyrene (PS)  amount. 
The amount of CCA7 added was 0.1 times the amount of polymer added to 
the slurry. 

Comparison of the Stabilization Methods 

The best fit of the experimental data shows that Φm is drastically lower for the 

suspension with polystyrene (0.22 [η=12.8]) compared to the LP1 suspension (0.55 

[η=5.4])  or the polybutadiene suspension (0.69  [η =5.24]). We see that there is an 

evident difference in the order of magnitude of the packing behaviour. The lower Φm 

value illustrates that the packing behavior is poor in these cases. Therefore, the 

polystyrene suspension will have a lower packing behavior than the polybutadiene and 

LP1 polymer suspensions. 
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Figure 8-6.Variation of relative viscosity with solids loading of SiC in   
decahydronapthalene with 0.4 wt% SiC, being the LP1 and polystyrene (PS) 
amounts and 0.3 wt% SiC the polybutadiene (PB) amount.The amount of 
CCA7 added was 0.1 times the amount of polymer added to the slurry 
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CHAPTER 9 
EFFECT OF OPTICAL DENSITY VARIANCE WITH VOLTAGE 

The voltage measurements during the electrophoretic deposition are done using the 

DC voltage source (1-5 kV, Matsusada). The optical density is the ratio of the deposited 

mass to the surface area and this gives information on the darkness of the print [13, 28, 

32, and 33]. The application of voltage leads to the deposition of SiC particles on the 

electrode. By measuring the optical density for different voltages and times, the variation 

of optical density with voltage were obtained 

Optical Density Variance with Voltage for LP1 

The variation of voltage with optical density, for a 5 vol% SiC in 

decahydronapthalene suspension, with LP1 polymer used as the dispersant are seen in 

figures 9-1, 9-2 and 9-3. From the trend line in the figures it can be seen that initially the 

optical density increases rapidly with voltage and after a while it stabilizes and there is 

not too much of an increment in the optical density with increase in voltage. This point 

usually seen at +4kV gave the best uniform deposition and so can be considered as the 

best region to have the experiments carried out at. 

For figure 9-1, the deposition was done for 120 seconds with no charge controlling 

agent. The optical density increases rapidly initially and then stabilizes as shown by the 

trend line. It is seen that at voltages below 4kV, the deposition formed is not uniform. 

The lowest voltage at which the uniform deposition is seen to be achieved at was +4kV. 

Hence +4kV was used for the experiments as the best voltage to work with. 
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Figure 9-1.Variation of optical density with voltage for a LP1 slurry without charge 
controlling agents and with a deposition time of 120 seconds. 

For figure 9-2, the deposition time was 60 seconds with the charge controlling 

agent in the slurry. The optical density increases rapidly initially and then if we 

extrapolate the graph it stabilizes as shown by the trend line. It is seen that at voltages 

below +4kV, the deposition formed is not uniform. The lowest voltage at which the 

uniform deposition is seen to be achieved was +4kV. 
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Figure 9-2.Variation of optical density with voltage for a LP1 slurry with charge 
controlling agent 7 and a deposition time of 60 seconds. 

For figure 9-3, the deposition was done for 120 seconds with the charge controlling 

agent. The optical density increases rapidly initially and then stabilizes at around +4kV as 

shown by the trend line. The lowest voltage at which the uniform deposition is seen to be 

achieved was +4kV. Hence +4kV was used for the experiments as the best voltage to 

work with. 
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Figure 9-3.Variation of optical density with voltage for a LP1 slurry with charge    
controlling agents and with a deposition time of 120 seconds. 

Optical Density Variance with Voltage for Polystyrene 

Figures 9-4, 9-5 and 9-6 show the variation of voltage with optical density, for a 5 

vol% SiC in decahydronapthalene suspension, with polystyrene used as the dispersant. 

From the trend line in the figures it can be seen that initially the optical density increases 

rapidly with voltage and after a while it stabilizes and there is not too much of an 

increment in the optical density with increase in voltage. This point usually seen at +4kV 

gave the best uniform deposition and so can be considered as the best region in which for 

conducting the experiments. 

For figure 9-4, the deposition was done for 60 seconds and no charge controlling 

agent was used. The lowest voltage at which the uniform deposition is seen to be 
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achieved was +4kV. Hence +4kV was used for the experiments as the best voltage to 

work with. 
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Figure 9-4.Variation of optical density with voltage for polystyrene slurry without charge 
controlling agents and a deposition time of 60 seconds. 

For figure 9-5, the deposition was done for 60 seconds with the charge controlling 

agent. The optical density increases rapidly initially and then stabilizes as shown by the 

trend line. It is seen that at voltages below +3kV, the deposition formed is not uniform. 

The lowest voltage at which the uniform deposition is seen to be achieved was +4kV. 

Hence +4kV was used for the experiments as the best voltage to work with. 
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Figure 9-5.Variation of optical density with voltage for polystyrene slurry with charge 
controlling agent 7 and a deposition time of 60 seconds. 

For figure 9-6, the deposition was done for 120 seconds with the charge controlling 

agent. The optical density increases initially and then stabilizes. It is seen that at voltages 

below 4kV, the deposition formed is not uniform. The lowest voltage at which the 

uniform deposition is seen to be achieved was +4kV. Hence +4kV was used for the 

experiments as the best voltage to work with. 

Comparison of Optical Density Variance with Voltage for LP1 and Polystyrene 

Figure 9-7  shows the optical density variation of the LP1 and polystyrene slurries 

with and without the addition of CCA7 at different voltages and times. It can be inferred 

from the data that LP1 slurries are better than polystyrene slurries as they have a much 

higher optical density at the same voltage. Therefore, better liquid toners can be made 

using the LP1 slurries. 
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Figure 9-6.Variation of optical density with voltage for polystyrene slurry with charge 
controlling agent 7 and a deposition time of 120 seconds. 

It can also be inferred from the figure that a higher optical density was obtained with the 

presence of the charge controlling agent (comparing the trend lines for C and D with A 

and B or comparing the trend line for H with F). It is also seen that, the greater the time 

of deposition, the greater was the optical density (comparing the trend lines for C with D 

and A with B). Also, there was deposition on the steel electrode with the LP1 slurries by 

the application of a high positive voltage and there was no deposition on the application 

of a negative voltage. A positive voltage was applied and a layer of SiC was made to 

adhere to the electrode and by reversing the voltage this layer could be removed.  This 

property of the LP1 slurries can be used for electro-photographic solid freeform 

fabrication, where the steel electrode would be the photoconductor drum for the printer. 

However in the case of the polystyrene slurries the application of either a high positive 
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voltage or a high negative voltage led to the deposition of SiC particles onto the steel 

electrode. Therefore, these polystyrene slurries cannot be used as a liquid toner as they do 

not completely follow the adhesion-non adhesion behavior with the application of 

alternating positive and negative voltages. A DC voltage of +4kV is good for the process 

as a good uniform deposition was seen to take place at this voltage. 
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E : PS, 2 min,W -CCA

TREND LINE FOR C

TREND LINE FOR D

TREND LINE FOR A

TREND LINE FOR B

TREND LINE FOR H

TREND LINE FOR F

A: LP1, 2 min, W -CCA 

B : LP1, 1 min,W -CCA

C : LP1, 2 min, CCA

D : LP1, 1 min, CCA

F : PS, 1 min,W -CCA

G : PS, 2 min, CCA

H : PS, 1 min, CCA

 

Figure 9-7.Variance of optical density with voltage for 5 vol% SiC in decalin with 0.4 
wt% SiC being the LP1 and polystyrene (PS) amounts.CCA, stands for the 
slurries in which 0.1 times the amounts of polymer of CCA7 was added to the 
slurry. W-CCA stands for those slurries in which CCA7 was not added. The 
time (min) mentioned are the time for which the deposition was done. 
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CHAPTER 10 
EFFECT OF OPTICAL DENSITY VARIANCE WITH TIME 

The voltage measurements during the electrophoretic deposition are done using the 

DC voltage source (1-5 kV, Matsusada). The optical density is the ratio of the deposited 

mass to the surface area and this gives information on the darkness of the print [13, 31, 

32 and 33]. The application of voltage leads to the deposition of SiC particles on the 

electrode. By measuring the optical density for different times and voltages, the variation 

of optical density with time were plot. 

Optical Density Variance with Time for LP1 

The variation of time with optical density, for a 5 vol% SiC in 

decahydronapthalene suspension, with LP1 polymer used as the dispersant are shown in 

figures 10-1, 10-2 and 10-3. From the trend line in the figures it can be seen that there is a 

linear increase in optical density increases with time.  

For figure 10-1, the applied voltage was +2kV and no charge controlling agent was 

used. The optical density increases linearly with time as shown by the trend line. 

For figure 10-2, the applied voltage was +4kV with no charge controlling agent. 

The variation of optical density with time is linear. Therefore with an increase in time 

there is a higher optical density 

For figure 10-3, the applied voltage was +2kV with the charge controlling agent 

being in the slurry. A linear relationship is seen with the optical density and time as 

shown by the trend line.   
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Figure 10-1.Variation of optical density with time for a LP1 slurry without charge 
controlling agents and a deposition voltage of +2kV. 
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Figure 10-2.Variation of optical density with time for a LP1 slurry without charge 
controlling agents and a deposition voltage of +4kV. 
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Figure 10-3.Variation of optical density with time for a LP1 slurry with charge 

controlling agent 7 and a deposition voltage of +2kV. 

Optical Density Variance with Time for Polystyrene 

Figures 10-4, 10-5 and 10-6 show the variation of time with optical density for a 5 

vol% SiC in decahydronapthalene suspension, with LP1 polymer used as the dispersant. 

From the trend line in the figures it can be seen that the optical density increases with an 

increase in time.  

For figure 10-4, the applied voltage was +4kV with no charge controlling agent. A 

linear relationship between optical density and time is seen as shown by the trend line. 

Therefore with an increase in time a better optical density can be obtained. 

For figure 10-5, the applied voltage was +2kV with the charge controlling agent 

being in the slurry. The optical density increases linearly with time as shown by the trend 

line.  
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Figure 10-4.Variation of optical density with time for a polystyrene slurry without charge 
controlling agents and a deposition voltage of +4kV. 
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Figure 10-5.Variation of optical density with time for a polystyrene slurry with charge 
controlling agent 7 and a deposition voltage of +2kV. 
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For figure 10-6, the applied voltage was +4kV with the charge controlling agent. 

The trend line shows that a increase in optical density is obtained with time. Therefore 

with longer duration for the deposition a higher optical density can be obtained. 
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Figure 10-6.Variation of optical density with time for a polystyrene slurry with charge 
controlling agent 7 and a deposition voltage of +4kV. 

Comparison of Optical Density Variance with Time for LP1 and Polystyrene 

Figure 10-7, shows the optical density variation of the LP1 and polystyrene slurries 

with and without the addition of CCA7 at different times and voltages. It can be inferred 

from the data that LP1 slurries are better than polystyrene slurries as they have a much 

higher optical density as compared to polystyrene slurry for the same time of deposition. 

Therefore, better liquid toners can be made using the LP1 slurries. It can also be seen, 

from the figure, that a higher voltage gave a higher optical density (comparing the trend 

lines for E and F) and similarly the presence of CCA7 increases the optical density 
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(comparing B with C and G with E). It’s also seen that with an increase in time there is a 

better optical density and this follows a linear relationship. For liquid toner applications a 

higher optical density in a minimum time of deposition is needed. So it can be seen that 

the LP1 slurry can be used as a liquid toner. It was seen, during the experiments that the 

uniformity in the deposition on the electrode occurred at voltages around +4kV. So most 

of the experiments were carried out at +4kV.  
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Figure 10-7.The variation of optical density with time for a 5 vol% SiC in 
decahydronapthalene with 0.4 wt% SiC being the LP1 and polystyrene (PS) 
amounts. CCA, stands for the slurries in which 0.1 times the amounts of 
polymer of CCA7 was added to the slurry. W-CCA stands for those slurries in 
which CCA7 was not added. The voltages mentioned are the DC voltages for 
which the deposition was done. 
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CHAPTER 11 
ANALYSIS OF THE ELECTROPHORETIC DEPOSITION 

For the electro-photographic solid freeform application, electrophoretic adhesion-

non adhesion tests were carried out to find out the best volume fraction to work with. For 

the adhesion-non adhesion tests, the steel electrode was dipped into slurries with LP1, 

polybutadiene and polystyrene as dispersants and at different solids loading of 5, 10, 15, 

20, 30, 40, 50 and 60 vol% SiC. The aim was to work with the slurry, into which if the 

electrode was dipped and kept for a certain period of time (60 seconds) and taken out, did 

not have any SiC particles deposited. The long term application being that the electrode 

could be used as the photoconductor drum in the printer. It was found that at lower 

volume fractions this adhesion-non adhesion behavior was seen better and for slurries 

with polystyrene and LP1, a perfect example of this was seen at 5 vol% SiC. So, further 

experiments were carried out with 5 vol% SiC. Polybutadiene slurries did not make a 

favorable response to the adhesion-non adhesion tests and so were not considered for 

making a liquid toner. 

Since LP1 and polystyrene satisfied the first set of experiments. The next test was 

to place the electrode in the slurry and to apply a voltage on the electrode for 60 seconds.  

The electrode was then taken out of the suspension. The aim of the experiment was to see 

if a layer of silicon carbide was deposited on the electrode or not. It was seen that both 

polystyrene and LP1 satisfied these tests.  

The final experiment was to place the electrode in the slurry, apply a voltage, 

reverse the voltage and see if most of the deposition could be taken off from the 
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electrode. For the LP1 slurries there was deposition on the steel electrode by the 

application of a high positive voltage and there was no deposition on the application of a 

negative voltage. A positive voltage was applied and a layer of SiC was made to adhere 

to the electrode and by reversing the voltage this layer could be removed. This property 

of the LP1 slurries can be used for electro-photographic solid freeform fabrication, where 

the steel electrode would be the photoconductor drum for the printer. However in the case 

of the polystyrene slurries the application of either a high positive voltage or a high 

negative voltage led to the deposition of SiC particles onto the steel electrode. Therefore, 

these polystyrene slurries cannot be used as a liquid toner as they don’t completely follow 

the adhesion-non adhesion behavior with the application of alternating positive and 

negative voltages. A DC voltage of +4kV is good for the process as a good uniform 

deposition was seen to take place at this voltage. 

Scanning Electron Microscope Images 

Polystyrene Samples 

The SEM images of the deposited layer with the suspension of 5vol% SiC in 

decahydronapthalene with polystyrene is seen in figure 11-1. A voltage of +4kV was 

applied for 60 seconds. The SEM image was taken at a magnification of 20,000X with a  

working distance of 13.3mm. 

The SEM images of the deposited layers with the suspension of 5vol% SiC in 

decahydronapthalene with polystyrene and the charge controlling agent, CCA7 is seen in 

figure 11-2. A voltage +4kV was applied for 60 seconds. The SEM image was taken at a 

magnification of 20,000X and a working distance of 14.3mm. 
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Figure 11-1.SEM of the electrophoretic deposit formed from the 5 vol% SiC suspension 
in decahydronapthalene with polystyrene. 

 

 

 
Figure 11-2.SEM of the electrophoretic deposit formed from the 5 vol% SiC suspension 

in decahydronapthalene with polystyrene and the charge controlling agent 7. 
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LP1 Samples 

The SEM images of the deposited layer with the suspension of 5vol% SiC in 

decahydronapthalene with LP1 is seen in figure 11-3. A voltage of +4kV was applied for 

60 seconds. The SEM image was taken at a magnification of 10,000X with a working 

distance of 15.5mm. 

 

 

Figure 11-3.SEM of the electrophoretic deposit formed from the 5 vol% SiC suspension 
in decahydronapthalene with LP1 polymer. 

The SEM image of the deposited layers with the suspension of 5vol% SiC in 

decahydronapthalene with LP1 and the charge controlling agent, CCA7 is seen in figure 
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11-4. A voltage of +4kV was applied for 60 seconds. The SEM image was taken at a 

magnification of 10,000X with a working distance of 13.4mm. 

 

 

Figure 11-4.SEM of the electrophoretic deposit formed from the 5 vol% SiC suspension 
in decahydronapthalene with LP1 polymer and the charge controlling agent 7. 

Digital Camera Pictures 

Digital camera pictures of the electrophoretic deposition done were taken and are 

seen in figures 11-5, 11-6, 11-7, 11-8 and 11-9.  Figure 11-5 is a picture taken after the 

steel electrode was dipped into a 5vol% SiC in decahydronapthalene with the LP1 

polymer suspension for 60 seconds. There was no voltage applied. We see that there is no 

layer formed on the electrode. Therefore, this slurry satisfied the first test - A slurry into 
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which if the electrode was dipped and kept for a certain time and then taken out did not 

have any SiC particles adhered to it. 

 

Figure 11-5.Digital camera picture of the steel electrode after it was dipped into the 5 
vol% SiC in decahydronapthalene with LP1 polymer suspension and kept for 
60 seconds without the application of a voltage. 

Figure 11-6 is a digital camera picture of a steel electrode after it was dipped in the 

5 vol% SiC in decahydronapthalene with the LP1 polymer suspension for 60 seconds. 

The voltage applied was +4kV. We see that there is a uniform layer formed on the 

electrode. Therefore, this slurry satisfied the second test - A slurry into which if the 

electrode was dipped and kept for a certain time, at a particular voltage and then taken 

out had SiC particles adhered to it. 

Figure 11-7 shows a picture taken after the steel electrode was dipped into a 5 vol% 

SiC in decahydronapthalene with the polystyrene polymer suspension for 60 seconds. 

There was no voltage applied. We see that there is no layer formed on the electrode. 
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Therefore, this slurry satisfied the first test – A slurry into which if the electrode was 

dipped and kept for a certain time and then taken out did not have any SiC particles 

adhered to it. 

 
Figure 11-6.Digital camera picture of the steel electrode after it was dipped into the 5 

vol% SiC in decahydronapthalene suspension with LP1 polymer and kept for 
60 seconds with the application of a voltage of +4kV 

 

Figure 11-7.Digital camera picture of the steel electrode after it was dipped into the 5 
vol% SiC in decahydronapthalene suspension with the polystyrene polymer 
and kept for 60 seconds without the application of a voltage 
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Figure 11-8 and 11-9 are digital camera pictures of the steel electrode after it was 

dipped in the 5 vol% SiC in decahydronapthalene suspension with the LP1 polymer. A 

voltage of +4kV was applied for 60 seconds and then the voltage was reversed to -4kV 

for 60 seconds. We see that there is hardly any of the SiC deposit left on the electrode. 

Therefore, this slurry satisfied the third test - A slurry into which if the electrode was 

dipped and kept for a certain time, for a particular voltage and then reversing the voltage 

and keeping it for the same amount of time and when taken out had no SiC particles 

adhered to it. 
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Figure 11-8 and 11-9.Digital camera picture of the steel electrode after it was dipped into 
the 5 vol% SiC in decahydronapthalene suspension with LP1 polymer and 
kept for 60 seconds with the application of +4kV and for another 60 seconds 
with the application of -4kV.  
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CHAPTER 12 
CONCLUSION 

The optimum amounts for polystyrene, polybutadiene and LP1 polymers are 0.4, 

0.3 and 0.4 wt% SiC respectively. The maximum optical density and therefore the 

optimum amount of Charge Controlling Agent (CCA7) is when the amount of CCA7 is 

0.1 times the amount of polystyrene or LP1 added to the slurry. All slurries are shear 

thinning. The dependence of relative viscosity on solids loading is different for the 

slurries with LP1, polybutadiene or polystyrene as the polymer. There is an order of 

magnitude difference in the maximum solids loading between these slurries. The 

maximum solids loading attainable (Φm ) using the Krieger- Dougherty fit equation, for 

the polystyrene slurry was 0.22 [η=12.8]. For the LP1 slurry the maximum solids loading 

(Φm ) was 0.55 [η=5.4] and for the polybutadiene slurry (Φm ) was 0.69  [η =5.24]). 

Lower solids loading indicate poor particle packing. Therefore, the packing density will 

be higher for the polybutadiene slurries as compared to the LP1 and polystyrene slurries.  

At lower volume fractions [5 vol % SiC] the electrophoretic adhesive-non adhesive 

behavior was better for slurries with polystyrene and LP1. Polybutadiene slurries did not 

make a favorable response to the adhesive- non adhesive tests and so were considered 

“not good” for making a liquid toner. Better deposition can be made using the LP1 

slurries as they have a much higher optical density as compared to polystyrene slurry at 

the same voltage. Polystyrene slurries cannot be used as a liquid toner as they don’t 

completely follow the adhesive- non adhesive behavior with the application of alternating 

positive and negative voltages. A +4kV DC voltage was found to be sufficient for the 
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electrophoretic deposition process. There is a large increase in the optical density with the 

addition of the CCA7 in the slurry. A linear dependence of optical density on deposition 

time was established experimentally. 
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