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ABSTRACT 

Advanced ceramics and ceramic composites have a variety of advantageous properties, such as 

high hardness, strength, and wear resistance. This makes them good candidates for materials in 

the aerospace, automotive and defense industries, among others. A major disadvantage of 

advanced ceramics and ceramic composites is their requirement for specialized processing which 

often makes manufacturing complex shaped ceramic objects challenging and costly. 

Additionally, these materials are susceptible to flaw incorporation during production. These 

flaws are initiation points for failure and thus lead to a drastic reduction in strength. Repeatable 

manufacturing methods and optimized processes are compulsory for cost saving and production 

of high quality parts. In recent years, new processing technologies, such as gelcasting, have been 

developed to accommodate the formation of complex shaped ceramics and also the manufacture 

of ceramic composites. The use of wet forming technologies, like slip casting or gelcasting, 

necessitates the careful drying of ceramic objects. Complex shaped objects are particularly 

difficult to properly dry without introducing internal stresses which may result in warping and 

cracking, thus rendering the object unusable. Additionally, traditional drying processes are often 

energy intensive and lengthy, neither of which are favorable in a production setting. To improve 

manufacturability, the processing-structure-property relationships developed during the drying 

process must be investigated further. This work addresses the need to define optimized process 

conditions for the drying of alumina objects gelcast using gelatin. The osmotic drying process 

was employed to remove solvent from the objects through the use of an aqueous liquid desiccant 

solution of poly(ethylene glycol) (PEG). The process settings for the solution’s osmotic pressure 

and molecular weight were investigated, in addition to the total immersion time. The mass 

transfer processes that occurred between the ceramic object and the liquid desiccant solution 
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were quantified in several case studies. For one sample, 40 weight% of the initial water content 

was removed in 75 minutes demonstrating the potential drying efficiency of this method. 

Depending on the initial solution conditions, the PEG solute was found to diffuse into the 

ceramic object to varying degrees. The effect of the drying condition on the object’s density and 

hardness was also measured. Through the development of regression equations, the process 

settings were optimized based on the goals to maximize water loss, minimize solids gain, and 

maximize the object’s density. The optimum drying settings for the objects studied in this work 

were an osmotic pressure of 2.50 MPa, a molecular weight of at least 100,000 g/mol, and an 

immersion time of 60 minutes. When objects of similar geometry, composition, and solution-to-

object volume ratio are immersed in this type of solution, they are expected to lose 28 weight% 

of the object’s initial water content, gain solids of 0.82 weight% of the object’s initial mass, and 

have a density of 3.54 g/cm3. Furthermore, the regression models were validated using an 

independent experimental study. A model based on mass balance was used to define the kinetics 

of the mass transfer, along with the equilibrium values. Lastly, a demonstration of the feasibility 

of combining gelcasting, osmotic drying, and sacrificial templating is presented. Overall, these 

results may be used as the basis for further investigation into the scale up of the osmotic drying 

of gelcast alumina with the eventual implementation of the process in an industrial setting.   
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CHAPTER 1  

 

INTRODUCTION 

1.1  Motivation 

Traditional ceramic materials have been used to fabricate pottery and other basic necessities 

since the earliest civilizations. As technology progressed, advanced ceramics with higher 

mechanical and functional properties were developed for more technical applications. Within the 

last several decades, there has been an increase in the amount of attention given to advanced 

ceramics, because of their unique retention of strength at high temperatures, wear resistance, and 

high hardness [1, 2]. Advanced ceramics are vital materials in many application areas including 

the aerospace, automotive, defense, biological, and electrical industries in which they are utilized 

in cutting edge products ranging from electronic wafers to jet engine components. 

For example, due to their high hardness and ability to break down projectiles, advanced ceramics 

are great candidates for personal body armor within the defense industry (Figure 1-1) [3]. 

However, due to their brittle nature, ceramics typically lack the ability to withstand multiple 

projectile hits. 

 

Figure 1-1. Image of body armor with breastplate insert as an application example for advanced 

ceramics [4, 5]. Copyright 2008 the American Ceramic Society. 
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Practically, armor plates have other requirements in addition to high-strain-rate impact 

resistance. Armor plates cannot impede the mobility of the individual and therefore must be 

lightweight and non-bulky. Additionally, confidence that each manufactured armor piece will 

perform in the intended manner is crucial; therefore, each piece must be effectively identical 

with no microstructural inconsistencies or defects. These requirements lead to many 

manufacturing challenges that drive up the cost of these armor systems. It also makes the 

manufacture of customized armor that much more difficult to put into production. This limits the 

opportunity to tailor armor pieces to individuals and has limited the production of more complex 

geometries suitable for areas of the body such as the head and limbs. Advances in ceramic 

manufacturing technology would promote advances in armor technology, thus increasing the 

ability to shield and properly fit each individual requiring protective equipment. 

1.2  Problem Statement 

Ceramic materials lack toughness, exhibit brittle failure, and are often expensive to manufacture.  

The exhibition of brittle failure decreases the reliability and use of these materials because this 

type of failure is difficult to predict and often occurs suddenly with no warning. Additionally, the 

manufacture of ceramic materials often requires specialized equipment and high temperatures 

which makes them costly to produce. To overcome these issues, ceramic and ceramic composite 

forming and processing steps have been studied extensively [1, 6-8]; however, more research is 

required to optimize each process step and system of steps so that ceramics may be utilized at 

their full potential. One approach for improvement of ceramic properties is to optimize 

processing conditions to reduce the quantity of small inclusions, pores, or other inhomogeneities 

that are often inadvertently incorporated into the ceramic microstructure during processing. 

These defects are points of stress concentration and lead to a reduction in strength. With well-
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defined processing conditions, the statistical likelihood of flaw incorporation can be reduced. 

However, fabrication of advanced ceramics is often a multifaceted task and depends on a number 

of variables related to the requirements of the material, method, and design.  

When fabricating ceramic objects, near-net-shape or net shape forming is favored because 

machining ceramics into a specific shape after forming is expensive due to the high hardness 

exhibited by these materials. However, it is particularly difficult to form ceramics into complex 

shapes without initiating any detrimental defects during the many processing steps that are 

involved.  

One example of a complex shape is a ceramic object that has internal or external features such as 

designed porosity. These ceramic “preforms” can be used to manufacture ceramic-metal 

composites by infiltrating the porous preform with a molten metal. In a composite, each 

constituent phase, matrix or reinforcement, contributes to the overall macroscopic properties of 

the material system. The use of metal reinforcement with ceramics has been proven to increase 

the toughness through the incorporation of mechanisms designed to dissipate energy during 

fracture [9, 10]. To enable the production of these composites on a large scale, repeatable and 

optimized manufacturing processes are required to produce complex shaped ceramic preforms.  

The ability to create complex three-dimensional ceramic objects has advanced with the 

development of forming processes utilizing a liquid medium to assist in the shaping process. A 

ceramic slurry is able to form in or around complex molds and typically result in highly 

homogeneous microstructures. Similarly, with the advent of additive manufacturing, 3D printing 

of ceramics directly into complex shapes is possible. In general, wet forming allows for better 

control of the ceramic particle interactions and particle packing as compared to dry forming, thus 

leading to a reduction in the size and quantity of defects for improved reliability [11]. There are a 
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variety of wet shaping techniques, such as tape casting, slip casting, gelcasting, and freeze 

casting, that utilize a liquid medium to assist in forming the ceramic particles into the desired 

shape. One consolidation method, gelcasting, uses gelation to form the ceramic body. The 

process combines a concentrated ceramic suspension and organic monomer solution. The desired 

complex shape can be obtained because the mixture undergoes an in situ polymerization 

reaction, and the ceramic particles are suspended within a gel network [12]. The resulting 

structure has a high green strength which is beneficial for green machining if necessary and has a 

low organic content which is beneficial for burnout processes [13]. The original acrylamide 

monomer system is a neurotoxin [12], so many studies have been conducted to find alternative 

gelling agents with lower toxicity [14, 15]. Research has also been directed towards the use of 

natural gel-formers in place of synthetic monomer systems. Polysaccharides and proteins such as 

gelatin [16-23], agar [24, 25], agarose [25-27], and curdlan [28] are non-toxic and 

environmentally friendly alternatives.  

The use of a wet forming method, such as gelcasting, necessitates an additional process to dry 

the ceramic objects. Traditionally, ceramics are dried through the application of heat, control of 

humidity, and rate of air flow over the objects. In some cases, leaving the objects to dry at room 

temperature and humidity is sufficient, although depending on object geometry this method can 

be a lengthy process which creates bottlenecks in the manufacturing setting. However, the rate of 

the process is a critical parameter to control because the liquid must be carefully removed so as 

not to disturb the macrostructure of the object and to allow the microstructure to develop 

properly during further processing steps such as sintering. If the drying process does not proceed 

uniformly, weakening or cracking of the objects is possible and there is even the potential for 

catastrophic failure due to steam explosions [29]. Ceramics may experience high shrinkage 
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depending on initial water content, and a disproportionately high surface evaporation will cause 

moisture gradients within the object. This leads to the formation of internal stresses which 

manifest into malformations such as warping and cracking. Because this damage is non-

reversible, the product is no longer useable. As one of the most energy-intensive operations, the 

time and cost efficiency of the drying method are also important considerations. Alternative 

drying methods [30], such as the osmotic drying method, have been applied to ceramic objects to 

avoid the negative impacts from differential drying. The osmotic drying method employs a liquid 

desiccant material that removes liquid from objects via osmosis. The existing literature on this 

drying method in conjunction with gelcasting ceramics is limited and there are some 

discrepancies with regard to the optimum drying conditions for different material systems. As 

such, investigation to define the relationship between drying process conditions, the rate of liquid 

removal, and the resulting part quality is of the utmost importance and is an opportunity for 

further research. This may lead to a reduction in cost, ability to form more complex ceramic 

shapes, and further utilization of ceramics and ceramic composites in many application areas 

including advanced armor systems. 

1.3  Research Objectives 

The goal for this work is to identify the optimal processing conditions capable of producing 

complex shaped ceramics in a repeatable manner. For this goal to be realized, preliminary 

considerations were made to determine repeatable and scalable methods to create ceramic 

preforms utilizing the sacrificial template method. An assessment of template fabrication 

methods and materials was conducted, and efforts were made to refine the ceramic forming 

process. These preliminary considerations were used to define a narrowed scope for the 

experimental work which focused on drying of alumina-gelatin objects using the osmotic drying 
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method. This work defines relationships between the processing techniques, the resulting 

microstructure, and the properties of ceramics. Furthering the understanding of processing – 

structure – property relationships will ultimately lead to the use of customized ceramics and 

ceramic composites in many potential application areas.  

Aluminum oxide, also known as alumina, was used extensively throughout this work due to its 

low cost, high hardness and strength, and ease and versatility in manufacturing. Gelatin was 

selected as the gelling agent during this investigation as it is a non-toxic gel former that can be 

used in aqueous systems. Therefore, it is an environmentally friendly alternative to some other 

systems. Gel networks formed by natural materials are thermally induced where the gel forms 

upon the addition and removal of heat. Unlike other gel systems formed through polymerization 

mechanisms, systems with natural gel formers do not require additives such as cross-linkers, 

initiators, catalysts, or inhibitors, etc. This is beneficial because it simplifies the formulation of 

the system by reducing the necessary additives, and it also means that the process is not limited 

by a specific casting window. Additionally, natural gel formers are relatively low cost and do not 

require specific atmospheric control as required by some other gelling systems [19]. Gelatin has 

been the subject of a few studies for gelling ceramics [16-22] and performed well in creating 

both dense and porous ceramic objects. The selection of gelatin as a gelling agent was also based 

on the fact that it dissolves at a lower temperature than some other natural agents which limits 

the amount of liquid evaporation that may occur during the heating process. This is beneficial in 

maintaining the appropriate solids loading and viscosity for casting. The osmotic drying method 

or the liquid desiccant drying method was the basis for this work as a promising method to avoid 

differential drying within the ceramic objects. There are only a few studies involving this process 

and gelcast ceramic objects within the literature, and to the author’s knowledge, an alumina-
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gelatin mixture has not been studied under liquid desiccant drying conditions. This work aims to 

identify interactions between experimental process variables and expand the range of variables 

tested through a series of case studies. Lastly, this work aims to optimize the process settings 

through statistical techniques. Ultimately, the goal is to contribute to the knowledge required to 

scale up this drying process for gelcast ceramic objects to be used at an industrial level.  

The following objectives were defined for this research: 

1) To assess the liquid desiccant drying process as a means to remove water from gelcast 

alumina objects 

2) To investigate the effect of liquid desiccant solution properties and drying time on the 

diffusion of materials, density, and hardness of the ceramic 

3) To develop regression models to predict outcomes such as water loss and determine 

optimized levels for processing parameters that meet goals for specific responses (e.g. 

maximize water loss) 

4) To verify the regression model experimentally and assess the accuracy of the regression 

models by comparing the predicted outcomes to the experimental outcomes 

5) To utilize gelcasting, osmotic drying, and sacrificial template to fabricate ceramic 

preform with designed channels 

This document provides a description on how these research objectives were met. 

1.4  Dissertation Outline 

This dissertation is organized as follows: Chapter 1 provides the basis for the dissertation work 

by describing the motivation, problem statement, and objectives used to guide the research. A 

literature review of the relevant scientific endeavors is provided in Chapter 2. Background 
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information on advanced ceramic materials and manufacturing methods are provided with a 

particular emphasis on ceramic gelcasting and drying. Chapter 3 describes the materials and 

methodology used during the experimental case studies. Chapter 4 details the results of the case 

studies. The effects of the osmotic drying parameters on the mass transfer between the gelcast 

alumina and liquid desiccant are described in Sections 4.1 - 4.3. Additional information 

regarding the ceramic object’s density and hardness are provided. Chapter 5 begins by detailing 

efforts to predict the drying effects by using the experimental results from Section 4.3 to create 

regression models for each of the responses of interest. The chapter continues with information 

about a verification experiment to determine the accuracy of the models. Next, a description of a 

mass-balance model and its application to the studied system is provided. The chapter concludes 

with a description of a feasibility demonstration of applying gelcasting, liquid desiccant drying, 

and sacrificial templating together to produce ceramic preforms with designed features. Chapter 

6 provides an overall summary of the research described herein, a list of contributions, and 

recommendations for future work. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1  Introduction to Advanced Ceramics 

As compared to more traditional ceramics, such as porcelain and quartz, advanced ceramics such 

as aluminum oxide, boron nitride, and silicon carbide, possess higher mechanical or functional 

properties. Advanced ceramics are utilized in more technical applications (Table 2-1) than 

traditional ceramics due to high strength, and wear, chemical, and temperature resistance [1]. 

Table 2-1. Current and future ceramic products. Adapted from [31]. Copyright 2000 Elsevier. 

Mechanical Engineering Aerospace Automotive Defense Industry 

Cutting tools and dies 

Abrasives 

Precise instrument parts 

Molten metal filters 

Turbine engine 

components 

Low weight components 

for rotary equipment 

Wearing parts 

Bearings  

Seals 

Solid lubricants 

 

Fuel systems and valves 

Power units 

Low weight components 

Fuel cells 

Thermal protection systems 

Turbine engine components 

Combustors 

Bearings 

Seals 

Structures 

Heat engines 

Catalytic converters 

Drivetrain components 

Turbines 

Fixed boundary 

recuperators 

Fuel injection 

components 

Turbocharger rotors 

Low heat rejection 

diesels 

Waterpump seals 

Tank power trains 

Submarine shaft seals 

Improved armors 

Propulsion systems 

Ground support 

vehicles 

Military weapon 

systems 

Military aircraft 

(airframe and engine) 

Wear-resistant 

precision bearings 

Biological, Chemical 

Processing Engineering 

Electrical, Magnetic 

Engineering 
Nuclear Industry 

 

Artificial teeth, bones and 

joints 

Catalysts and igniters 

Heart values 

Heat exchangers 

Reformers 

Recuperators 

Refractories 

Nozzles 

Memory element  

Resistance heating element 

Varistor sensor 

Integrated circuit substrate 

Multilayer capacitors  

Advanced multilayer 

integrated packages 

Nuclear fuel 

Nuclear fuel cladding 

Control materials 

Moderating materials 

Reactor mining 

 

Oil Industry Electric Power Generation Optical Engineering Thermal Engineering 

Bearings 

Flow control valves 

Pumps 

Refinery heaters 

Blast sleeves 

Bearings 

Ceramic gas turbines 

High temperature 

components 

Fuel cells (solid oxide) 

Filters 

Laser diode 

Optical communication 

cable 

Heat resistant 

translucent porcelain 

Light emitting diode 

Electrode materials 

Heat sink for electronic 

parts 

High-temperature 

industrial furnace 

lining 
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The strength of a material is the resistance to plastic deformation, whereas the fracture toughness 

is the resistance of a material containing a flaw to fracture. The fracture toughness is a critical 

property, because it describes how the cracks in the material will react under a load. When a 

crack is present in a material, the fracture toughness, Kc, is a measure of the material’s resistance 

to crack growth. This property has units of MPa√𝑚 or psi√𝑖𝑛 and is found using equation (2-1) 

𝐾𝑐 = 𝑌𝜎𝑐√𝜋𝑎     (2-1)  

where Y (dimensionless)– depends on crack size, specimen size and geometry, manner of load 

application, 𝜎𝑐 is the critical stress for crack propagation, and 𝑎 is the crack length [32].  

Monolithic ceramics typically possess very low fracture toughness and are susceptible to 

catastrophic failure due to their inability to deform plastically when subject to imposed stresses. 

Without an avenue to dissipate energy through plastic deformation, ceramics suffer from brittle 

failure under loading. The fracture toughness of most polycrystalline ceramics is at or below 

5 MPa m1/2.  However, a vast amount of research in the area of toughening ceramics through 

microstructural design or the incorporation of a secondary phase has led to promising results [33-

35]. In some cases, values between 10-30 MPa m1/2 have been achieved [36].   

While ceramic materials typically have a low resistance to fracture due to their brittle nature, 

they usually possess high strength due to the strong arrangement of bonds [33]. The relationship 

between strength and toughness as a comparison between several different materials is displayed 

in Figure 2-1[37]. Engineering ceramics possess high strength; however, engineering metals 

have much greater toughness. 

Small discontinuities, such as flaws, pores, or cracks in the microstructure are most often the 

initiation points for fracture. The theoretical strengths of most brittle materials are typically 
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several orders of magnitude higher than the actual measured strengths due to the presence of 

cracks and flaws within the material. 

 

Figure 2-1. Ashby plot of the yield strength versus fracture toughness relationship for several 

engineering materials. Reprinted from [37]. Copyright 2011 by Springer Nature. 

These flaws are points of stress concentration and lead to a much lower measured fracture 

strength than theoretically possible because the applied stress is amplified at the crack tip [32, 

38]. Therefore, the largest critical flaw will determine the strength and this varies from specimen 

to specimen [39]. Hence, the large variability in strength measurements for similarly sized and 

processed components. Additionally, smaller specimens may exhibit better properties than larger 

ones, because there is a lower probability of containing a detrimental flaw [33]. While difficult to 

control, the flaw distribution is a key aspect to the reliability of ceramic products. 

Inglis studied the fracture of brittle materials by considering the stress concentrations in the 

vicinity of the crack tip [40]. When the stresses at the crack tip surpass the theoretical strength of 

the material, fracture occurs. The stress at the crack tip is related to the applied stress, S, and the 

parameters of the crack through equation (2-2). 
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𝜎 = 2𝑆√
𝑎

𝜌
       

(2-2) 

The major axis radius is 𝜌 =
𝑏2

𝑎
 and “a” is the major axis and “b” is the minor axis [38]. 

An alternative approach to the study of fracture mechanics is an energy balance method 

developed by A.A. Griffith in the early 1920s [41]. Through study of the fracture in glass, a 

method for the determination of the strain energy released by a growing crack was developed. 

The energy requisite to the formation of a new surface was correlated to the mechanical energy 

that is lost as a crack extends. The parameter of interest in this approach is therefore the surface 

energy, 𝛾.  

𝜎𝑐 = (
2𝐸𝛾𝑠

𝜋𝑎
)

1
2⁄

 

(2-3) 

Equation (2-3) can be used to determine the critical stress required for fracture in a two-

dimensional elliptical crack [38, 42] where E = modulus of elasticity, 𝛾𝑠 = specific surface 

energy, 𝑎 = one half the length of an internal crack. 

 

Figure 2-2. Elliptically shaped crack in an infinite two-dimensional plane. Reprinted from [38]. 
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Griffith’s theory was developed under the assumptions that an isolated crack with length 2a 

(Figure 2-2) is contained within a body and that only brittle fracture takes place with no other 

mechanism for energy loss such as plastic deformation [38]. It is crucial to restrict the number 

and size of these cracks during manufacturing.  

2.2  Ceramic Manufacturing Techniques 

Advanced ceramic manufacturers typically use powder forming techniques because the common 

techniques associated with metals and polymers, such as melt casting, are incompatible with 

ceramics [43]. On a basic level, a ceramic compact is formed by ceramic powders and the 

density of the compact is increased via sintering. As outlined by Bergstrom [7], there are 

multiple steps in the powder process: (i) powder production, (ii) preparation of powders for 

consolidation, (iii) consolidation to an engineering shape, (iv) removal of solvent and organic 

additives (drying and burnout), and (v) densification. This review will focus on step (iii) and (iv) 

as those are the most relevant to the experimental work described in this document. 

There is a possibility of inadvertently incorporating heterogeneities during each of the processing 

steps. Any heterogeneities introduced during the initial processing steps are difficult to remove 

and are often exacerbated by the time the final densification and sintering occurs. There is a 

strong correlation between the state of the consolidated powder prior to sintering and the final 

material properties.  It is critical to have a high degree of process control to ensure a 

homogeneous microstructure is developed and therefore the properties of the final material are as 

desired [7].  

2.2.1 Consolidation to an Engineering Shape 

Many of the forming techniques for ceramics, such as slip casting and tape casting, begin with a 

ceramic suspension or slurry [44]. Although ceramic suspensions may have complicated 
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formulations, it is possible to create and control homogeneous suspensions which will lead to 

homogeneous microstructures in the consolidated form. Lewis [8] and Bergstrom [7] each have 

written comprehensive reviews on the subject of colloidal processing of ceramics. Because of the 

complexity and importance surrounding the production of ceramic suspensions, this topic has 

been the subject of much research over the years [45-65]. According to Janney [44], knowledge 

of the particles, solvents, and all interactions between these materials, along with knowledge of 

the equipment and techniques used to make the suspension is required to achieve a suspension 

with high solids loading and good rheological properties.  

2.2.1.1 Suspension Stability and Rheology 

The suspension stability is dependent upon the interactions between the particles as described by 

equation (2-4).   

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑣𝑑𝑊 + 𝑉𝑒𝑙𝑒𝑐𝑡 + 𝑉𝑠𝑡𝑒𝑟𝑖𝑐 + 𝑉𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 

(2-4) 

The total interparticle potential energy, 𝑉𝑡𝑜𝑡𝑎𝑙 , is equal to the sum of the potential energies 

associated with the van der Waals 𝑉𝑣𝑑𝑊, electrostatic 𝑉𝑒𝑙𝑒𝑐𝑡, steric 𝑉𝑠𝑡𝑒𝑟𝑖𝑐, and structural 

interactions 𝑉𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙. The van der Waals interactions are attractive forces between particles 

that are electrodynamic in origin. The electrostatic forces result from the repulsive interactions 

between like-charged particle surfaces. The steric repulsive potential energy is a result of the 

interactions between particles that have an adsorbed polymeric material on the particle surface. 

The structural potential energy is a result of any non-adsorbed species within the suspension [8].  

The stability of aqueous colloidal suspensions can be altered by generating either electrostatic 

interactions, steric interactions or both in order to overcome the attractive van der Waals forces 

between particles. An electrostatic double-layer develops on the surface of the ceramic particles 
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when a charge builds up due to the ionic species in the liquid medium. Counterions are then 

attracted to the initial layer on the surface thus forming a double-layer around the particle. It is 

this double layer that allows for the repulsion of adjacent particles. The electrostatic forces can 

be altered by changing the ionic strength of the solution and by controlling the pH [8]. Steric 

stabilization of a suspension is induced through the addition of a polymeric additive which 

adsorbs to the particle surface. Electrosteric forces are a combination of electrostatic and steric 

forces usually brought about by the addition of a polyelectrolyte to the suspension [8]. 

A measure of the stability of a suspension can be indicated by the zeta potential of the 

suspension. The zeta potential is a metric for describing the degree of the interaction between 

particles. In general, if the zeta potential value is a large positive (+30 mV) or a large negative 

(-30mV) the suspension is considered stable. The point where the zeta potential is equal to zero 

is called the isoelectric point. Factors such as pH and conductivity may affect the zeta potential 

[66]. 

The rheological properties of the suspension are influenced by the dispersion of the particles and 

the solids loading. The particle shape and particle size distribution effect the maximum solids 

loading. A broad particle size distribution or even a bi-modal particle size distribution may allow 

for a greater solids loading because of the improved particle packing [7]. Depending on the 

requirements of the process and powder, solids loadings are usually between 40-80 volume% 

[44]. To be able to utilize the suspension in a mold-filling process, the viscosity of the 

suspension must be a suitably low value. At the same time, the solids loading of the suspension 

should be high to accommodate the desired green and sintered density. Preparation of the 

suspension becomes an optimization problem, therefore tailoring the interparticle forces is an 

important task [67]. 
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2.2.1.2 Consolidation Mechanisms 

In a recent review on the shaping of advanced ceramics, Nieto, Santacruz, and Moreno 

categorized the consolidation mechanisms for forming ceramics into these three groups: fluid 

removal, particle flow, and gelation [68]. Fluid removal may occur through filtration such as in 

slip casting, where a porous mold removes fluid from the ceramic object through capillary 

action. Particle flow may occur through sedimentation processes. Gelation occurs through the 

development of a percolating network of the ceramic particles, such as in direct coagulation 

casting, or a percolating network among additives in the system, like in gelcasting. Gelation of 

additives may occur through either chemical or physical means.  

While there are a variety of wet shaping techniques associated with these three consolidation 

mechanisms, this review will focus on gelcasting as a means to produce complex shaped 

ceramics. This method has been used to overcome limitations with other methods like the long 

binder removal time or slow casting rates associated with injection molding and slip casting, 

respectively [11, 12]. During the gelcasting process, consolidation of ceramic particles occurs 

when a ceramic suspension or slurry undergoes gelation via the polymerization of monomers or 

the thermogelation of polysaccharides and polymers. The desired complex shape can be obtained 

as the mixture undergoes this in situ polymerization reaction, and the ceramic particles are 

suspended within the gel network [12].  

Gelcasting was originally developed by Janney, Omatete, and co-workers (Oak Ridge National 

Laboratory) [69, 70] using an acrylamide (AM) and N, N’ – methylenebisacrylamide (MBAM) 

monomer system. Other additives, like ammonium persulphate (APS) and N,N,N’,N’ – 

tetramethylethylenediamine (TEMED), function as an initiator and accelerator, respectively. An 

inhibitor may also need to be added to prevent premature gelation. The original acrylamide 



 

17 

 

monomer system is a neurotoxin [12], so many studies have been conducted to find alternative 

gelling agents with lower toxicity [14, 15]. Methacrylamide (MAM) and 2-hydroxyethyl 

methacrylate (HEMA) are examples of alternatives. Tallon et al. studied the gelcasting of 

aqueous alumina suspensions with glycerol monoacrylate which does not require a cross-linker 

[71]. Many of the studies involving gelcasting are based on the need to optimize the formulation 

of gelling additives to achieve a homogeneous microstructure and the desired green strength. The 

structure of these additives is depicted in Figure 2-3 from [72]. Research has also been directed 

towards the use of natural gel-formers [68, 73] in place of synthetic monomer systems. 

Polysaccharides and proteins such as gelatin [16-18], agar [24, 25], agarose [25-27], and curdlan 

[28] are non-toxic and environmentally friendly alternatives. Gel networks formed by natural 

materials are thermally induced: they do not require initiators or catalysts [28]. A drawback of 

these temperature activated systems is the requirement to heat the ceramic suspension which may 

increase the viscosity and make it difficult to cast properly. Although a study has shown that 

additives, urea and urease can be used to prevent gelation upon cooling so that the ceramic 

suspension can be prepared at room temperature [74].  

Most issues associated with the gelcasting process relate to the inner stress that develops in the 

object as it forms or dries [11, 75]. During the forming stage, stress may be introduced into the 

body due to a temperature gradient within the object or poor distribution of the gelling agent. 

During the drying stage, stress may also develop, and this will be discussed in detail in the next 

section. Optimized processing conditions are required to avoid the development of these stresses 

and to create flawless complex ceramic objects.  
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Figure 2-3. Examples of monomer structures used in gelcasting. Reprinted from [72]. 

2.2.1.3 Conventional Drying Methods and Mechanism 

In the ceramic industry, typical methods of drying ceramic objects include air drying, 

conventional drying, or microwave drying. Air drying is a simple method of allowing objects to 
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dry in ambient conditions, but it is typically the most inconsistent as there is little control over 

the process [76]. In conventional drying, the application of heat and the control of humidity and 

air flow are used to promote the evaporation of liquid from the surface of the object. Radio 

frequency dryers work in a similar fashion to microwaves and promotes the even heating of 

objects [77]. However, these machines limit the size or quantity of the object(s) that can be dried. 

The liquid at the surface of the object evaporates under these conditions, and evaporation 

continues as the liquid from the inside of the object travels to the surface of the object. The rate 

of evaporation and the rate of liquid movement from inside to surface are important parameters. 

While process time may benefit from extremely fast surface evaporation, the product quality may 

suffer.  

The drying of solids is an important concept in numerous industries and the mechanism has been 

studied by many researchers including Sherwood in the 1920s [78, 79]. There are three distinct 

stages to the drying process [80]. The first stage of drying is known as the constant-rate period 

where the internal liquid is transported to the surface at a rate at least as fast as the rate of 

evaporation at the surface [81]. This leads into a non-linear portion of the drying curve called the 

falling-rate period. In this portion, the drying rate is still high but decreases gradually over time. 

Eventually, the drying rate slows even further until shrinkage slows to a stop. The liquid/vapor 

interface recedes into the area between particles within the object during the last drying stage. 

Capillary pressure is one of the main driving forces for shrinkage of the object [80, 82]. As 

evaporation occurs, a solid/vapor interface appears; however, a solid/liquid interface is more 

energetically favorable, so internal moisture travels toward the surface through capillary action. 

The liquid goes into tension and forms a meniscus as it migrates toward the surface. In order to 

balance the tension that is created by the liquid, the network is compressed thereby initiating 
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shrinkage of the system. Stresses may develop during this process if there is a non-uniform 

distribution of moisture or if the shrinkage that occurs is not consistent throughout the object, 

then stresses are generated within the object [82]. These stresses can manifest into serious 

problems such as warping and cracking during later processing steps, often rendering the part 

unusable. Therefore, rate of water removal must be sufficiently slow enough to avoid 

malformations.  

Methods such as air drying or drying under elevated temperatures may then be very time-

consuming, especially if the part is large. Occasionally, the process can take days or even weeks. 

This is undesirable in a manufacturing setting as it creates a bottle-neck in the process. The 

duration of the drying process may vary for objects of different sizes, geometries, and material 

compositions. Objects that contain both thick and thin features are challenging to dry properly as 

they are prone to differential drying. Minimizing drying time while ensuring part quality is 

critical in a manufacturing setting [83]. 

In a recent featured article in the Journal of the American Ceramic Society, the colloidal 

processing of complex shaped ceramics is reviewed and the authors highlight the need for further 

fundamental understanding of the topic of drying and cracking in ceramic components [81]. 

Additionally, Wiecinska and Cekala explain that the removal of water from objects that are 

polymerized in-situ is challenging because the water is bound in the gelled ceramic body [84].  

Thus, further investigation into this processing area is warranted. 

2.2.1.4 Osmotic Drying Methods and Mechanism 

Alternative drying processes or combinations of two or more processes have been used to 

address some of the issues associated with drying ceramic objects. Osmotic drying or liquid 

desiccant drying is one such method [30]. Following this method, gelled parts are immersed into 
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a concentrated liquid polymer solution. An osmotic pressure difference between the gelled part 

and the liquid desiccant solution causes water to transfer from the gelled parts into the solution. 

An aqueous solution of poly(ethylene glycol) is a common choice for osmotic agent as it has a 

high osmotic potential. The liquid desiccant drying method provides several benefits over 

conventional methods. For example, the water is uniformly removed from the gelled part, 

avoiding uneven shrinkage during the drying process. The liquid medium also provides a 

buoyant force which helps to prevent warpage [85]. Since the gelled ceramic sample is 

completely immersed in a liquid, capillary stresses do not arise within the sample, further 

reducing warpage and cracking [86].  

Osmotic pressure provides the driving force for water diffusion in this system. A detailed 

description of the calculation of the osmotic pressure is provided by Trunec [87]. To find the 

osmotic pressure of polymeric solutions a non-linearized variation of the van 't Hoff’s law may 

be used (equation (2-5)):  

 = 𝑅𝑇𝐶𝑀 (
1

𝑀
+ 𝛼𝐶𝑀 + 𝛽(𝐶𝑀)2 + ⋯ )     

(2-5) 

where Π corresponds to osmotic pressure, R is the gas constant, T is the absolute temperature, C 

is the molar concentration of the solute, M is the molecular weight of the solute, and α and β are 

the second and third virial coefficients [87].  

The virial coefficients for poly(ethylene glycol) (PEG) are calculated using equations (2-6) and 

(2-7) [88]: 

𝛼 = 2.49 (
1

𝑇
+

1

𝑇𝜃
)         

(2-6) 
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𝛽 = 29.3 (
1

𝑇
+

1

𝑇𝜃
)       

(2-7) 

where the reference temperature Tθ is 375.7 K. 

The mechanism behind this process lies in the concentration difference between the pure water 

within the object and the polymer solution. The osmotic pressure is representative of the 

chemical potential between the two. For instance, if the pure water was separated from the 

concentrated solution by a semipermeable membrane, then a pressure of  would need to be 

exerted on the solution to prevent the pure water from entering the solution (Figure 2-4) [80].  

 

Figure 2-4. Schematic representing the concept of osmotic pressure in relation to a pure liquid 

and a salt solution separated by a semipermeable membrane. Adapted from [80]. Copyright 2005 

John Wiley and Sons. 

In scientific literature, aqueous and non-aqueous solutions have been used as liquid desiccants 

for drying gelcast ceramic objects. In the cases where PEG solutions are used, the molecular 

weight of the PEG and the concentration of the PEG solution influence the drying rate of the 
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objects. PEG solutions with a molecular weight in the range of 400-10,000 g/mol are more 

commonly used as liquid desiccants than higher molecular weights. Concentrations are usually 

presented in terms of the PEG weight percent and generally range from 20-80 wt%.  These 

parameters along with the solids loading, material, and geometry of the gelcast object have been 

investigated to determine their influence on the extent of drying, drying rate, shrinkage, warping, 

and sintered density of the objects tested [85-87, 89-93]. The mass loss rate is not constant over 

time. In fact, three drying stages for gelcast ceramics have been defined elsewhere [83] and 

related specifically to osmotic drying [93, 94].  

Barati, Kokabi, and Famili [85, 90] have conducted several studies utilizing aqueous PEG 

solutions or ethanol solutions for drying gelcast alumina. The aqueous solution resulted in a 

more homogeneous structure, whereas the non-aqueous solution promoted a faster drying rate. It 

was determined that the drying time was reduced by 10x and that the alumina lost 20-30 wt% of 

water during the process. A decrease in ceramic loading level and effective thickness and an 

increase in concentration of the liquid desiccant led to an increase in the drying rate.  

Gong, Huang, Zhou, and Zheng [89] compared liquid desiccant drying with PEG liquid 

desiccants to conventional drying for an aqueous slurry of BaTiO3 gelcast using the AM, 

MBAM, APS, TEMED gelling system. The water content of the immersed samples decreased 

over time, and when comparing different initial ceramic solids loadings, the final water content 

after immersion in the liquid desiccant was lower for those samples with a low initial solids 

loading. The water content changed to a greater extent when the concentration of the liquid 

desiccant at PEG1000 increased. It was stated that when the concentration was 20 wt%, water 

from the solution entered into the sample because the drying rate was slow; however, at 80 wt% 

the sample experienced malformations due to the fast drying rate.  
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Liu, Yang, Dong, and Hu [93] studied the effect of PEG molecular weight (PEG400, PEG2000, 

PEG6000, PEG10000), concentration (20, 30, 40 wt% at PEG6000), and the ceramic solids 

loading (25, 35, 45, 54 vol% at PEG6000 & 40 wt% concentration) on the extent and rate of 

drying of gelcast alumina. The gelling system was AM- MBAM system. The drying rate 

increased with increasing concentration and decreasing solids loading. It was determined that the 

intermediate molecular weight, PEG6000, performed better than the other molecular weights 

tested and also performed better than the air drying method (Figure 2-5). The authors explain that 

there are two hydrophilic groups within the PEG molecule, ether-base and hydroxyl, and these 

groups attract moisture from the ceramic object.  

 

Figure 2-5. Comparison of alumina green parts dried in 40% PEG6000 and in air. Reprinted from 

[93]. Copyright 2010 Taylor & Francis. 

The objects lose more mass as the molecular weight increases, because there is a larger quantity 

of the hydrophilic groups. However, the highest molecular weight tested actually experienced the 

least amount of mass loss overall. This was determined to be due to the entanglement of the 

longer chains thus limiting the accessibility of the hydrophilic groups. The experimental methods 
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state that each type of molecular weight was dissolved in water in accordance to max solubility 

concentrations of 60, 40, and 30 wt% for the PEG2000, PEG6000, PEG10000, respectively. It is 

unclear if these concentrations were used during the molecular weight comparison study. If so, 

then two parameters, concentration and molecular weight, were changed simultaneously, making 

it difficult to discern the effect of each parameter individually.  

Trunec [87] took another approach and studied the effect of PEG molecular weight at a constant 

osmotic pressure of 4.9 MPa. The concentration was adjusted to achieve this osmotic pressure 

for each of the molecular weight levels studied (PEG 1000, PEG 20000, PEG 35000, and PEG 

80000). It was found that up to 30 wt% of water content could be removed using the PEG 80000 

solution. The rate of mass loss and the total removed mass increased with increasing molecular 

weight. The size of the tested samples affected the rate of mass loss, but the total mass loss was 

not affected.  Lastly, the author found that PEG absorbs into the ceramics samples and as the 

molecular weight increases, this effect decreases. As a result, the microstructure was affected at 

the surface where PEG molecules penetrated the ceramic. The density at the center of the object 

was consistently higher than the edge of the object. The PEG 80000 produced the lowest 

difference in density and is the recommended level. Optimization of immersion time is also 

recommended; although other osmotic pressures were not tested.  

In another study, Barati, Norouzi, Rostamkolaei, and Sharafoddinzadeh [94] investigated the 

effect of PEG molecular weight (PEG 600, PEG 1000, PEG 2000, and PEG 10000) and different 

concentrations (20, 40, 60, and 80 wt%) on the drying rate while proposing a general model to 

predict the drying rate and dynamic volume change of the alumina objects. These objects were 

gelcast using the acrylic acid, MBAM, APS, TEMED system. It was determined that drying rate 

and amount of water lost from the object increases with molecular weight and concentration, but 
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the effect of the change in molecular weight becomes negligible at higher concentrations. It was 

observed that the PEG chains diffuse into the object and that this decreases with increasing 

molecular weight. It is recommended that low concentration solutions are used to avoid bending 

objects. The author also developed a model to predict the drying rate and shrinkage of the object 

using a system of equations solved using numerical methods. The model was able to predict the 

drying kinetics and isn’t limited to a special geometry. Barati et al. describes the drying 

mechanisms that promote the water loss from the objects as well. The first is the osmotic 

pressure difference between the object and solution, and the second mechanism is the 

hydrophobic complex that forms through the hydrogen bonds between the PEG molecules and 

the gel network. The third mechanism relates to the ceramic particles and their interaction with 

the PEG chains. 

Abbas, Maleksaeedi, Kolos, and Ruys investigated the effect of various process parameters, 

including drying, of gelcast zirconia-toughened alumina [95]. The gelling was initiated by the 

MAM, MBAM, APS, TEMED system. Liquid desiccant dried samples and air-dried samples 

were compared. The molecular weight (PEG 400, PEG 4000, and PEG 20000) and the 

concentration (30 and 50 vol%) of the liquid desiccants were varied and the effect on density, 

hardness, and microstructure were measured. It was determined that the liquid desiccant drying 

method produced a slightly higher overall weight reduction at a slower rate than the air-dried 

samples. The PEG400 performed poorly in terms of weight reduction and sintered quality as 

compared to the PEG4000 and PEG20000. The PEG4000 and PEG20000 were similar to each 

other but the PEG4000 ended up removing slightly more solvent overall. Upon comparison of 

liquid desiccant concentrations, it was determined that the higher concentration (50 vol%) was 

ineffective as it only reduced the weight of the samples by less than 1%, whereas the lower 
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concentration (30 vol%) produced a 5-6% weight reduction. This behavior was attributed to the 

increase in osmotic pressure that is generated in the liquid desiccant solutions at higher 

molecular weights (e.g. PEG 20000) and concentrations (e.g. 50 vol%). This higher osmotic 

pressure was apparently closer to the osmotic pressure that exists in the gelled structure so there 

was a decrease in the osmotic pressure gradient which is the driving force behind the diffusion. 

The higher viscosity in the 50 vol% solution may have also played a role in the low weight 

reduction that was observed. Therefore, the PEG 4000 solution at 30 vol% was deemed to be that 

most suitable for the drying process. 

Investigations combining the liquid desiccant drying process with other processing techniques 

has been conducted. Such as the combination of 3D-printing, gelcasting, and liquid desiccant 

drying studied by [96] and [97].  

 

Figure 2-6. Schematic of the progression of natural drying (a, b) of a gelcast ceramic object versus 

the progression of PEG-assisted drying (c, d). Reprinted from [97]. Copyright 2016 Elsevier. 
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Tu and Jiang produced a complex mold via 3D printing, gelcast SiC into the mold and dried it 

using a PEG10000 solution for 24 hours [96]. The complex mold also dissolved into the liquid 

desiccant during the process. The resulting ceramic structure maintained the complex shape of 

the initial mold; therefore, this combination of techniques is capable of producing designed 

ceramic structures. Zhou et al. applied the liquid desiccant drying process to alumina objects 

produced via the stereolithography method [97]. The alumina was gelled using the AM- MBAM 

system and a photoinitiator was added to make the suspension UV-curable. After printing, the 

objects were immersed in PEG400 solutions or left to dry naturally. The object that was dried 

naturally deformed noticeably and had a lower density than the liquid desiccant dried sample as 

shown schematically in Figure 2-6. 

In summary, it was noted that some studies had differing conclusions on the best solution 

parameters such as molecular weight and concentration. This may be due to the range of these 

parameters that were tested or the different ceramic materials, gelling systems, and geometries 

used in these studies. If so, it would be difficult to compare them directly, but it may imply that 

an optimum drying method may need to be determined for each unique gelcast system and 

geometry. Additionally, few studies looked into the effect of PEG uptake on the ceramic object, 

although several did mention this behavior as potentially having an influence on the drying rate. 

Overall, several investigations have laid the foundation for the liquid desiccant drying of gelcast 

ceramics; however, further work in this area involving the optimization of processing conditions 

and predictive capabilities are required before these processes can be scaled up and used in 

industry. 
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CHAPTER 3  

METHODS & MATERIALS 

The materials and methodology used to prepare the specimens for the studies discussed in 

Chapters 4 and 5 are as follows. The processing steps have been divided into four sections as 

demonstrated in Figure 3-1. The “preparation of powders for consolidation” section includes the 

description of a milling process for the as-received ceramic powders. The “consolidation to 

engineering shape” section includes a description of the preparation of the ceramic-gelatin 

mixture and casting process, while the “removal of solvent/organic additives” sections describes 

the osmotic drying and burn-out process. Next, the “densification” section describes the sintering 

process. This is followed by the method of sample preparation for characterization. Lastly, 

specific methods used during a sacrificial templating feasibility study are provided. 

 

Figure 3-1. Schematic displaying the process of preparing specimens for experiments. 

3.1  Preparation of Powders for Consolidation 

Aluminum Oxide (alumina) powder from Accumet Materials Co. (AMC-4NAL2O3) with a 

primary particle size of 0.5 -1.5 µm was used during the experiments. The powder was prepared 

for consolidation through a milling process. The powder was milled for 5 hours using a jar mill 

(Labmill 8000) as seen in Figure 3-2 with water and cylindrical high density zirconium oxide 

milling media (D~6.8mm; H~6.5 mm). Although altered in some cases, a typical ratio of 

constituents was powder(1): water(2.5): media(10). The container or “jar” used was a 500 mL 

high density polyethylene bottle with a diameter of 60 mm.  
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𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑆𝑝𝑒𝑒𝑑 =  
265.45

√𝑑𝑖−𝑑𝑚

 

(3-1) 

The mill rate or rotation of the jar was controlled during the operation to 60% of the critical rate 

which was determined by equation (3-1) where di is the diameter of the inside of the mill jar and 

dm is the diameter of one ball of media [98]. 

 

Figure 3-2. Representative image of Labmill 8000 machine used during the preparation of 

alumina powders prior to consolidation. (Image retrieved from Cole-Parmer Website: 

https://www.coleparmer.com/i/cole-parmer-jar-mill-without-jars-115-vac-60-hz/0417250 on 

June 18, 2018.) 

Next, the powder was dried to remove the water and then crushed using a mortar and pestle. 

Lastly, the powder was sieved using the Gilson Sieve Shaker (Figure 3-3) with a U.S. mesh size 

of 140 (105 µm) (McMaster). 

 

Figure 3-3. Representative image of the Gilson Sieve Shaker used during the preparation of 

alumina powders prior to consolidation. (Image retrieved from Gilson Company, Inc. Website: 

https://www.globalgilson.com/gilson-tapping-sieve-shakers on June 18, 2018.) 

https://www.coleparmer.com/i/cole-parmer-jar-mill-without-jars-115-vac-60-hz/0417250%20on%20June%2018
https://www.coleparmer.com/i/cole-parmer-jar-mill-without-jars-115-vac-60-hz/0417250%20on%20June%2018
https://www.globalgilson.com/gilson-tapping-sieve-shakers%20on%20June%2018
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3.2  Consolidation to Engineering Shape 

A ceramic suspension was produced by gradually combining alumina powder with deionized 

water and a dispersant, Darvan 7N (an aqueous solution of sodium polymethacrylate; Vanderbilt 

Minerals, LLC). The alumina powder and dispersing agent were added gradually to a mixing 

bottle that contained ceramic milling media and water. The media-to-powder weight ratio was 

between 1.28:1 and 2:1 for Case Study #1, and 1:2.27 for Case Study #2 & #3. Each subsequent 

material addition decreased in quantity of the previous addition (e.g. 50% by weight of previous 

amount for Case Study #2 & 3) until the desired amount of each material was added. The 

average composition (weight %) for the ceramic suspensions used in each case study is provided 

in Table 3-1. 

Table 3-1. Average composition in weight% of the prepared ceramic suspensions for each case 

study. 

  

The bottle was rotated on a jar mill for 1 hour between each of the separate material additions. 

There were 5-9 additions for Case Study #1 and 8 additions for Case Study #2 and #3. The 

rotational speed of the bottle was decreased gradually as the viscosity of the suspension 

increased due to each powder addition. After the final addition of alumina and dispersant, the 

bottle was allowed to rotate overnight. This process is depicted in Figure 3-4. 

The gelling agent used in this study was gelatin from porcine skin (Sigma-Aldrich G1890). The 

gelatin was dissolved in heated deionized water on a magnetic stir plate. The ceramic suspension 

Case Study # Al2O3 Water Dispersant

1 69.78% 27.21% 3.01%

2 72.17% 25.07% 2.77%

3 72.17% 25.07% 2.76%
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was heated to 50-65oC, combined with the gelatin solution, and maintained at an elevated 

temperature to prevent premature gelation. 

 

Figure 3-4. Schematic process chart for the preparation of alumina ceramic suspension. 

The mixture was then briefly mixed and defoamed in a planetary centrifugal mixer (ARE-310; 

THINKY Corporation) as seen in Figure 3-5 to ensure a homogeneous mixture and to reduce air 

bubbles. The resulting composition of the mixture in Case Study 1, 2, and 3 contained on 

average 1.14, 0.93, 0.90 wt% gelatin, respectively. A schematic detailing each of these steps is 

provided in Figure 3-6. 

 

Figure 3-5. Image of the ARE-310 planetary centrifugal mixer from Thinky Corporation used 

during the preparation of gelatin-alumina mixtures prior to the casting process. (Image retrieved 

from THINKY Website: http://www.thinkyusa.com/products/item-all/rotation-revolution-

mixer/are-310.html on June 18, 2018.) 

http://www.thinkyusa.com/products/item-all/rotation-revolution-mixer/are-310.html
http://www.thinkyusa.com/products/item-all/rotation-revolution-mixer/are-310.html
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Figure 3-6. Schematic process chart for the preparation of the gelatin solution and ceramic-

gelatin mixture.  

Rectangular Plexiglas molds were used to create beam-shaped specimens (56 × 6 × 8 mm). The 

ceramic-gelatin mixture was quickly poured into the molds, enclosed in a petri dish, and cooled. 

Many of the sample sets were cooled within a shallow ice bath for 30 minutes. After at least 3 

hours, the samples were carefully demolded, and the initial weight and length was recorded. An 

example sequence of this process is depicted in Figure 3-7.  

 

1. Heat water for gelatin 
solution 

2. Add gelatin to water on 
scale 

3. Heat/stir gelatin 
and water 

4. Heat/stir ceramic 
suspension 

5. Measure gelatin 
solution 

6. Measure ceramic 
suspension 

7. Combine gelatin solution 
and ceramic suspension 

9. Heat/Stir 
mixture 

8. Measure gelatin 
solution residue 
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Figure 3-7. Schematic process chart for the defoaming, casting, and demolding process for the 

gel-cast alumina specimens. 

3.3  Removal of Solvent and Organic Additives 

The removal of solvent from the ceramic objects was carried out using the osmotic drying 

process which employs liquid desiccant solutions. These solutions were prepared in advance by 

dissolving PEG (84797 Sigma; Mr=2,000), PEG (P6667 Sigma-Aldrich; avg. mol. wt.=10,000), 

PEG (95172 Sigma; Mr=20,000), PEG (81310 Aldrich; avg. Mn=35,000), and Poly(ethylene 

oxide) (PEO) (181986 Aldrich; avg. Mv=100,000) in deionized water. Poly(ethylene glycols) 

with higher molecular weights are referred to as poly(ethylene oxides), however, “PEG” is used 

to refer to all molecular weight levels used in these studies. Equations (2-5), (2-6), and (2-7) 

were utilized to calculate the generated osmotic pressures. The amount of PEG required to 

maintain the desired osmotic pressure at each molecular weight was calculated using a PEG 

density of 1.2 g/cm3.  
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Each sample was submerged in 40 mL of liquid desiccant solution for the specified amount of 

time (Figure 3-8). The samples were then removed from the liquid desiccant, surface dried with 

tissue, rinsed with water, and surface dried again to remove the liquid desiccant from the outside 

surface of the sample. The sample mass was recorded after this process. 

 

Figure 3-8. (a) Image of poly(ethylene glycol) liquid desiccant with alumina beam submerged 

during experiment and (b) schematic representation of liquid desiccant with alumina beam 

submerged demonstrating the direction of material flow to and from the object. 

In case study #1 the samples were repeatedly removed from the solution, cleaned, weighed, and 

placed back into the solution. In case study #2 and #3, the samples were simply immersed in the 

solution for a set amount of time, removed, cleaned, and weighed. The samples were then dried 

within a lightly covered dish for several days and finally at slightly elevated temperature (50-

80oC) until the mass no longer changed. Next, they were heated at 2oC/min to 500oC for 1 hour 

to burn-out the additives in a Vulcan Box Furnace (Model 3-1750) as seen in Figure 3-9. The 

sample weight was recorded before and after burn-out. 
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Figure 3-9. Representative image of the Vulcan Box Furnace used during the remainder of the 

drying and burn-out processes. (Image retrieved from ESP Chemicals, Inc. Website: 

http://www.espchemicals.com/9493409-Neytech-Vulcan-Multi-stage-Programmable-Furnace-

Model-3-1750-1750-cu-in-Digital-9-Stage-Program-200-240V-5060Hz-1-EA-P6159.aspx on 

June 18, 2018.)  

3.4  Densification 

The samples were then sintered in a Zircar Hot Spot 110 furnace (Figure 3-10) at 1550 oC for 1 

hour in air. The heating rate and cooling rate were approximately 5 oC/min. and 2 oC/min, 

respectively. The sample mass and dimensions were recorded before and after sintering.  

 

Figure 3-10. Representative image of the Zircar Hot Spot 110 furnace used during the sintering 

process. (Image retrieved from Zircar Zirconia, Inc. Website: 

https://zircarzirconia.com/products/hot-spot-110-electric-box-furnace/ on June 18, 2018.) 

http://www.espchemicals.com/9493409-Neytech-Vulcan-Multi-stage-Programmable-Furnace-Model-3-1750-1750-cu-in-Digital-9-Stage-Program-200-240V-5060Hz-1-EA-P6159.aspx
http://www.espchemicals.com/9493409-Neytech-Vulcan-Multi-stage-Programmable-Furnace-Model-3-1750-1750-cu-in-Digital-9-Stage-Program-200-240V-5060Hz-1-EA-P6159.aspx
https://zircarzirconia.com/products/hot-spot-110-electric-box-furnace/
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3.5  Characterization 

3.5.1 Bulk Density 

The bulk density of sintered samples was determined using the method of Archimedes Principle 

after applying a wax coating. Samples were heated to remove any residual moisture, and then dip 

coated with melted paraffin wax so that a very thin layer of wax completely coated the outside of 

the sample. The wax coating prevented any water uptake into the samples during the water 

immersion portion of the density tests. A Mettler Toledo XS104 analytical balance was used to 

measure the mass of each sample before and after the wax coating was applied. Additionally, the 

mass of the sample was in water. The density was determined using equation (3-2):  

𝜌𝑐 =
𝑚𝑎

𝑚𝑎𝑤−𝑚𝑤𝑤−
𝑚𝑎𝑤−𝑚𝑎

𝜌𝑤𝑎𝑥

      

(3-2) 

where 𝜌𝑐 is the density of the ceramic sample, 𝑚𝑎 is the mass of the sample in air, 𝑚𝑎𝑤 is the 

mass in air of the sample coated in wax, 𝑚𝑤𝑤 is the mass in water of the sample coated in wax, 

𝜌𝑤𝑎𝑥 is the density of the wax. 

3.5.2  Hardness 

Samples were prepared for hardness testing through the careful removal of the wax coating using 

a small handheld blade. The following steps were completed to finish the preparation process: 

(1) Slicing (2) Cleaning/Drying (3) Mounting (4) Polishing (5) Imaging and (6) Mapping as 

depicted in Figure 3-11. 

During the slicing step, the bottom surface of the samples was adhered to the surface of the 

sample holder with wax. The samples were sliced to reveal the interior cross-section using a 

precision CNC dicing and cutting saw (MTI Corporation; Figure 3-12) at a rate of 1 mm/min 



 

38 

 

with a diamond wafering blade (4” diameter, 0.012” thickness, UKAM Industrial Superhard 

Tools). The sample holder was heated to melt the wax so that the samples could be removed. The 

samples were cleaned in an ultra-sonic bath with acetone and then dried.  

 

Figure 3-11. Flow chart of the preparation of ceramic specimens for Vickers hardness testing. 

 

Figure 3-12. Image of the MTI Corporation CNC dicing and cutting saw and controller. (Image 

retrieved from MTI Corporation Website: http://www.mtixtl.com/diamondsaw-SYJ-400.aspx on 

June 18, 2018.) 
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Samples were then encapsulated in EpoxyMount resin (87 Shore D hardness, Allied High Tech 

Products, Inc.) using 1 in. cylindrical molding cups. The samples were polished using 400, 600, 

P2400, P400 grit SiC paper and then 3 and 6 µm MetaDi diamond-based suspensions using an 

automated polishing machine. Next, each sample was imaged using a Dinolite digital microscope 

(AM4113T-FV2W) and mapped using Microsoft PowerPoint to determine specific coordinates 

for the desired indentation locations. An example of a completed map of the surface can be 

found in Figure 3-13.  

 

Figure 3-13. Example image of the placement of indentations on the cross-section of the ceramic 

sample. 

The cross-section of selected samples was indented using a Vickers microhardness tester (Wilson 

Tukon 1102, Figure 3-14) under a 1kg load for a duration of 15 seconds. Sixteen indents were 

specifically placed along the exterior and interior of the sample surface according to the 

predetermined coordinate system produced during the mapping process. The two diagonals of 

the indent were measured using the eyepiece of the indenter machine. If the difference between 

the two indent lengths was greater than 5%, the values were eliminated from the dataset.   
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The hardness value was calculated directly using the average of the diagonal lengths as per 

equation (3-3): 

𝐻𝑉 = 1.8544 
𝐹

𝑑2
 

(3-3) 

where F is the applied load in kgf and d is the average diagonal length in mm [99]. 

 

Figure 3-14. Image of the Wilson Tukon 1102 machine used to indent the surface of the alumina 

specimens, measure the diagonal length, and calculate the hardness. (Image retrieved from 

LabWrench Website: http://www.labwrench.com/?equipment.view/equipmentNo/10787/Wilson-

Hardness/Tukon-1102---1202/ on June 18, 2018.) 

3.5.3 Microscopy 

The samples were prepared for imaging by removing the majority of the epoxy mount with a 

band saw. The ceramic sample was then attached to a sample holder with carbon tape and sputter 

coated with gold using a high resolution sputter coater (Polaron SC 7640, Figure 3-15). Images 

of the microstructure of the samples were taken using a field emission scanning electron 

microscope (JEOL 7410F).  

 

http://www.labwrench.com/?equipment.view/equipmentNo/10787/Wilson-Hardness/Tukon-1102---1202/
http://www.labwrench.com/?equipment.view/equipmentNo/10787/Wilson-Hardness/Tukon-1102---1202/
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Figure 3-15. Image of (a) the high resolution sputter coater used to prepare specimens for 

imaging (Image retrieved from Quorum Technologies Website: 

https://www.quorumtech.com/previous-products/coaters-and-evaporators on June 18, 2018.) and 

(b) three ceramic specimens attached to holder with carbon tape. 

3.6  Templating Demonstration 

A feasibility demonstration was completed by combining the processes of gelcasting, osmotic 

drying, and sacrificial templating. The sacrificial templates used during this demonstration were 

created through a stereolithography (SLA) additive manufacturing method by 3D Systems 

Corporation. The material used to create the templates was Accura® CastProTM which is a 

polycarbonate-like material. The rectangular Plexiglas molds were fitted with a template as 

depicted in Figure 3-16. 

 

Figure 3-16. Plexiglas mold containing a 3D printed template. 

 

https://www.quorumtech.com/previous-products/coaters-and-evaporators
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The ceramic suspension was prepared in a similar manner to that described in section 3.1-3.4 by 

gradually adding alumina and dispersant to a water and jar milling. The composition of the 

suspension was 74.97%, 22.14%, 2.89% by weight alumina, water, and dispersant, respectively. 

The gelatin solution was 13.13% by weight gelatin. The mixture was cast immediately after 

removal from the hotplate at a temperature of ~70oC. The samples cooled down naturally and were 

removed from the molds 3.5 hours later. The water from the samples was either removed through 

natural drying or liquid desiccant drying. Afterwards, the samples were dried completely in an 

oven at 50oC, burned out at 700oC, and sintered at 1550oC.  
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CHAPTER 4  

RESULTS & DISCUSSION 

4.1  Overview of Experimental Case Studies 

The following experimental case studies were used to investigate the dewatering effect of 

aqueous poly(ethylene glycol) (PEG) desiccant solutions on gelcast alumina specimens. In these 

studies, an alumina suspension was combined with a gelatin solution and the resulting gelled 

body was placed in a liquid desiccant. The purpose of the first case study was to identify how the 

osmotic pressure and the PEG molecular weight of the desiccant solution affect the water loss 

from the gelcast alumina, the solids gained by the alumina specimens, and the sintered density of 

the alumina [100]. This work expands the tested range for PEG molecular weight by using up to 

100,000 g/mol. In the second case study, an important parameter of interest, immersion time, 

was added with the intention of identifying the optimum combination of parameters to promote 

water loss and reduce solids gain. The experimental design in these case studies allowed for the 

determination of interaction effects between process variables, if any. By including immersion 

time as an experimental parameter, the study contributes to the optimization of the process time. 

These studies were also meant to elucidate the effect of the drying process on the quality of the 

dried object; therefore, investigation into the effect of the drying condition on the hardness and 

microstructure was also conducted.  

4.2  Case Study #1  

4.2.1 Experimental Design 

Gelled samples were fabricated as described in Section 3.1 – Section 3.5.1 in four separate 

batches. Each sample was placed in a liquid desiccant identified by the solution’s osmotic 

pressure and the molecular weight (MW) of the PEG in solution. An outline of the experimental 
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design is provided in Table 4-1 where sample descriptions are listed in terms of their batch name, 

MW and osmotic pressure (OP). The key for each sample identifier (ID) is as follows: Batch 

Number – Molecular Weight – Osmotic Pressure – Replicate Number. 

Table 4-1. Information regarding sample batch number, liquid desiccant properties, and 

associated identifier (*omitted from analysis) [100] for case study #1. 

Batch # 
Molecular 

Weight (g/mol) 

Osmotic Pressure 

(MPa) 
Sample ID 

1 

35,000 9.5 B1 - 35K – 9.5 

20,000 9.5 B1 - 20K – 9.5 

10,000 9.5 B1 - 10K – 9.5 

2,000 9.5 B1 - 2K – 9.5 

2,000 22.0 B1 - 2K – 22.0 

2 

20,000 10.5 B2 - 20K – 10.5 

10,000 10.5 B2 - 10K – 10.5 

2,000 10.5 B2 - 2K – 10.5 

10,000 11.5 *B2 - 10K – 11.5 

2,000 11.5 B2 - 2K – 11.5 

3 

100,000 2.5 *B3 - 100K – 2.5 - 1 

100,000 2.5 B3 - 100K – 2.5 - 2 

100,000 2.5 B3 - 100K – 2.5 - 3 

35,000 2.5 B3 - 35K – 2.5 

20,000 2.5 *B3 - 20K – 2.5 

10,000 2.5 B3 - 10K – 2.5 

2,000 2.5 B3 - 2K – 2.5 

100,000 1.0 B3 - 100K – 1.0 - 1 

100,000 1.0 *B3 - 100K – 1.0 - 2 

100,000 1.0 B3 - 100K – 1.0 - 3 

35,000 1.0 B3 - 35K – 1.0 

20,000 1.0 B3 - 20K – 1.0 

35,000 9.5 B3 - 35K – 9.5 

20,000 9.5 B3 - 20K – 9.5 

20,000 10.5 B3 - 20K – 10.5 

N/A N/A AD1 

N/A N/A AD2 

N/A N/A AD3 

N/A N/A AD4 

N/A N/A AD5 

4 

2,000 22.0 B4 – 2K – 22.0 - 1 

2,000 22.0 B4 – 2K – 22.0 - 2 

2,000 22.0 B4 – 2K – 22.0 - 3 

35,000 2.5 *B4 – 35K – 2.5 - 1 

35,000 2.5 B4 – 35K – 2.5 - 2 

35,000 9.5 B4 – 35K – 9.5 - 1 

35,000 9.5 B4 – 35K – 9.5 - 2 

100,000 1.0 B4 – 100K – 1.0 - 1 

100,000 1.0 B4 – 100K – 1.0 - 2 

100,000 1.0 B4 – 100K – 1.0 - 3 
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Several samples experienced operator error such as difference in liquid desiccant timing. This 

type of error directly alters the measured outcomes as this experiment was predicated on the 

immersion timing with the liquid desiccants. Therefore, these data points were omitted from 

analysis. For comparison purposes, five samples were dried in air instead of a liquid desiccant 

solution and are termed AD(1-5). 

4.2.2  Results and Discussion 

4.2.2.1 Sample Mass Change During Liquid Drying Process 

The sample mass data is presented as a percentage of the original mass. Data for samples 

prepared under the same treatment combination (i.e. same MW and OP) were averaged together. 

For these samples, the average value with the population standard deviation is shown in the 

following figures.  

Figure 4-1 shows the mass change over time for the different treatment combinations. Figure 

4-1(a), Figure 4-1(b), and Figure 4-1(c) highlight the effect of PEG MW on mass change at a 

constant osmotic pressure of 1.0 MPa, 2.5 MPa, and 9.5 MPa, respectively. Figure 4-1(d) shows 

the mass change over time for 10.5 MPa, 11.5 MPa, and 22.0 MPa samples. These samples were 

grouped together since there is only one drying condition at 11.5 MPa and one at 22.0 MPa (i.e. 

dried in 2K MW PEG solutions). In all cases shown in Figure 4-1, the rate of mass loss and the 

total mass loss after 150 minutes both increase with increasing MW at constant osmotic pressure. 

Most mass loss occurs during the first 30 minutes of immersion. Depending on the osmotic 

pressure, the rate of mass loss decreases over time. For low osmotic pressures (Figure 4-1(a)), 

the mass loss starts to plateau after 90-120 minutes. For high osmotic pressures (Figure 4-1(c) 

and Figure 4-1(d)), the mass loss starts to plateau after 30-60 minutes, while the remaining time 

spent immersed in the liquid desiccant is not promoting further mass loss.  
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Figure 4-1. Mass change over time of gelcast alumina samples immersed in PEG liquid desiccant 

solutions at various molecular weights with osmotic pressures of (a) 1.0 MPa, (b) 2.5 MPa, (c) 9.5 

MPa, and (d) 10.5, 11.5, and 22.0 MPa. Error bars are ±SD [100].  

Based on these trends, it can be postulated that the samples should be removed once the plateau 

is established. The time of active mass loss is longer for samples in low osmotic pressure 

solutions and these solutions may promote a higher mass loss overall, just at a slower rate than 

samples immersed in high osmotic pressure/low molecular weight solutions. The high osmotic 

pressure/low molecular weight solutions promote a faster mass loss rate, but a lower mass loss 

overall.  

 



 

47 

 

 

Figure 4-2. Mass change over time of gelcast alumina samples immersed in PEG liquid desiccant 

solutions at various osmotic pressures with molecular weights of (a) 10K g/mol, (b) 20K g/mol, 

and (c) 35K g/mol. Error bars are ±SD [100]. 

For comparison purposes, some of the data presented in Figure 4-1 was reorganized in Figure 4-2 

to better depict the effect of osmotic pressure on the total mass loss and mass loss rates. Figure 

4-2 (a, b, and c) display the effects of osmotic pressure at constant molecular weights of 10K, 

20K, and 35K, respectively. The early trend for samples in 20K MW and 35K MW solutions 

(Figure 4-2 b, c) indicates that liquid desiccants with higher osmotic pressure will induce a faster 

initial mass loss. The lower osmotic pressure desiccants work more slowly, but they may result 

in a higher mass loss over all after 150 minutes. There is no significant difference in mass loss 

between samples dried in 9.5 MPa, 10.5 MPa, and 11.5 MPa solutions. The similarity in trends 

may be a result of the similar weight percentage of PEG used to generate the osmotic pressures 

used in this study. Other researchers have investigated a wider range of PEG weight percentages, 

showing larger variations in mass loss [94]. 

In the previous figures for mass loss, one can observe the net mass loss for each sample 

corresponding to a specific combination of molecular weight and osmotic pressure of the 

immersion fluid; however, one is not able to distinguish between specific components of mass 

loss and mass gain. While mass loss is attributed to water transfer from the gelled sample into the 
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liquid desiccant, mass gain is attributed to the diffusion of PEG from the liquid desiccant into the 

gelled sample. Observations of this ‘simultaneous diffusion of solvent and polymer’ have been 

recorded elsewhere [87, 94]. The following discussion focuses on the influence of osmotic 

pressure on water diffusion and PEG diffusion, and then the influence of molecular weight on 

water diffusion and PEG diffusion.  

The driving force for the transfer of water from the gelled sample into the liquid desiccant 

solution is the osmotic pressure of the solution. At a higher osmotic pressure differential, more 

water will diffuse out of the sample. The water entering the liquid desiccant solution will change 

the solution concentration and decrease the osmotic pressure. This decrease in osmotic pressure 

is influenced by the volume of desiccant solution compared to the volume of the gelled object. 

The higher the volume ratio of solution to gelled object, the less likely the osmotic pressure will 

decrease.  

The counterflow of PEG into the gel network from the liquid desiccant will be affected by the 

concentration of the PEG molecules initially present in the liquid desiccant solution. The higher 

the concentration of PEG molecules in the liquid desiccant solution, the more likely the PEG will 

diffuse into the gel network. Over time, as PEG molecules enter the gel network, the osmotic 

pressure difference and the rate of water diffusion decrease. At the same time, the gel network 

shrinks, hindering transport of water out of the gel network and of PEG into the gel network 

[94]. These simultaneous mechanisms correlate with the net mass loss rates observed in this 

study. Between 30-90 minutes of immersion time, the mass loss rate decreases to near zero (with 

the exception of high molecular weight/low osmotic pressure). As immersion time increases, the 

difference between samples diminishes, and samples may gain mass (particularly at high osmotic 

pressure; shown in Figure 4-2(a) and Figure 4-2(b)).  
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The molecular weight of the PEG in the solution influences the amount of PEG that diffuses into 

the gel network as well. For example, the higher the molecular weight, the longer the PEG 

chains, and the more difficult the entry into the gel network pores [87]. Therefore, more chains 

remain in solution, less PEG diffuses into the sample, and the osmotic pressure is maintained for 

a longer period [94]. This results in higher total mass loss for samples in solutions with higher 

molecular weight PEG at a constant osmotic pressure, as observed in Figure 4-1. Additionally, 

the mass loss rate during the constant rate period increases with increasing molecular weight.  

While the osmotic pressure difference between the gelled sample and the liquid desiccant is the 

main driving force for transfer of water out of the sample, there may be other mechanisms at 

work [93, 94]. For instance, functional groups on the PEG chains may form hydrogen bonds with 

the water molecules in the gelled sample aiding in water loss [93]. PEG chains may also interact 

with the gelatin network by forming hydrophobic complexes [94]. In this case, the carboxylic 

acid groups in the gelatin and the alcohol groups in the PEG interact to form non-hydrophilic 

complexes. The longer the PEG chains (higher molecular weight) or the greater the number of 

chains (higher osmotic pressure), the more functional groups there are available for interaction.  

These observations imply that it is desirable to use a solution with a high molecular weight and 

high osmotic pressure to ensure timely water removal while limiting the diffusion of PEG into 

the network. This assertion is made cautiously, as dissolution of high molecular weight PEG is 

restricted, limiting the concentration of high molecular weight PEG solutions. Consequently, the 

osmotic pressure that can be generated is also limited. Therefore, one cannot achieve the optimal 

liquid desiccant environment of a high osmotic pressure and high molecular weight solution 

simultaneously. To investigate whether it is more effective to have a high molecular weight 

solution or one that can achieve a higher osmotic pressure (i.e. low molecular weight but highly 
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concentrated), the total amount of PEG that diffused into the gelled samples as a percent of the 

initial sample weight was calculated and analyzed. 

4.2.2.2 PEG Diffusion into Sample  

The PEG chains may diffuse a certain distance within the gelled sample and remain there until 

burn-out, yielding a density gradient within the sample. Diffused PEG may thus lead to poor 

quality parts and is very undesirable. The amount of PEG that entered each sample was derived 

from information recorded during the remainder of the drying stages, burn-out, sintering, and the 

composition information for each batch (equation ((4-1)): 

𝑃 = 𝑀𝐷 − 𝑀𝐵 − 𝐺 − 𝐷       

(4-1) 

where P, MD, MB, G, and D are the amount of PEG diffused, the dry weight prior to burn-out, the 

post burn-out weight, the amount of gelatin, and the amount of solids from dispersant, 

respectively. 

For this relation to hold true, the following assumptions were made: 

1) Variations in air drying length, measurement timing, and room temperature and humidity 

had a negligible impact on the dry weight value and the post burn-out weight for each 

sample. 

2) Samples were completely dry prior to measurement (weight loss during burn-out and 

sintering is solely due to PEG, gelatin, and dispersant solids burn-out, not water or 

ceramic loss). 

3) Burn-out and sintering processes completely removed all gelatin, dispersant solids, and 

PEG from sample. 
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4) Compositions of samples from a single batch are homogeneous (particularly, gelatin and 

dispersant amounts). 

 

Figure 4-3. Amount of PEG uptake after 150 minutes of immersion in liquid desiccant PEG 

solutions with osmotic pressures of (a) 1.0, 2.5, 9.5, and 22.0 MPa and (b) 9.5, 10.5, and 11.5 

MPa. Note the scale difference between (a) and (b). Error bars are ±SD [100]. 

The amount of PEG in each sample as a percentage of the initial sample mass is presented in 

Figure 4-3 with respect to the corresponding solution properties. PEG diffusion depends on both 

osmotic pressure and molecular weight of the PEG solutions. More PEG diffused into samples 

immersed in highly concentrated solutions (higher osmotic pressure). There is a decrease in PEG 

uptake with molecular weight increase. This seems reasonable as it would seemingly be more 

difficult for longer chains to enter the gel network. For an osmotic pressure of 1.0 MPa, the 

amount of PEG in the samples varies very slightly across different molecular weights. The 

concentration in these solutions is fairly low, and a relatively small amount of PEG enters these 

samples overall. Figure 4-3(b) shows there is a negligible difference in the amount PEG diffused 

between samples immersed in solutions of various MW at osmotic pressures of 9.5 MPa, 10.5 

MPa, or 11.5 MPa. When comparing between Figure 4-3(a) and Figure 4-3(b), note the scale 
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difference. Despite relatively large variations between similar samples which may be due to 

differences between batches, there is a statistical difference when considering the larger range of 

osmotic pressure and MW shown in Figure 4-3(a). 

Over the range of PEG molecular weights and solution osmotic pressures tested in this 

experiment, two main trends are observed: (1) as the molecular weight increases, the amount of 

PEG gained decreases and (2) as the osmotic pressure increases, the amount of PEG gained 

increases, matching trends in published data [87, 94]. For optimum processing (i.e. minimum 

PEG gain), a low osmotic pressure solution of high molecular weight PEG should be used. 

Overall, the osmotic pressure has a stronger impact on amount of PEG gained than the molecular 

weight.  

4.2.2.3 Water Removed from Sample 

To determine the total amount of water removed from each sample during the liquid desiccant 

drying process, the initial water content was calculated. This calculation was based on the initial 

composition of the mixture while assuming a homogeneous composition for all samples within a 

batch and with negligible evaporation and material loss during the casting process. The total 

water loss during the liquid desiccant drying process was determined for each sample using 

equation (4-2): 

𝑀𝑤 = 𝑀𝑖 − 𝑀𝑙𝑑 + 𝑃 

(4-2) 

where Mw, Mi, Mld, and P are the water loss during liquid desiccant drying, the initial sample 

mass, sample mass after immersion in liquid desiccant, and amount of PEG diffused into the 

sample, respectively. The percent water loss was taken to be the calculated water loss over the 

initial water amount in each sample. 
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In Figure 4-4(a), the percent water loss increases with increasing molecular weight at constant 

osmotic pressure. Increasing osmotic pressure while holding MW constant increases the amount 

of water loss. Osmotic pressure appears to have a more significant effect on the percent water 

loss than the molecular weight of the solution. Figure 4-4(b) considers only 9.5 MPa, 10.5 MPa, 

and 11.5 MPa. When comparing between Figure 4-4(a) and Figure 4-4(b), note the change in 

scale. There is very little difference between samples at the osmotic pressures presented in 

Figure 4-4(b). This is reasonable since the similar osmotic pressures mean the concentrations in 

the liquid desiccant solutions are similar. 

  

Figure 4-4. Percent water loss for samples immersed for 150 minutes in solutions with osmotic 

pressures of (a) 1.0, 2.5, 9.5, and 22.0 MPa and (b) 9.5, 10.5, and 11.5 MPa. Note the scale 

difference between (a) and (b).  Error bars are ±SD [100]. 

For the samples in Figure 4-4(b), there is an apparent decrease in water loss from 2K MW to 

10K MW. Although not consistent with the expected trend, an increase in the molecular weight 

within this range may inhibit water removal from the gelled network. Variation observed 

between replicated samples means no statistically significant trend can be reported for this range 
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of osmotic pressures from this data. More replications are needed to fully understand results 

within this range of molecular weight and osmotic pressure. 

Overall, a high osmotic pressure and low molecular weight solution (22.0 MPa; 2K MW) results 

in the greatest water loss, significantly more than those with a low osmotic pressure and high 

molecular weight. While comparing water loss (Figure 4-4) to PEG gain (Figure 4-3), the high 

osmotic pressure/low molecular weight sample exhibited a high water loss but also a high PEG 

gain, while the low osmotic pressure/high molecular weight sample exhibited a lower water loss 

but also a much lower PEG gain. Dissolution limits mean high osmotic pressure and high 

molecular weight solutions could not be prepared, so theoretically a high osmotic pressure and 

high molecular weight solution could remove the most water while limiting PEG gain. 

4.2.2.4 Bulk Density 

Trunec has shown that uptake of PEG may negatively affect the ability of the ceramic to densify 

properly during the sintering process thereby influencing the bulk density of the samples [87]. 

Therefore, the bulk density was compared to the osmotic pressure and molecular weight of the 

suspensions used to dry the samples, as shown in Figure 4-5. At constant osmotic pressures of 

1.0 MPa and 2.5 MPa, bulk density increases with increasing molecular weight, as seen in Figure 

4-5(a). For 9.5 MPa, 10.5 MPa, shown in Figure 4-5(b), there does not appear to be a significant 

bulk density change with a change in molecular weight although more data points would be 

useful to discern trends. In both Figure 4-5(a) and Figure 4-5(b), the observed difference in bulk 

density with a change in osmotic pressure is generally very slight, with the exception of 100K 

MW solutions, where 2.5 MPa solutions yielded a significantly higher bulk density than the 1.0 

MPa solutions. At a constant molecular weight of 2,000 g/mol, an increase in osmotic pressure 

from 9.5 to 11.5 resulted in a decrease in density. 
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The correlation between bulk density and solution osmotic pressure is inconclusive: higher 

osmotic pressures (9.5 and 10.5 MPa) typically resulted in lower densities than lower osmotic 

pressures (1.0 and 2.5 MPa). However, a consistent trend was not observed, and more data is 

needed to make clear conclusions. The high osmotic pressure/low molecular weight solutions 

result in samples of a lower bulk density as compared to the samples in low osmotic 

pressure/high molecular weight solutions. Despite the high osmotic pressure/low molecular 

weight samples having the greatest water loss, this combination of solution properties seems to 

be a poor choice for liquid desiccant drying.  

  

Figure 4-5. Bulk density as determined via Archimedes Principle of sintered samples dried in 

solutions of various molecular weights and osmotic pressures of (a) 1.0, 2.5, 9.5, and 22.0 and (b) 

9.5, 10.5, and 11.5 MPa. Note the scale difference between (a) and (b). Error bars are ±SD [100]. 

The average bulk density for the five air-dried samples was 2.69 g/cm3, lower than some of the 

liquid-desiccant-dried samples. The air-dried samples may have a lower bulk density due to the 

effect of differential drying. This may indicate that the beneficial, uniform water removal of 

liquid desiccant drying outweighs the negative influence of PEG diffusion on the density of the 

sintered object in some cases. Additional replicates are needed to compare air drying to drying 
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with solutions of higher osmotic pressures (9.5 MPa to 22.0 MPa), as the relevant samples 

reported here were created in different batches. 

 

Figure 4-6. Bulk density compared to the amount of PEG gained for all air-dried and liquid 

desiccant dried samples [100]. 

Figure 4-6 correlates bulk density (Figure 4-5) with PEG gain (Figure 4-3). Samples with high 

PEG gain yield lower bulk densities, while the samples with low PEG gain result in higher bulk 

densities. It is important to note that the data points for the liquid desiccant dried samples do not 

indicate the drying treatment condition. Therefore, this is a general trend over all the tested 

treatment combinations. Air-dried samples are never in a PEG solution, so amount of PEG 

gained should be 0 g. The plotted values are calculated the same way as the values for liquid 

desiccant dried samples. The calculated values being slightly negative indicates that there may be 

a minor discrepancy in one of the assumptions (see Section 4.2.2.2). 

4.2.3 Summary and Conclusions 

In this study, alumina samples were cast with gelatin as a gelling agent. The samples were 

immersed in a PEG liquid desiccant solution for a set amount of time. The influence of the liquid 
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desiccant solution properties on the net mass loss rates, water loss, PEG diffusion, and the bulk 

density of sintered samples was determined. All samples experienced a net mass loss during the 

drying process. The rate of mass loss appeared to increase with increasing molecular weight and 

increasing osmotic pressure; however, the effect of these properties decreased over time. A clear 

difference in rate of mass loss was usually only observed during the first 30-60 minutes of 

immersion. After 150 minutes, the molecular weight and osmotic pressure both influence total 

water loss and PEG gained. For example, there is a slight decrease in the amount of PEG gained 

with increasing molecular weight and decreasing osmotic pressure. However, there was an 

increase in water loss with increasing osmotic pressure. In some cases, over 40% by weight of 

the total amount of water was removed from the samples during the liquid desiccant drying 

process. The solution combination that resulted in the lowest PEG gained and highest density 

was one of low osmotic pressure and high molecular weight, while the solution combination that 

resulted in the highest water loss was one of high osmotic pressure and low molecular weight.  

The liquid desiccant drying process affected the bulk density of the samples; however, more data 

is needed to draw statistically significant conclusions between certain treatment combinations. It 

was observed that the samples that gained more PEG tended to have lower densities. Further 

work is required to understand the influence of diffused PEG on sintered microstructure. In 

several cases, the density of the liquid desiccant dried samples was higher than that of the air-

dried samples; however, the samples in this study did not achieve a high density relative to 

theoretical density. Further work will be required to determine the optimal conditions required to 

produce adequately dense parts. These conditions may or may not be related to the liquid 

desiccant. A more critical aspect is the improvement of the solids loading in the ceramic 

suspension. This is related to the colloidal chemistry involved in the preparation of the 
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suspension, the ceramic powder preparation methods, among other techniques. 

Recommendations for improving the sintered density are provided in Chapter 6. 

4.3  Case Study #2 

4.3.1 Experimental Design  

The treatment combinations tested in the experiment are outlined in Table 4-2. Three levels of 

osmotic pressure, three levels of molecular weight, and three levels of immersion time were 

chosen.  

Table 4-2. Experimental variables and associated low, middle, and high levels. 

 

The experimental design was abbreviated to contain only those treatment combinations deemed 

feasible due to solution viscosity limitations. Therefore, 18 unique treatment combinations were 

tested and replicated three times (Table 4-3). Additionally, each set contained a sample that was 

not submerged in a liquid desiccant (dried under ambient conditions) for use as a comparison. 

Table 4-3. Experimental design of 18 unique treatment combinations. 

 

 

 Low Middle High 

Osmotic Pressure (MPa) 2.50 9.50 22.00 

Molecular Weight (g/mol) 2,000 35,000 100,000 

Immersion Time (minutes) 15 45 75 
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4.3.2 Results & Discussion 

4.3.2.1 Mass Loss  

The change in sample mass due to the liquid desiccant drying process was calculated by 

subtracting the post-drying mass from the pre-drying mass of each sample. Each sample lost 

mass during this process. The average for each treatment combination is presented in Figure 4-7.  

 

Figure 4-7. Average percent decrease in mass during the liquid desiccant drying process for each 

tested treatment combination (osmotic pressure (MPa), molecular weight (g/mol), and immersion 

time (min.)). Error bars are ±SD. 

The trends in Figure 4-7 may be visualized by isolating each variable of interest while holding 

the other two variables constant. For example, the influence of osmotic pressure at a constant 

molecular weight of 2,000 g/mol and constant immersion time of 75 minutes is observed by 

viewing the dotted bars located at each of the 2,000 g/mol groups. The data suggests that there is 

a positive correlation between immersion time and percent mass loss, molecular weight and 

percent mass loss, and osmotic pressure and percent mass loss. The largest average percent mass 
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loss (9.48% ± 0.37) occurred in those samples immersed for 75 minutes in a PEG solution with 

molecular weight of 35,000 g/mol and osmotic pressure of 9.50 MPa. This is an interesting result 

as it indicates that the highest osmotic pressure tested (22.00 MPa) did not produce the highest 

mass loss and that is most likely because the 22.00 MPa solution had the smallest molecular 

weight which would promote the diffusion of PEG into the samples thereby decreasing overall 

mass loss values. The smallest average percent mass loss (3.78% ±0.24) occurred in those 

samples immersed for 15 minutes in a PEG solution with molecular weight of 2,000 g/mol and 

osmotic pressure of 2.50 MPa. It is reasonable that this treatment combination would produce the 

lowest mass loss, since it was the shortest amount of immersion time, the lowest osmotic 

pressure, and the smallest molecular weight.  

Lastly, it is interesting to note the treatment combinations that result in similar overall mass 

losses. For instance, one combination of osmotic pressure, molecular weight, and immersion 

time (2.50 MPa, 2,000 g/mol, and 75 min.) may result in a very similar mass loss to a completely 

different treatment combination (9.50 MPa, 2,000 g/mol, 45 min.). This means that there are 

multiple options to choose from and other responses (such as water loss, solids gain, or density) 

need to be used to identify the optimum treatment combination. 

4.3.2.2 Solids Gain (SG) 

The amount of solids (PEG) that entered each sample was derived from information recorded 

during the remainder of the drying stages, burn-out, sintering, and the composition information 

for each set (equation (4-3)): 

𝑃 = 𝑀𝐷 − 𝑀𝑆 − 𝐺 − 𝐷      

(4-3)  



 

61 

 

where P, MD, MS, G, and D are the amount of PEG diffused, the dry weight prior to burn-out, the 

post sintering weight, the amount of gelatin, and the amount of solids from dispersant, 

respectively. This amount is presented as a percent of the initial sample mass during analysis. 

The following assumptions were made for the calculation and analysis of the solids gain and 

water loss: 

(1) Variations in air drying length, measurement timing, and room temperature and humidity 

had a negligible impact on the dry weight value and the post burn-out weight for each 

sample. 

(2) Samples were completely dry prior to measurement (weight loss during burn-out and 

sintering is solely due to PEG, gelatin, and dispersant solids burn-out, not water or 

ceramic loss). 

(3) Burn-out and sintering processes completely removed all gelatin, dispersant solids, and 

PEG from sample. 

(4) Compositions of samples from a single batch are homogeneous (particularly, gelatin and 

dispersant amounts). 

(5) Negligible evaporation and material loss occurred during the ceramic mixture’s heating, 

mixing, and casting process. 

(6) Variations in initial mass and surface area between samples had a negligible influence on 

the mass transfer kinetics and resulting density. 

The solids gained by the ceramic samples ranged from 0.65±0.13 to 3.88±0.12 percent of the 

initial sample mass. The data suggests that there is a positive correlation between the osmotic 

pressure and the amount of solids gained, while there is a negative correlation between the 

molecular weight and the amount of solids gained (Figure 4-8). 
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Figure 4-8. Amount of solids gained during the liquid desiccant drying process as a percent of the 

initial sample mass for each tested treatment combination (osmotic pressure (MPa), molecular 

weight (g/mol), and immersion time (min.)). Error bars are ±SD. 

For example, at a constant osmotic pressure of 9.50 MPa, the solids gained decreases as the 

molecular weight increases from 2,000 g/mol to 35,000 g/mol for each distinct immersion time. 

This trend matches that reported by [87] and [94]. Additionally, as time increases, the amount of 

solids gained also increases with the exception of the 100,000 g/mol and 2.5 MPa treatment 

combination.  

The rate of solids gain can be visualized using Figure 4-9 and Figure 4-10 which contain selected 

comparisons of the osmotic pressure and molecular weights tested during this study. The rate of 

solids gain increases very slightly with an increase in osmotic pressure; whereas the rate 

decreases very slightly with an increase in molecular weight. Overall, a linear fit to the data was 

adequate for the range of immersion time tested. 
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Figure 4-9. Amount of solids gained (percent of the initial sample mass) versus immersion time 

for various osmotic pressure solutions and a constant molecular weight of 2,000 g/mol. Error bars 

are ±SD. 

 

Figure 4-10. Amount of solids gained (percent of the initial sample mass) versus immersion time 

for various molecular weights and a constant osmotic pressure of 9.50 MPa. Error bars are ±SD. 
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The treatment combination that produces the highest percent of PEG diffusion is 2,000 g/mol, 

22.00 MPa, and 75 minutes. This is a reasonable result because the 2,000 g/mol is the smallest 

PEG molecular weight over the longest period of time and at the highest concentration. This 

combination would seemingly promote the most solids transfer into the ceramic object. The 

treatment combination that produces the lowest percent of PEG diffusion is 35,000 g/mol, 2.5 

MPa, and 15 minutes. While the smallest immersion time and smallest osmotic pressure is an 

expected combination for this result, one would have expected the highest molecular weight 

(100,000 g/mol) to result in the lowest percent of PEG diffusion. This disagreement with the 

expected result could be explained by the comparable amount of solids gain experienced by the 

samples immersed in the 35K and 100K solutions (at 2.50 MPa). As the chain length of the PEG 

molecules increases, the chains will have more difficulty entering the gel network [87, 94]. Both 

the 35K and 100K molecular weight, may produce a similar mass transfer. Additionally, due to 

the high viscosity of the 100K solutions, the samples immersed in these solutions were 

noticeably harder to clean during the process to remove residual liquid desiccant from the 

surface. Perhaps a minor amount of residual liquid desiccant adhered to the surface and caused a 

fluctuation in the mass measurements which would result in a higher PEG gain. Overall, there is 

a comparable amount of PEG gain in the 35K and 100K samples for these reasons.  

4.3.2.3 Water Loss (WL)  

The amount of water loss was calculated using equation (4-2) and presented as a percentage of 

the initial water content. The water loss during the liquid desiccant drying process ranged from 

14.32±0.88 to 39.20±1.59 percent of the initial water within the sample. As time increases, the 

amount of water lost from the ceramic sample during the liquid desiccant drying process 

increases under each treatment combination (Figure 4-11). 
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Figure 4-11. Average amount of water removed from gelcast alumina samples as a percent of the 

initial water content for each tested treatment combination (osmotic pressure (MPa), molecular 

weight (g/mol), and immersion time (min.)). Error bars are ±SD. 

As osmotic pressure increases for a constant molecular weight and time, the water loss also 

increases. Figure 4-12 and Figure 4-13 display the rate of water loss for selected comparisons of 

treatment combinations tested. The rate of water loss stays fairly constant over the range of 

osmotic pressure and molecular weight. The immersion time (from 15 to 75 minutes) caused a 

greater increase in the water loss than a change in osmotic pressure (from 2.50 to 22.00 MPa) at 

a constant immersion time. For a constant osmotic pressure, a change in molecular weight from 

2,000 g/mol to 35,000 g/mol does not appear to affect the water loss for shorter time periods (15 

& 45 minutes), but an increase in molecular weight may cause a slight increase in water loss at 

longer immersion times. This observation may mean there is an interaction with immersion time 

so the selection of drying conditions will be influenced by a minimum immersion time required 

depending on the properties of the liquid desiccant. 
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Figure 4-12. Average amount of water loss as a function of immersion time from samples 

immersed in solutions with the same molecular weight of 2,000 g/mol and various osmotic 

pressures. Error bars are ±SD. 

 

Figure 4-13. Average amount of water loss as a function of time from samples immersed in 

solutions with the same osmotic pressure of 9.50 MPa and various molecular weights. Error bars 

are ±SD. 
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immersed in a 35,000 g/mol solution at 2.50 MPa for 15 min or a 2,000 g/mol solution at 2.50 

MPa for 15 minutes. Since these are the opposite immersion time and osmotic pressure settings 

compared to the highest water loss treatment combination, this also corresponds to the expected 

settings.   

4.3.2.4 Bulk Density of Sintered Objects 

The bulk density of the samples is presented in Figure 4-14 and compared to the treatment 

combinations used during the liquid desiccant drying process. The bulk density of the samples 

ranged from 3.407±0.03 to 3.558±0.02 g/cm3. This is only about 86 – 90% of theoretical density; 

further optimization of the system and methods preceding the drying step are required. 

Suggestions are provided in Chapter 6. Samples dried in air and not in a liquid desiccant are 

presented for comparison purposes with an average density of 3.480±0.05 g/cm3. 

 

Figure 4-14. Average bulk density of the sintered ceramic samples compared to the treatment 

combination used during liquid desiccant drying. Error bars are ±SD.  
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There does not appear to be consistent relationships between the tested variables and the response, 

although there may be evidence of possible interactions between the variables. The data is plotted 

for different treatment combinations in Figure 4-15(a-f) to more easily view these interactions. At 

a low molecular weight (Figure 4-15 (a)), the density increases with increasing immersion time at 

2.50 MPa while it decreases with increasing immersion time at 22.00 MPa. Similar trends can be 

seen in Figure 4-15(b), where the density decreases with increasing immersion time for the sample 

in the solution with the higher osmotic pressure (9.50 MPa) and the density increases with short 

immersion times for the sample in the solution with the lower osmotic pressure (2.50 MPa). In 

Figure 4-15(a & b), it can be seen that there is little difference in the density values at shorter 

immersion times (15 minutes), whereas a larger difference in the density is seen at the 75 min 

immersion time. Generally, the density decreases with increasing osmotic pressure at this time 

point. These trends match the expected mechanism of mass transfer involving the uptake of solids 

by the ceramic object. It’s expected that an increase in osmotic pressure of the solutions will 

increase the amount of solids uptake, thereby negatively influencing the objects ability to densify 

properly. 

The influence of molecular weight can be seen in Figure 4-15 (d-f).  An interaction may exist in 

the case of a constant low osmotic pressure (2.5 MPa) and constant low and mid immersion 

times (15 & 45 minutes) where the density increases with increasing molecular weight. This is a 

reasonable trend due to the combination of low osmotic pressure and time. The higher the 

molecular weight, the less likely it will diffuse into the ceramic object thereby limiting the 

negative influence on the density. However, at a constant osmotic pressure of (9.50 MPa) and 

high immersion time (75 minutes), the density decreases with increasing molecular weight. At 

the lowest osmotic pressure (2.50 MPa), the density at 75 minutes does not appear to be affected 
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significantly by a change in molecular weight. Apparently at this point in the mass transfer 

process, the molecular weight plays less of a role when compared to the osmotic pressure of the 

liquid desiccant. Therefore, the density is not demonstrably affected by the molecular weight 

under these conditions. 

The treatment combination which resulted in the highest density was the 100,000 g/mol 

molecular weight PEG solution at an osmotic pressure of 2.5 MPa with an immersion time of 45 

minutes. The lowest density resulted from a treatment combination of 2,000 g/mol, 22.0 MPa, 

and 75 minutes.  

Overall, there was not a major difference in density across the samples. This may contribute to 

the discrepancy in trends between the treatment combinations because the conclusions are based 

on the precision of the measurement device and not the difference based on the experimental 

variables. However, the small change in density may be attributed to the fact that the density 

value represents the sample as a whole and does not elucidate any information about the 

homogeneity of the microstructure along the sample cross-section.  

It was determined that that minimization of solids gain would have the lowest negative impact on 

the density. While it may be desirable to promote the maximum water loss for process efficiency 

purposes, this did not lead to the highest bulk density. The treatment combination that resulted in 

the highest density is similar to the treatment combination with the lowest solids gain but an 

intermediate amount of water loss. The treatment combination that resulted in the lowest density, 

or the least favorable outcome, was the same as the treatment combination that resulted in the 

highest solids gain and the highest water loss.  
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Figure 4-15. Relationship between the sintered bulk density and the osmotic pressure over time (a-

c) and the sintered bulk density and molecular weight over time (d-f). Error bars are ±SD. 
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Thereby a compromise between the two desirable outcomes (high water loss, low solids gain) 

was made based on the determination that the density is most affected by the solids gained 

outcome, not the water loss outcome. However, it is important to note that the rate of water loss 

may also influence the density, not just the magnitude of water loss. It is suggested that a fast 

water loss may cause uneven shrinkage within the object and perhaps lead to a density gradient, 

an undesirable effect. When considering only those treatment combinations that resulted in a 

higher average density than the air-dried sample, the potential options were narrowed down to 

six possible treatment combinations. Of these, the samples immersed in solutions of 35K g/mol 

and 2.50 MPa for 75 minutes and the samples immersed in solutions of 100K g/mol and 2.50 

MPa for 75 minutes exhibited the highest average water loss.  

 

Figure 4-16. Average ratio between water loss and solids gain compared to the treatment 

combination used during liquid desiccant drying. Error bars are ± SD. 
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Another method of determining the best treatment combination is to look at the water loss values 

per unit solids gain in the WL/SG chart in Figure 4-16. The highest ratio is for the treatment 

combination of 100K g/mol, 2.50 MPa, and 75 minutes. This appears to be the best choice 

despite the middle amount of water loss when compared to other treatment combinations. 

Ultimately, the bulk density does not tell the full story about the effect of solids gain and water 

loss on the homogeneity of the samples. Investigation into the microstructure development is 

required to gain a more complete understanding of the influences of these parameters. 

4.3.2.5 Vickers Indentation Hardness Evaluation 

Evaluation of the hardness of the cross-section of selected ceramic samples was conducted 

through Vickers indentation testing followed by microscopy.  The goal of this work was to gain 

an understanding of how the drying condition influences that development of the microstructure 

and properties of the gelcast ceramic. It was hypothesized that the hardness values might vary 

across the cross-section of the sample due to the solids gain at the surface of the sample which 

may produce a gradient in porosity. Therefore, it was hypothesized that the exterior portion of 

the cross-section would have a lower hardness than the interior based on the location of the PEG 

uptake.  

Micro-indentations were placed on selected samples in pre-determined locations near the exterior 

and interior portions of the sample cross-section. Note that only a portion of the full experimental 

design was tested and the identity of the tested treatment combinations is provided in Figure 

4-17. The information obtained about the hardness was used to make three comparisons (1) 

hardness variation within a sample (difference between the exterior and interior), (2) hardness 

variation between samples (effect of treatment combination), and (3) hardness variation between 
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drying methods (liquid desiccant dried and air-dried samples). Two-way analysis of variance 

(ANOVA) was conducted for comparisons of interest with a significance level of α=0.05. 

For comparison (1), the exterior of the cross-section consistently presented a higher average 

hardness than the interior. This evidence did not support the original hypothesis that PEG uptake 

would disrupt the microstructure at the exterior of the cross-section more so than the interior. 

Since the air-dried sample presented a similar trend when comparing the interior and exterior, 

this may indicate that another mechanism is at work here during the development of the 

microstructure of the gel-cast samples that does not pertain to the osmotic drying process. For 

instance, the formation of the gel network may have affected the microstructure. If a temperature 

gradient was present as the mixture cooled within the molds (e.g. sample exterior temperature 

was lower than interior), then the formation of the gel network may be inhomogeneous [11]. 

 

Figure 4-17. Average hardness (HV1) for the interior and exterior of selected samples. Error bars 

are ±SD. 
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Since the liquid desiccant dried samples also had to undergo more air drying to remove the 

remaining portion of the water within the sample, it is expected that the mechanism of air drying 

(see Section 2.2.2.1) has some effect on the generation of the hardness gradient. Additionally, the 

mechanisms behind the shrinkage experienced during sintering may also influence the rate of 

densification within different areas of the sample. The formation of a dense surface layer on the 

surface of gelcast bodies has been reported in the literature [92, 101, 102] . This layer may hinder 

further water removal from the object. Perhaps the uptake of PEG is not as detrimental to the 

exterior as originally expected; however, it is important to note that the magnitude of the 

difference between the exterior and interior varied between the different treatment combinations. 

This may indicate that there is a relationship between treatment combination and the difference 

between exterior and interior values. The effect of treatment combination will be addressed in 

the following discussion pertaining to comparison (2).  

Table 4-4. ANOVA treatment combination comparisons illuminating effect of molecular weight 

on interior and exterior hardness. 

Molecular Weight Comparison 

In
te

ri
o

r
 

MW OP TIME AVG HV1 p-value 

E
x

te
r
io

r
 

MW OP TIME AVG HV1 p-value 

2K 
2.50 75 

1088 
0.984 

2K 
2.50 75 

1277 
0.050 

35K 1087 35K 1313 

2K 
2.50 75 

1088 
0.269 

2K 
2.50 75 

1277 
0.001 

100K 1124 100K 1399 

35K 
2.50 75 

1087 
0.187 

35K 
2.50 75 

1313 
0.016 

100K 1124 100K 1399 

 

Those samples tested under a treatment combination with two common variables (e.g. same 

osmotic pressure and same immersion time) were compared to see the effect of the opposing 
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variable on the hardness. These comparisons are presented in Table 4-4, Table 4-5, and Table 4-6 

for molecular weight, osmotic pressure, and immersion time, respectively. 

The molecular weight did not pose a significant difference in the mean hardness of the interior of 

the samples for all comparisons; however, a higher molecular weight resulted in a higher 

hardness value on the exterior of the samples in two cases when the osmotic pressure and 

immersion time were 2.50 MPa and 75 minutes, respectively. This aligns with the expected 

outcome, where the higher molecular weight PEG would diffuse into the sample less often and 

therefore cause less porosity and result in a higher hardness. 

Table 4-5. ANOVA treatment combination comparisons illuminating effect of osmotic pressure 

on interior and exterior hardness. 

Osmotic Pressure Comparison 

In
te

ri
o
r  

MW OP TIME AVG HV1 p-value 

E
x
te

ri
o
r  

MW OP TIME AVG HV1 p-value 

2K 
2.50 

75 
1088 

0.140 2K 
2.50 

75 
1277 

0.664 
22.00 1142 22.00 1266 

35K 
2.50 

15 
1064 

0.007 35K 
2.50 

15 
1368 

0.931 
9.50 1125 9.50 1365 

35K 
2.50 

75 
1087 

0.004 35K 
2.50 

75 
1313 

0.381 
9.50 1161 9.50 1292 

The osmotic pressure, on the other hand, did not affect the hardness values significantly on the 

exterior of the sample. The ANOVA analysis revealed that when comparing samples dried in a 

solution with the same molecular weight and immersion time of 35K g/mol and 15 minutes, the 

average interior hardness was significantly higher for those samples dried in a solution with a 

higher osmotic pressure. The same trend was seen when comparing the samples with 35K g/mol, 

75 minutes, and different osmotic pressures. This may be related to the relatively higher amount 
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of water loss from those samples with the higher osmotic pressure during the liquid desiccant 

drying process.  

Several ANOVA tests were completed to illuminate the effect of immersion time on the mean 

hardness. Different conclusions, in terms of statistical significance, were found for the 

immersion time comparisons. There were four cases where a difference in immersion time did 

not result in a significantly different hardness value. The sample immersed in a solution with an 

osmotic pressure of 22.00 MPa and a molecular weight of 2K g/mol had a significantly different 

mean hardness value when comparing the 15 min and 75 min immersion times for the interior of 

the sample. The higher immersion time resulted in a higher mean hardness. However, the sample 

immersed in 35K g/mol and 9.50 MPa, had a significantly higher exterior hardness at the 15 

minute immersion time when compared to the 75 minute immersion time. This may be due to 

some of the interactions between variables evidence earlier in the chapter by some of the other 

responses; however, further investigation into this effect would be useful in defining these 

trends. 

Table 4-6. ANOVA treatment combination comparisons illuminating effect of immersion time on 

interior and exterior hardness. 

Immersion Time Comparison 

In
te

ri
o

r  

MW OP TIME AVG HV1 p-value 

E
x

te
ri

o
r  

MW OP TIME AVG HV1 p-value 

2K 22.00 
15 1077 

0.041 2K 22.00 
15 1306 

0.189 
75 1142 75 1266 

35K 2.50 
15 1064 

0.402 35K 2.50 
15 1368 

0.056 
75 1087 75 1313 

35K 9.50 
15 1125 

0.074 35K 9.50 
15 1365 

0.009 
75 1161 75 1292 
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The average hardness of the interior of the liquid desiccant dried samples was significantly lower 

than that of the air-dried samples for all treatment combinations. This is an unexpected result and 

indicates that the development of the microstructure is affected by the liquid desiccant drying 

process. The movement of water and the extent of gel shrinkage during the process may have 

affected the interior of the liquid desiccant dried samples more significantly than the samples 

dried more slowly in air. The rate of water loss from the liquid desiccant dried samples may 

cause a fast shrinkage of the surface of the sample thus restricting further water loss and 

shrinkage within the body. It is hypothesized that the ratio of the volume of the liquid desiccant 

to the volume of the sample may have also had an effect. It is possible that the change in osmotic 

pressure of the liquid desiccant occurred quickly due to the addition of water as it was removed 

from the sample and the subtraction of PEG as it diffused into the sample. These simultaneous 

flows would decrease the osmotic pressure difference between the solution and the gelcast object 

thus decreasing the driving force for the water removal. The volume of liquid desiccant was kept 

constant for this study but was not large enough to remain unchanged during the process. The 

average percent decrease for each of the liquid desiccant was calculated from the solids gained 

and water loss data and is presented in Figure 4-18. During the liquid desiccant drying process, 

the gel network would be able to shrink slightly, but because the driving force for water flow out 

of the sample decreased, the shrinkage near the inside may not have occurred. Therefore, the 

dewatering effect happened quickly but not to the fullest extent possible. The air-dried sample, 

which dried more slowly, had more of an opportunity to shrink evenly. This may have created a 

more homogeneous microstructure and resulted in a higher hardness. The differential between 

the interior hardness values may be reduced by increasing the volume of liquid desiccant used to 

initially dewater the gelcast objects.  
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Figure 4-18. The average percent decrease in osmotic pressure over time for a molecular weight 

of (a) 2,000 g/mol, (b) 35,000 g/mol, and (c) 100,000 g/mol with various initial osmotic pressures. 

The average hardness of the exterior of the liquid desiccant dried samples was significantly 

lower than that of the air-dried sample for the treatment combinations of (MW: 2K, OP: 2.50, T: 

75), (MW: 2K, OP: 22.00, T: 75), and (MW: 35K, OP: 9.50, T: 75). The common immersion 

time of 75 minutes and the high osmotic pressure and low molecular weight supports the 

hypothesis that these combinations may be detrimental to the microstructure. The other five 

treatment combinations that were tested did not present significantly different average exterior 
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hardness values when compared to the air-dried sample which indicates that the different drying 

methods had little effect on the exterior hardness for these samples.  

4.3.2.6 Microscopy 

The scanning electron microscope was used to take images of the microstructure including the 

indentations on the surface of select samples. Figure 4-19 displays a comparison of the interior 

and exterior cross-section of a sample immersed in a solution of 2.50 MPa at 2,000 g/mol for 75 

minutes.  

 

Figure 4-19. Comparison of (a, c) exterior and (b, d) interior microstructure using SEM images of 

the cross section of a sintered sample dried in a solution of 2.50 MPa osmotic pressure and 2,000 

g/mol molecular weight. Images in (a) and (b) are at 1000x magnification, whereas images in (c) 

and (d) are at 2000x magnification and contain an indent in the surface. 

a) 

d) 

b) 

c) 
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By visual comparison, the exterior of the cross-section in Figure 4-19 (a and b) appears to have 

less surface disruptions (pores) than its counterpart in Figure 4-19 (c and d) of the interior of the 

cross-section. This supports the suggestion that the measured hardness was lower on the interior 

because of higher porosity.    

4.3.3 Summary and Conclusions 

The process variables of molecular weight and osmotic pressure were tested in Case Study #2 

with the addition of the immersion time variable. The amount and rate of solids gain increases 

with increasing osmotic pressure and decreases with increasing molecular weight. The amount 

also increases with increasing immersion time with the exception of the 100K, 2.50 MPa 

combination. The amount and rate of water loss increases with increasing osmotic pressure and 

molecular weight (at high immersion times). The amount of water loss also increases with 

immersion time. There was evidence of possible interactions between variables from the density 

response. 

Table 4-7. Summary of the treatment combinations responsible for the most and least favorable 

outcomes for each of the measured responses. 

 Most Favorable Least Favorable 

 
MW 

(g/mol) 

OP     

(MPa) 

Time 

(min.) 

MW 

(g/mol) 

OP    

(MPa) 

Time 

(min.) 

Solids Gain 35,000 2.50 15 2,000 22.00 75 

Water Loss 2,000 22.00 75 35,000 2.50 15 

WL/SG 100,000 2.50 75 2,000 22.00 75 

Density 100,000 2.50 45 2,000 22.00 75 
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A summary of the treatment combinations that resulted in the most and least favorable outcome 

for each response is provided in Table 4-7. The most favorable outcome hypothesized here is the 

minimum solids gain, maximum water loss, highest WL/SG ratio, and highest density. As 

expected, there are competing processes going on between the solids gain and water loss and the 

most favorable treatment combination is not the same between them. The indentation tests 

revealed that the exterior hardness was higher than the interior hardness for all samples, 

including the air-dried sample. 

Additionally, the air-dried sample had a higher interior hardness when compared to the liquid 

desiccant dried samples. ANOVA tests were conducted for various comparisons between the 

liquid desiccant process variables. Overall, the MW did not cause a significant difference in the 

interior hardness, but there were cases when a higher MW resulted in a significantly higher 

exterior hardness. The OP did not cause a significant difference on the exterior hardness, but 

there were cases were a higher OP caused a significantly higher hardness in the interior. The 

immersion time results in inconsistent trends which may be evidence of interactions between 

variables, but more tests are required to fully understand the effect of this variable. All things 

considered, the most favorable combination appears to be the 100,000 g/mol MW, 2.50 MPa OP, 

and 75 minute immersion time. Moving forward, this would be the recommended treatment 

combination to use when liquid desiccant drying a similar gelcast object.   
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CHAPTER 5  

MODELLING & VERIFICATION 

In this study, the relationship between the processing parameters and the measured responses 

from the second case study was investigated using statistical techniques. Optimization 

procedures were also applied to determine which setting, within the range of each parameter 

studied, would lead to an optimum response. The benefit of this approach is the possibility of 

identifying an optimum treatment combination that may not have been tested experimentally. 

Since testing each possible combination experimentally would be impossible, the use of 

regression equations can allow for the prediction of the outcome under many process settings. In 

the third case study, an independent experiment was conducted to verify the predictive capability 

of the regression models. The outcome was compared to the predicted responses. Additionally, 

the kinetics of the two diffusion processes, water loss and solids gain, were modeled using a 

mass balance approach in which the equilibrium values were also calculated. These values were 

used to calculate the water apparent diffusion coefficient for each process setting. Finally, a 

demonstration of feasibility for combining the gelcasting, osmotic drying, and sacrificial 

templating processes is provided. 

5.1  Regression Modelling 

Statistical techniques, such as response surface methodology, can be used to identify 

relationships between the experimental parameters and measured responses [103, 104]. 

Regression analysis is used to form mathematical equations representing these relationships. 

Ultimately, the regression equations can be used to identify the parameter settings that can 

simultaneously optimize more than one response based on the desired goals. This information 
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can be used to make important decisions regarding processing parameters and can be used to 

predict the response under conditions that may not have been tested experimentally.  

5.1.1 Regression Modelling Methods 

The statistical analysis of the data was conducted in Minitab 17 software by fitting a regression 

model for each response in the dataset. A Box-Cox transformation of the response data was 

implemented if it was determined that the residuals of the response data were not normally 

distributed.  

Table 5-1. Predictor variables in coded and un-coded units used in Case Study #2 and the average 

responses for solids gain, water loss, and bulk density associated with each treatment combination.  

 

Osmotic Pressure 

(MPa)

Molecular Weight 

(g/mol)

Immersion Time                

(min.)

Solids Gain                     

(% of Initial Mass)

Water Loss                     

(% of Initial Water)

Bulk Density           

(g/cm
3
)

2.50 [-1] 2,000 [-1] 15 [-1] 0.91% 14.94% 3.453

2.50 [-1] 2,000 [-1] 45 [0] 1.55% 22.74% 3.478

2.50 [-1] 2,000 [-1] 75 [1] 1.90% 27.54% 3.511

2.50 [-1] 35,000 [-0.327] 15 [-1] 0.65% 14.32% 3.465

2.50 [-1] 35,000 [-0.327] 45 [0] 0.85% 22.76% 3.510

2.50 [-1] 35,000 [-0.327] 75 [1] 1.53% 30.19% 3.498

2.50 [-1] 100,000 [1] 15 [-1] 0.73% 18.36% 3.526

2.50 [-1] 100,000 [1] 45 [0] 0.85% 26.60% 3.558

2.50 [-1] 100,000 [1] 75 [1] 0.81% 30.16% 3.509

9.50 [-0.282] 2,000 [-1] 15 [-1] 1.20% 18.43% 3.488

9.50 [-0.282] 2,000 [-1] 45 [0] 1.88% 27.72% 3.472

9.50 [-0.282] 2,000 [-1] 75 [1] 2.92% 34.50% 3.488

9.50 [-0.282] 35,000 [-0.327] 15 [-1] 0.91% 19.27% 3.484

9.50 [-0.282] 35,000 [-0.327] 45 [0] 1.47% 29.37% 3.451

9.50 [-0.282] 35,000 [-0.327] 75 [1] 1.98% 36.51% 3.425

22.00 [1] 2,000 [-1] 15 [-1] 1.69% 22.47% 3.462

22.00 [1] 2,000 [-1] 45 [0] 3.14% 32.99% 3.449

22.00 [1] 2,000 [-1] 75 [1] 3.88% 39.20% 3.407

Independent variables [coded value] Average Response
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The tested parameters (osmotic pressure, molecular weight, and time) are continuous rather than 

categorical, and they were standardized by setting the low and high levels to code as -1 and +1, 

respectively. Accordingly, other parameter values that fall between the low and high levels were 

set to code between -1 and +1. The coded and un-coded predictor levels can be found in Table 

5-1. The regression models were generated using all possible interaction and power terms 

through order 3. The generalized form of the linear regression equation is found in equation 

(5-1): 

𝑦 = 𝛽0 + 𝛽1𝑥1 + ⋯ + 𝛽𝑘𝑥𝑘 + 𝜀 

(5-1) 

where y is the response, Xk is the kth term, and Bk is the kth population regression coefficient. 

A procedure to determine a suitable subset of predictor terms was selected. The backward 

elimination method was used for model reduction to eliminate predictors over the course of 

multiple iterations until no term in the model has a p-value greater than the selected alpha to 

remove value of 0.1. The models were evaluated based on the goodness-of-fit statistics such as 

the R2, R2-adjusted (adj), and R2-predicted (pred) values. The closer the R2 value is to 100%, the 

better the model fits the data. When models do not contain the same number of terms, the R2(adj) 

is used to compare models. The R2(pred) was used to determine how well the model predicts the 

response. The plots of residuals were also used to evaluate the model and determine if the 

assumptions were met for the analysis. Note the regression equations here are not valid outside 

of the ranges for osmotic pressure, molecular weight, and immersion time tested in this study. 
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5.1.2 Regression Modelling Results 

5.1.2.1 Solids Gained (SG) Model 

The regression model for solids gained was determined following a Box-Cox transformation of 

the data set with lambda = 0.5 which is a square root of the data. The ANOVA information 

presented in Table 5-2 indicates that the model term for the solids gain equation is significant 

(p = 0.000). The large F-value and coefficient for the osmotic pressure (OP), molecular weight 

(MW), and time (T) terms indicates that these main effects have a large effect on the response 

(SG). 

Table 5-2. Model terms for each response variable including the associated F-value, p-value, and 

VIF. 

 

F-value P-value VIF F-value P-value VIF F-value P-value VIF 

Model (intercept) 73.47 0.000 - 129.28 0.000 - 9.22 0.000 -

OP 95.78 0.000 1.32 221.04 0.000 1.33 17.96 0.000 28.21

MW 38.98 0.000 1.28 27.09 0.000 1.34 4.14 0.048 28.22

T 43.97 0.000 2.34 207.40 0.000 5.77 8.69 0.005 26.48

OP
2

- - - 16.77 0.000 1.17 2.95 0.094 1.89

MW
2

7.86 0.007 1.04 0.04 0.840 1.17 - - -

T
2

- - - 12.16 0.001 1.00 4.48 0.040 1.39

OP * MW - - - - - - 12.33 0.001 30.04

OP * T 3.05 0.087 1.71 5.29 0.026 1.75 9.63 0.003 21.22

MW * T 12.27 0.001 1.77 1.00 0.324 1.78 7.21 0.010 22.35

OP
3

- - - - - - - - -

MW
3

- - - - - - - - -

T
3

- - - - - - - - -

OP
2 

* MW - - - - - - - - -

OP
2 

* T - - - - - - - - -

OP * MW
2

- - - - - - - - -

OP * MW * T - - - - - - 4.03 0.051 16.79

OP * T
2

- - - - - - - - -

MW
2 

* T - - - 6.87 0.012 4.18 - - -

MW * T
2

- - - - - - 4.07 0.050 3.39

Lack-of-fit 0.66 0.766 0.47 0.871 0.46 0.856

Water LossSolids Gain DensityModel Terms
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The model had a R2 = 90.55%; R2 (adj) = 89.32%; R2 (pred) = 86.78% which indicates an 

adequate goodness-of-fit for the model. The regression equation in coded units is found in 

equation (5-2): 

 

𝑆𝐺0.5 = 0.11786 + 0.02457 (𝑂𝑃) − 0.01544 (𝑀𝑊) + 0.01955 (𝑇) + 0.01075 (𝑀𝑊 ∗ 𝑀𝑊)
+ 0.00532 (O𝑃 ∗ 𝑇) − 0.01061 (𝑀𝑊 ∗ 𝑇) 

(5-2) 

The residual plots for the solids gain data set are provided in Figure 5-1. These were used to 

assess the validity of the assumption that the residuals are normally and randomly distributed 

with a constant variance and that they are independent from one another. 

 

Figure 5-1. Residual plots for solids gained data set. 

5.1.2.2 Water Loss (WL) Model 

The ANOVA information presented in Table 5-2 indicates that the model term for the water loss 

equation is significant (p = 0.000). The large F-values and positive coefficients for the main 

effect terms of OP and T indicate that these terms have a large positive influence on the water 

loss response. This agrees with the identified mechanism for mass transfer discussed in Chapter 
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4. The model had a R2 = 96.44%; R2 (adj) = 95.69%; R2 (pred) = 94.38%. These high 

coefficients of determination indicate a high goodness-of-fit of the model. The regression 

equation in coded units is provided in equation (5-3). 

𝑊𝑎𝑡𝑒𝑟 𝐿𝑜𝑠𝑠 = 0.31350 + 0.05011(𝑂𝑃) + 0.01754(𝑀𝑊) + 0.08916(𝑇)
− 0.02133 (𝑂𝑃 ∗ 𝑂𝑃) + 0.00110 (𝑀𝑊 ∗ 𝑀𝑊) − 0.01544 (𝑇 ∗ 𝑇)
+ 0.00947 (𝑂𝑃 ∗ 𝑇) − 0.00404 (𝑀𝑊 ∗ 𝑇) − 0.01663(𝑀𝑊 ∗ 𝑀𝑊 ∗ 𝑇) 

(5-3) 

The residual plots for the water loss data set are provided in Figure 5-2. There does not appear to 

be any indication that the assumptions are not valid. 

 

Figure 5-2. Residual plots for water loss response. 

5.1.2.3 Bulk Density Model 

The regression model for the bulk density was determined following a Box-Cox transformation 

of the data set with lambda = 4. The ANOVA information presented in Table 5-2. Model terms 

for each response variable including the associated F-value, p-value, and VIF.indicates that the 

model term for the bulk density equation is significant (p < 0.01). The large F-value for the OP 

and the OP*MW terms indicates that these terms have the largest effect on the response 
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(density). The model had a R2 = 68.71%; R2 (adj) = 61.26%; R2 (pred) = 46.53% which indicates 

that the model is not as well fit as the other response models. Equation (5-4) is the regression 

equation in coded units where λ = 4 and 𝑔 = 3.47907. 

(𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝜆 − 1)/(λ ∗ 𝑔𝜆−1) = 0.8071 − 0.1153 (O𝑃) − 0.0552(𝑀𝑊) − 0.0686(𝑇) −
0.0199(𝑂𝑃 ∗ O𝑃) − 0.01931(𝑇 ∗ 𝑇) − 0.0964(𝑂𝑃 ∗ 𝑀𝑊) − 0.0781(𝑂𝑃 ∗ 𝑇) −

0.0676(𝑀𝑊 ∗ 𝑇) − 0.0504(𝑂𝑃 ∗ 𝑀𝑊 ∗ 𝑇) − 0.0219(𝑀𝑊 ∗ 𝑇 ∗ 𝑇)  

(5-4) 

The residual plots for the density data set are provided in Figure 5-3. There appears to be a slight 

increasing trend in the residuals versus order plot indicating a slight discrepancy with the 

independence assumption. 

 

Figure 5-3. Residual plots for bulk density response. 

5.2  Simultaneous Response Optimization 

For this study, it was hypothesized that the maximum density, minimum solids gain, and 

maximum water loss is a desirable outcome. A high density will lead to higher mechanical 

properties which are necessary for structural applications. It has been established that solids gain 

has a negative influence on the density, and therefore the minimization of this effect is desirable. 
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Lastly, since the liquid desiccant drying process is meant to remove water, the goal was set to 

maximize this amount. While it is unknown how the rate of water loss and the extent of water 

loss during this portion of the process may affect the developing microstructure in later 

processing steps, maximizing the water loss may be desirable to reduce the overall process time. 

Overall, the following discussion pertains to the scenario described above regarding goals for the 

outcome; however, the regression models could also be used for other scenarios. For example, in 

a situation where a particular response is deemed more important than another, that could be 

indicated in an alternative optimization scenario.  

5.2.1 Simultaneous Response Optimization Methods 

Once satisfactory regression models were generated for each of the responses, they were 

simultaneously optimized to the desired goals in Minitab 17/18 software. The lower bound, 

target, and upper bound values for each of the responses were set to the values in Table 5-3. If 

the goal was to minimize the response, the lower bound does not exist and if the goal was to 

maximize the response, the upper bound does not exist. Other target and bound values were 

based on the range of values for each response overall the entire data set in Case Study #2. The 

weight and importance of each response was kept equal at “1”.  

Table 5-3. Simultaneous response optimization goals and values for the lower bound, target value, 

and upper bound. 

 

Response Goal Lower Target Upper 

Solids Gain Minimize - 0.0049 0.0404 

Water Loss Maximize 0.1341 0.4144 - 

Density Maximize 3.369 3.580 - 
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5.2.2 Simultaneous Response Optimization Results 

Figure 5-4 relates the predictors (OP, MW, and Time) in each column with the responses 

(Density, Solids Gain, and Water Loss) in rows 2-4. Each square at the column/row intersection 

graphically displays how the predictor (x-axis) affects the response (y-axis) over the range tested. 

For example, the first column is for OP from 2.50 to 22.0 MPa. The solid vertical line in each 

column indicates the level to which the predictor is set in order to produce the value for “y” 

located under each response heading.  

 

Figure 5-4. Optimization plot for the density, solids gain, and water loss of gelcast alumina. 
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The level of the response is located at the horizontal blue line. When comparing the boxes in 

each row to each other, one can easily see the influence of a predictor on the response compared 

to the other predictors. For instance, the osmotic pressure clearly has the most effect on the 

density because the curve for the molecular weight and time produces a very slight difference in 

density. Likewise, one can easily see the competing effect of the osmotic pressure on the density, 

solids gain and water loss. An increase in osmotic pressure decreases the density but increases 

the solids gain and water loss. The optimum solution parameters are an osmotic pressure of 2.5 

MPa, molecular weight of 100,000 g/mol, and immersion time of 59.8 minutes. Therefore, these 

settings would be the best for meeting the desired goals. Under these settings the predicted 

outcome for density, solids gain, and water loss is 3.543 g/cm3, 0.82 wt%, and 28.61 wt%, 

respectively. 

5.3  Case Study #3 

This section describes the experimental verification of the regression models presented in 

Section 5.2.  

Table 5-4. Liquid desiccant drying conditions (molecular weight, osmotic pressure, and immersion 

time) for Case Study #3. 

Molecular Weight 

(g/mol) 
Osmotic Pressure 

(MPa) 
Immersion Time 

(minutes) 
10K 10.00 15 
20K 5.00 45 
35K 7.50 30 
100K 2.50 75 
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5.3.1 Case Study #3 Methods 

Twelve alumina samples were fabricated and tested following the methods provided in Chapter 3 

and using the liquid desiccant parameters outlined in Table 5-4. Three samples of each of the 

four treatment combinations were produced. These treatment combinations were selected to 

provide a range of levels for each parameter and to test different treatment combinations than 

were originally used to generate the models.  

5.3.2 Case Study #3 Results & Discussion 

The average and standard deviation of the three samples for each treatment combination was 

calculated for each of the responses: solids gained, water loss, and bulk density. These values are 

compared to those predicted using the three regression models.  

5.3.2.1 Solids Gained 

 

Figure 5-5. Experimental observations for solids gained during Case Study #3 compared to the 

predicted solids gained values obtained using the regression equation and the treatment 

combination information. Error bars represent the 95% predicted interval for the predicted solids 

gained.  
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The amount of solids gained by each sample during the liquid desiccant drying process 

performed in Case Study #3 is provided in Figure 5-5. Additionally, the fitted value for each 

treatment combination using the solids gained regression model is also provided with bars 

representing the 95% predicted interval (PI). For each of the tested treatment combinations, the 

experimental solids gained average was higher than the predicted fit value. However, the average 

value fell within the 95% PI for each of the treatment combinations. Only one observation fell 

outside of this range for the 100K-2.50-75 set.  

5.3.2.2 Water Loss 

The amount of water loss from each sample during the liquid desiccant drying process performed 

in Case Study #3 is provided in Figure 5-6.  

 

Figure 5-6. Experimental observations for water loss during Case Study #3 compared to the 

predicted water loss values obtained using the regression equation and the treatment combination 

information. Error bars represent the 95% predicted interval for the predicted water loss.  
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Additionally, the fitted value for each treatment combination using the water loss regression 

model is also provided with bars representing the 95% predicted interval (PI). For each of the 

tested treatment combinations, the experimental water loss values fell within the 95% PI. In fact, 

the observations for the 20K-5.00-45 set were particularly close to the predicted value. The 

standard deviation for the repeated samples was low, especially for the 10K-10.00-15 and the 

100K-2.50-75 sets.  

5.3.2.3 Bulk Density 

The bulk density of each sample type from Case Study #3 is provided in Figure 5-7. 

Additionally, the predicted value for each treatment combination using the bulk density 

regression model is also provided with bars representing the 95% PI.  

 

Figure 5-7. Experimental observations for density during Case Study #3 compared to the predicted 

density values obtained using the regression equation and the treatment combination information. 

Error bars represent the 95% predicted interval for the predicted density.  
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For each of the tested treatment combinations, the experimental average bulk density was higher 

than the predicted fitted value and most fell within the 95% PI. The one exception to this was the 

100K-2.50-75 set in which a couple of the values fell outside of the 95% PI range. The 

regression model for density had a rather low R2 value, indicating that there may be issues with 

predicting future values accurately. It is important to keep in mind that the overall range of 

measured density values is fairly small, and it may be harder to predict to a highly precise value. 

The density is also related to the microstructure development throughout the ceramic body which 

is dependent upon many process parameters that may not have been directly tested here or part of 

the regression model. This reduces the accuracy and ability to predict future observations. 

Overall, the regression models performed well when verified in an independent experiment 

under multiple new treatment combinations. The water loss and solids gain experimental values 

fell within the 95% PI for the predicted values. While the average density for one of the 

treatment combinations was higher than the predicted range, this was not deemed to be a matter 

for concern due to the narrow range of density values measured overall.  

5.4  Mass Balance Model 

Empirical models, such as the regression models generated in section 5.2, are useful tools for 

understanding the relationship between process parameters and various responses; however, they 

are normally only suited for prediction within the experimental range of conditions originally 

used to generate the models. Other types of models, such as semi-empirical, phenomenological, 

or mechanistic models, can serve other purposes to help predict the mass transfer kinetics during 

the drying process [105]. The drawbacks associated with mechanistic and phenomenological 

models include the requirement for properties and equilibrium values that are either not available 
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or hard to measure. Normally, these models are only suitable for classical object geometries and 

under specific boundary conditions and assumptions.  

As an aside, another application of this drying method is the osmotic dehydration of items like 

fruits and vegetables in the food industry. The process and mechanism is similar in that a food 

item is placed in a concentrated solution (usually a sugar or salt solution) and the water within 

the food item diffuses in to the solution. In practice, there are actually two mass transfer flows 

taking place simultaneously: water from the item entering the solution and solute from the 

solution entering the item. This mass transfer and simultaneous diffusion has been the object of 

several investigations in the food industry for items such as apple [106-109], lettuce [103], beef 

[110], carrot [111], celery [112], pineapple [113], sweet potato [114], and cherry tomato [115]. 

Several approaches have been used to develop models for the osmotic dehydration process 

within the food industry. These models have been recently reviewed by [105]. A two-parameter 

equation was developed by Azuara, Cortez, Garcia, and Beristain [116] to determine the kinetics 

behind the transfer of water and solids during the osmotic dehydration process of different types 

of food. The equation is also used to determine the equilibrium values for the water loss and 

solids gain which represents the amount of water loss and solids gain that is possible under those 

experimental conditions. Azuara’s model is predicated upon the theory of mass balance within 

the system where the fraction of water loss from the object at time, t, is equal to the fraction of 

water lost by the object at equilibrium (time, ∞) minus the fraction of water which is able to 

diffuse out but remains in the object at time, t [116]. This balance is presented in equation (5-5): 

𝑊𝐿 = 𝑊𝐿∞ − 𝑊𝑅 

(5-5) 



 

97 

 

where the WL is fraction of water lost by the object at time t, 𝑊𝐿∞ is the fraction of water lost by 

the object at equilibrium, and WR is the fraction of water that can diffuse out, but which remains 

inside the object at time t [116]. 

The equilibrium value for water loss (𝑊𝐿∞) is a fixed value, whereas, both the WL and WR 

values are a function of the rate of water loss and time. As such they can be related by a 

parameter, K, as in equation (5-6). 

𝑊𝑅 =
𝑊𝐿

𝐾
 

(5-6) 

If it is assumed that the rate of water loss is only a function of time when under a constant 

temperature and given initial concentration, then K can be put in terms of time, t, and a constant, 

S (equation (5-7)). 

𝐾 = 𝑆1𝑡 

(5-7) 

Once equations (5-5) and (5-7) are substituted into equation (5-6) and rearranged, the following 

equation for WL is determined (equation (5-8)). 

𝑊𝐿 =
𝑆1𝑡(𝑊𝐿∞)

1 + 𝑆1𝑡
 

(5-8)  

The values for the two constants, 𝑆1 and 𝑊𝐿∞, are determined by using experimental data for 

WL and the linear form of equation (5-8) as in equation (5-9). 

𝑡

𝑊𝐿
=

1

𝑆1(𝑊𝐿∞)
+

𝑡

𝑊𝐿∞
 

(5-9) 
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By plotting t/WL versus t, the slope and intercept can be used to determine the two constants 

[116]. 

In a similar manner to that of water loss, parallel equations can be written for the solids gain as 

follows in equations (5-10) and (5-11) where SG is the fraction of solids gained by the object at 

time t, 𝑆𝐺∞ is the fraction of solids gained by the product at equilibrium, and S2 is the constant 

related to the rate of incoming solids into the object [116].  

𝑆𝐺 =
𝑆2𝑡(𝑆𝐺∞)

1 + 𝑆2𝑡
 

(5-10) 

𝑡

𝑆𝐺
=

1

𝑆2(𝑆𝐺∞)
+

𝑡

𝑆𝐺∞
 

(5-11) 

5.4.1 Water Loss 

The water loss as a function of time and the equilibrium water loss was calculated using 

equations (5-8) and (5-9) and the Case Study #2 dataset. The resulting equilibrium value (g/ 100g 

ceramic object) and S value (when t is in hours) corresponding to each drying treatment 

combination is found in Table 5-5. The S value represents the rate of the process where 1/S1 or 

1/S2 is the time required to remove half the quantity of diffused material. The root mean square 

percent deviation of the experimental data points, 𝑉𝑒, from the model values, 𝑉𝑐, was calculated 

using equation (5-12) for each of the treatment combinations [116]. 

𝑅𝑀𝑆% = 100√
1

𝑁
∑ [

𝑉𝑒 − 𝑉𝑐

𝑉𝑒
]

2𝑁

𝑖=1

 

(5-12) 
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Table 5-5. Values for S1 and the equilibrium water loss for each combination of OP and MW tested 

in Case Study #2. 

 

 

Figure 5-8. Plot of (a) the linear fit of t/WL versus time and (b) predicted WL and experimental 

WL for treatment combinations with a common molecular weight of 2,000 g/mol and different 

osmotic pressures. 

OP            

(MPa)

MW 

(g/mol)

WL ∞                                       

(g /100g object)
S1 RMS %

2.50 2,000 10.953 2.809 3.24%

2.50 35,000 13.089 1.900 5.91%

2.50 100,000 11.274 4.050 1.33%

9.50 2,000 13.850 2.625 4.50%

9.50 35,000 14.749 2.568 4.22%

22.00 2,000 15.129 3.272 3.05%
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As the osmotic pressure increases for a constant molecular weight, the equilibrium water loss 

value increases. There does not appear to be a consistent relationship between the molecular 

weight and the equilibrium water loss values. Likewise, there is no clear trend with the S1 values 

for either the osmotic pressure nor molecular weight.  

Figure 5-8 and Figure 5-9 display the t/WL vs time plot and the WL vs time plot for treatment 

combinations with a common molecular weight of 2,000 g/mol and 35,000 g/mol, respectively. 

Therefore, the effect of osmotic pressure can clearly be visualized. The slope and y-intercept 

from the equations for the linear fit of the experimental data from Case Study #2 were used to 

calculate the equilibrium and S1 values.  These values were used to predict the WL over time. 

There appears to be a good fit with the original data set, as the RMS % values are less than 6%. 

 

Figure 5-9. Plot of (a) the linear fit of t/WL versus time and (b) predicted WL and experimental 

WL for treatment combinations with a common molecular weight of 35,000 g/mol and different 

osmotic pressures. 
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Figure 5-10 and Figure 5-11 provide another representation of the data for t/WL vs t and the 

predicted WL over time for a constant osmotic pressure of 2.50 MPa and 9.50 MPa, respectively. 

This view of the trends can be used to see how molecular weight affects the outcome. The 

predicted water loss indicates that the molecular weight only has a slight influence over the 

predicted water loss especially when compared to the osmotic pressure as seen in Figure 5-8 and 

Figure 5-9. The R2 values for the linear fit to the data in part (a) indicates a good fit and the 

experimental data points in part (b) fit well with the models for WL. 

 

Figure 5-10. Plot of (a) the linear fit of t/WL versus time and (b) predicted WL and experimental 

WL for treatment combinations with a common osmotic pressure of 2.50 MPa and different 

molecular weights. 
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In a similar manner to that used above for WL, the SG equilibrium values were determined for 

each treatment combination. These are listed in Table 5-6 along with the S2 values. The SG 

equilibrium value increases as the osmotic pressure increases for a constant molecular weight. 

For a constant osmotic pressure, the SG equilibrium value decreases with increasing molecular 

weight. There does not appear to be a relationship between the process parameters and the S2 

values. The S2 value for the treatment combination of 2.50 MPa and 100,000 g/mol was notably 

higher than the other treatments. This may be due to the fact that the SG equilibrium is much 

lower and the samples tested in the 2.50/100K combination were approaching equilibrium faster 

than the others in this study. 

 

Figure 5-11. Plot of (a) the linear fit of t/WL versus time and (b) predicted WL and experimental 

WL for treatment combinations with a common osmotic pressure of 9.50 MPa and different 

molecular weights. 
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Table 5-6. Values for S2 and the equilibrium solids gain for each combination of OP and MW 

tested in Case Study #2. 

 

 

Figure 5-12. Plot of (a) the linear fit of t/SG versus time and (b) predicted SG and experimental 

SG for treatment combinations with a common molecular weight of 2,000 g/mol and different 

osmotic pressures. 

 

OP            

(MPa)

MW 

(g/mol)

SG ∞                                       

(g /100g object)
S2 RMS %

2.50 2,000 2.613 2.072 1.92%

2.50 35,000 2.303 1.176 20.22%

2.50 100,000 0.827 68.345 4.65%

9.50 2,000 4.545 1.219 11.61%

9.50 35,000 2.804 1.736 6.18%

22.00 2,000 5.744 1.647 0.93%
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The plots for t/SG versus t are provided in part (a) while the predicted solids gain over time is 

provided in part (b) of Figure 5-12 - Figure 5-15. The effect of osmotic pressure at a constant 

molecular weight of 2K g/mol and 35K g/mol can be viewed in Figure 5-12 and Figure 5-13, 

respectively. The linear trendline for the t/SG vs t graphs provides a good fit for most of the data. 

The one exception here is the 35K g/mol at 2.50 MPa combination which presented a low R2 

value. This also caused the RMS % to be high for this particular treatment combination. Overall, 

the SG increased with increasing osmotic pressure and the higher osmotic pressure will reach the 

equilibrium point faster than lower osmotic pressures. 

 

Figure 5-13. Plot of (a) the linear fit of t/SG versus time and (b) predicted SG and experimental 

SG for treatment combinations with a common molecular weight of 35,000 g/mol and different 

osmotic pressures. 
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The effect of molecular weight at a constant osmotic pressure of 2.50 MPa and 9.50 MPa can be 

viewed in Figure 5-14 and Figure 5-15, respectively. A notable difference is seen in part (a) and 

part (b) of Figure 5-14 for the 100,000 g/mol level. The slope and intercept are very different 

from the other levels thus leading to drastically different equilibrium and SG rate curves. Clearly 

the 100,000 g/mol level reaches equilibrium much more quickly than the other treatment 

combinations. While the SG curve appears to fit most of the treatment combinations rather well, 

the mid-time point for the 35K g/mol and 9.50 MPa combination is lower than the predicted. 

This could be due to the lower R2 value determined in part (a).  

 

Figure 5-14. Plot of (a) the linear fit of t/SG versus time and (b) predicted SG and experimental 

SG for treatment combinations with a common osmotic pressure of 2.50 MPa and different 

molecular weights. 
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Figure 5-15. Plot of (a) the linear fit of t/SG versus time and (b) predicted SG and experimental 

SG for treatment combinations with a common osmotic pressure of 9.50 MPa and different 

molecular weights. 

The mass transfer phenomenon of diffusion occurs when matter is transported within a system 

over time to create a more uniform concentration of that species within the space. This occurs 

due to the random molecular motions of that species. Adolf Fick developed a relationship that 

relates the molar diffusion flux and the molar concentration gradient using a diffusion coefficient 

[117]. Equation (5-13) is known as Fick’s First Law of Diffusion:  

𝑁𝑖 = −𝐷𝑖∇𝑐𝑖 

(5-13) 

where for species i, 𝑁𝑖 is the molar flux (mol m-2 s-1), 𝐷𝑖 is the diffusion coefficient (m2 s-1) and 

𝑐𝑖 is the concentration (mol m-3). 
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The diffusion coefficient represents the rate of the process in units of area/time (m2/s). Fick’s 

Second Law of Diffusion (equation (5-14)) states that there is a proportional relationship 

between the rate of change of concentration at a point in space and the second derivative of 

concentration with space [118]: 

𝜕𝑐𝑖

𝜕𝑡
= 𝐷𝑖∇2𝑐𝑖 

(5-14) 

Crank [119] has proposed solutions to Fick’s Second Law for various geometries. Equation 

(5-15) is a simplified form of an equation by Crank where diffusion is assumed to occur in a flat 

sheet in one dimension when in contact with an infinite medium. The apparent diffusion 

coefficient can be obtained from equation (5-15):  

𝑊𝐿𝑡

𝑊𝐿∞
= 2(

𝐷𝑡

𝜋𝑙2
)

1
2⁄  

(5-15) 

where 𝑊𝐿𝑡 is the amount of water loss from the object at time t, 𝑊𝐿∞ is the amount of water 

loss at equilibrium, and 𝑙 is the half thickness of the slab [116]. This form of the equation is only 

valid when t is small or during the early stages of adsorption, and the obtained diffusion 

coefficient is considered to be the average D during that part of the process.  

Paired with Azuara’s model [116], the apparent diffusion at time t can be obtained using 

equation (5-16) where 𝑊𝐿∞
𝑚𝑜𝑑 is the value at equilibrium from equation (5-8), 𝑊𝐿∞

𝑒𝑥𝑝
 is the 

value at equilibrium from experimentation; however, if 𝑊𝐿∞
𝑒𝑥𝑝

 is unknown, it can be assumed 

equal to 𝑊𝐿∞
𝑚𝑜𝑑. 
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𝐷𝑡 =
𝜋𝑡

4
[(

𝑆1𝑙

1 + 𝑆1𝑡
) (

𝑊𝐿∞
𝑚𝑜𝑑

𝑊𝐿∞
𝑒𝑥𝑝 )]

2

 

(5-16) 

The apparent diffusion coefficients for the water within the system were calculated using 

equation (5-16) at each time point for each treatment combination. These values are presented in 

Figure 5-16. 

 

Figure 5-16. The calculated apparent diffusion coefficient over time for each treatment 

combination. 

For each of the treatment combinations, the diffusion coefficient decreased over time with the 

smallest decrease occurring in the sample at OP: 2.50, MW: 35,000. By starting at the bottom 

and moving up the chart, the linear trend lines are grouped together by molecular weight. For 

instance, the bottom two lines are at MW: 35,000 while the next three trendlines represent a 
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MW: 2,000. The highest diffusion coefficients were calculated from the OP:2.50, MW: 100,000 

sample. At a constant MW: 35,000, the diffusion coefficients are higher in the sample immersed 

in a solution with higher osmotic pressure (OP: 9.50). Likewise, the higher pressure (OP: 22.00) 

has a higher coefficient than the other samples at the same molecular weight (2000), but lower 

OP (2.50 and 9.50).  

5.5  Sacrificial Templating Feasibility Demonstration 

Ceramics that contain macro-pores are utilized in an increasing number of applications including 

filters, thermal insulation, bio-scaffolds for tissue engineering, and preforms for ceramic 

composites [120]. The properties of the porous ceramic can be tailored to suit a certain 

application by altering the processing methods. The ability to tailor the porous microstructure 

and distribution permits adjustments in properties such as permeability, surface area, density, etc. 

[6, 121]. One method to create a macrostructure with designed pores is through the sacrificial 

templating process. 

During the sacrificial templating process, a material is incorporated into either a dry ceramic 

powder or a wet ceramic suspension and then subsequently removed. The ceramic therefore is 

the negative replica of the sacrificial material. Prior to the elimination of the sacrificial material, 

the ceramic must be consolidated to an appropriate level so that the structure remains intact once 

the embedded material is removed. Sacrificial materials are often termed “pore formers”. In the 

literature, a variety of pore forming agents have been tested including carbon fibers, starch, wax, 

and polyethylene, among others [122]. These types of materials are usually removed via thermal 

heat treatment or pyrolysis. In some cases, the material can be removed directly through 

evaporation or sublimation. In other cases, chemical treatment of the ceramic will remove the 

material. One drawback of this method is the length of time required to remove that sacrificial 
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material. Sufficiently slow rates of removal need to be used in order to avoid introducing cracks 

and flaws in the ceramic [6]. One benefit of this method is the flexibility it allows in terms of 

tailoring the internal porosity or architecture of the ceramic.  

The ability to create unique template architectures has greatly increased with the advent of 

additive manufacturing and the advanced forming ability accompanying this technology. 

Additive manufacturing (AM) allows for the repeatable manufacture of complex three-

dimensional shapes of many different materials. This method of creating pore formers or 

templates for ceramics will eliminate the randomness of the pores developed when using 

discreate pore formers (e.g. small spheres) or when foaming ceramics to create pores. These 

random pore structures may be sufficient for some applications, but often any variability or lack 

of control of the macrostructure causes problems when trying to predict the behavior of the 

ceramic material in use. Therefore, the ability to create customizable and complex shapes in a 

repeatable manner is a great benefit of AM technology. For these reasons, a template produced 

through AM was selected in order to demonstrate the feasibility of combining gelcasting and 

liquid desiccant drying with the sacrificial template method. It was hypothesized that gelcasting 

would allow for the formation of the ceramic around the template structure within the mold and 

once the ceramic dried sufficiently, the template could be removed through burn-out thus leaving 

behind the desired internal geometry within the ceramic object. This feasibility study was used to 

identify important variables that may come into play when attempting to combine these 

fabrication methods. 

Four different sample types were created: (1) air dry/no template, (2) air dry/with template, (3) 

liquid desiccant dry/no template, and (4) liquid desiccant dry/with template.  
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The liquid desiccants were prepared with 100,000 g/mol PEG with an osmotic pressure of 1.0 

MPa and a volume of 90 mL. The liquid drying process proceeded in several increments in 

which the samples were lowered into the solution for four 20-minute periods and then removed, 

cleaned, washed, dried, and weighed. In the meantime, the samples that were allowed to dry 

naturally in a loosely covered dish were also measured periodically. The mass loss during this 

process is presented in Figure 5-17. The liquid desiccant dried samples lost mass at a higher rate 

than the others. Afterwards, the samples were allowed to dry completely, first at room 

temperature in a loosely covered dish and then in an oven at 50oC.  

 

Figure 5-17. Mass loss during the feasibility study for each sample type.  

As expected, it was easier to cast the solid samples because the heated mixture was able to settle 

into the mold more homogeneously. Casting around the templated samples was possible, but the 

surface became uneven as it formed around the template. The template was designed to have a 

horizontal feature spanning the length of the mold and three evenly spaced perpendicular 

features spanning from the base to the top of the sample. The samples remained intact during the 
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mold removal, immersion, and final drying process. The surface was disrupted on the edges and 

sides due to the demolding process and was not entirely smooth; however, no other large visible 

cracks propagated during this portion of the process. After burnout, the template was no longer 

present and did not appear to leave behind any visible residue. The resulting channels were intact 

and went through the length of the sample. Figure 5-18 and Figure 5-19 display the progression 

of the air-dried sample and liquid desiccant dried sample, respectively. 

 

Figure 5-18. Images of the air-dried sample that was cast around a template as it progressed 

through the fabrication process with a) pre-burnout, b) post-burnout, c) post-sintering top view and 

d) post-sintering bottom view. 
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Unfortunately, the liquid desiccant dried sample broke into two pieces at the intersection of the 

center channel structure. This location had less material due to the channel structure and was thus 

a weak point. When looking at the fracture surface, a flaw was located near the channel where 

the template had once been. This flaw most likely caused the sample to crack, and it may even 

have affected the way the template burned out.  

 

Figure 5-19. Images of the liquid desiccant dried sample that was cast around a template as it 

progressed through the fabrication process with a) pre-burnout, b) post-burnout, c) post-sintering 

top view and d) post-sintering bottom view. 
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By nature, ceramics are prone to flaw incorporation during processing and these are very 

detrimental to the material’s integrity. The reduction of these flaw populations is a critical aspect 

to the fabrication of reliable ceramic products. Because of the presence of this flaw, it is difficult 

to draw conclusions based on the drying process alone. The flaw may have been caused during 

casting due to the presence of small air bubbles in the ceramic-gelatin mixture because it did not 

undergo a separate de-foaming process prior to casting. This result brought about many 

important considerations that would be useful when moving forward with this combination of 

forming processes. For example, the use of a vibrating table or mold may be useful in 

eliminating air bubbles and forming around templates.   

The samples experienced a decrease in length of approximately 15-20% from the initial length 

during the fabrication process with the majority of the shrinkage occurring during sintering. 

After sintering, the density of the samples ranged from 85-90% of theoretical density. 

Ultimately, a few surface cracks were present after sintering that may be due to the stress 

generation due to shrinkage around the template. Since there were three major processes utilized 

here, gelcasting, osmotic drying, and sacrificial templating, there are a number of considerations 

worth mentioning that were identified during this feasibility study.  

The template itself has a number of variables associated with it that may influence the 

development of the ceramic microstructure and macrostructure. For one, the template material 

properties such as the flexibility, stiffness, surface roughness, and moisture resistance may all 

play a role in the ceramic mixture’s flowability around the template and the resulting structure 

once the template is removed. In this study, it was noted that the gelled mixture attached to the 

vertical features of the template while the area around it experience some shrinkage. Therefore, 
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care must be taken in designing the template to avoid any deformation of the ceramic as it 

shrinks. 

The template material type may also cause issues during burnout that may lead to stress 

generation in the ceramic body, residual material, and a high ash content – all of which are 

undesirable. Secondly, the geometry of the template including the volume compared to the total 

volume of the ceramic object, the feature size, and the complexity may also play a role in the 

development of the structure and any stresses that may develop and manifest into cracking 

during any part of the process. The geometry of the template may also affect the burnout process 

because of the accessibility of oxygen to the template to facilitate its removal. Since the material 

and geometry of the template play a key role in the development of the planned ceramic 

architecture, the method in which the template is made needs to be capable of producing the 

required geometry from the desired material. As mentioned previously, additive manufacturing is 

a great candidate for producing templates of many different materials. However, the mechanism 

behind different types of additive manufacturing processes (e.g. fused deposition, 

stereolithography, etc.) differs slightly and may not be able to produce the desired geometry or 

may not be able to do so at the desired resolution (feature diameter). 

In addition to the template’s role in the fabrication process, the nature of the material to be cast 

around the template is also important. In particular, the rheological properties of the mixture, the 

distribution of phases, and any air bubbles play a big role in how the gelled structure develops. 

More detail regarding further considerations for the gelcasting and osmotic drying process are 

provided in Chapter 6. These processes need to work in harmony to achieve a homogeneous 

microstructure which relates to density and mechanical properties of the product and also the 

product’s reliability by reduction of flaws. Based on this feasibility study, challenges exist in the 
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coordination of these processes to produce customizable three-dimensional preforms. While it 

would not be impossible, more refinement is needed to achieve a highly dense structure with a 

homogeneous microstructure. 

5.6  Summary 

In Chapter 5, the regression models developed for the water loss, solids gain, and density 

responses were discussed. These models were based on the experimental data from Case Study 

#2; and they were verified using an independent study (Case Study #3). The regression models 

were able to satisfactorily predict the water loss, solids gain, and density at various process 

settings. These results are valid within the range of the process variables (osmotic pressure, 

molecular weight, immersion time) tested in Case Study #2. The three regression models were 

then used to simultaneously optimize the three responses based on specific goals. These goals 

were to maximize the water loss, minimize the solids gain, and maximize the density. The 

optimized treatment combination is one with an osmotic pressure of 2.50 MPa, a molecular 

weight of 100,000 g/mol, and an immersion time of around 60 minutes. 

A mass balance model developed by Azuara et al. [116] was applied to this system to determine 

the kinetics of water loss and solids gain, in addition to, the equilibrium values of each of these 

processes. These values can also be used to determine an appropriate immersion time, because 

mass transfer slows as the system approaches the equilibrium point. Overall, the WL and SG 

equations based on mass balance, fit the experimental dataset well. Even though Azuara’s model 

was developed to describe the mass transfer processes occurring during the osmotic dehydration 

in food, it appears sufficient to predict what happens within gelled ceramics as well despite the 

differences in structures. The diffusion coefficients for each treatment combination were 

determined by an equation based on Crank’s work [119] and Fick’s second law. The coefficients 
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decreased overtime and varied based on the osmotic pressure and molecular weight of the 

solution. Lastly, a feasibility study was carried out to combine the processes of gelcasting, liquid 

desiccant drying, and sacrificial templating. The combination appears to have the potential to 

produce customizable ceramic preforms, although there are many challenges surrounding the 

reproducibility and scalability of the process. These challenges are complex but not 

insurmountable, and may be addressed through further research and optimization of the many 

steps in the process.  
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CHAPTER 6  

CONCLUSIONS & RECOMMENDATIONS 

6.1  Summary 

Ceramics are beneficial materials in many application areas because of their high hardness, 

temperature and wear resistance. Yet, due to poor toughness and complicated manufacturing 

processes, they are under-utilized in some applications. The vision for this work was to 

contribute to the manufacture of complex shaped ceramics with metal reinforcement. Through 

preliminary investigation into various ceramic forming techniques, a feasible processing path 

was determined which included the additive manufacturing of sacrificial templates to produce a 

ceramic preform. Due to problems involving warping and cracking around the templates, specific 

processing methods, gelcasting and osmotic drying, were investigated to realize the goal of 

producing repeatable preforms. Drying is an essential process in many industries, often resulting 

in high energy consumption when compared to other processes. Additionally, because the drying 

rate must often be slowed down to ensure part quality, drying becomes one of the lengthier 

processes and is often a bottleneck in production. The incorporation of alternative drying 

methods, such as the osmotic drying method, may help decrease process time when used in 

conjunction with other traditional drying methods to completely remove water from objects in a 

timely manner. This could cut down on overall process time and energy consumption, thereby 

reducing costs. The osmotic drying method may also help achieve more consistent product 

quality because internal stresses during the initial portion of drying could be prevented. Several 

case studies were carried out to determine the effect of process parameters on the mass transfer 

between the gelcast alumina and the liquid desiccant solution. The quality of the alumina sample 

was assessed through density and hardness measurements and microstructural characterization. 

Statistical analysis was used to generate regression models for the water loss, solids gain, and 
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density. These models were verified using an independent experiment and utilized to determine 

the optimum process conditions for drying the gelcast alumina samples. Lastly, a mass balance 

model was used to compare to the experimental work. 

6.1.1 Case Study #1 Summary 

Case study #1 provides an initial screening of the net mass loss rates, water loss, and solids gain 

experienced by gelatin-alumina samples immersed in liquid desiccant solutions and the resulting 

bulk density of the sintered samples. Several different combinations of the solution osmotic 

pressure and the molecular weight of the PEG were tested. While all samples experienced a net 

mass loss during the drying process, the rate of mass loss increased with increasing molecular 

weight and increasing osmotic pressure. The highest rate of mass loss was observed during the 

first 60 minutes of immersion. The calculated solids gained by each sample tended to increase 

with a decrease in molecular weight and increase in osmotic pressure. The water loss increased 

with increasing osmotic pressure, and in some cases over 40wt% of the initial amount of water 

within the sample was removed during the process. The solution combination that resulted in the 

lowest PEG gained and highest density was one of low osmotic pressure and high molecular 

weight, while the solution combination that resulted in the highest water loss was one of high 

osmotic pressure and low molecular weight.  

6.1.2 Case Study #2 Summary 

The process variables of molecular weight and osmotic pressure were also tested in Case Study 

#2 with the addition of the “immersion time” variable. In the previous study, all samples were 

placed in a liquid desiccant, removed, weighed, and replaced so that the total immersion time 

remained constant. Because of this, the solids gain and water loss at specific time points could 

not be calculated. However, in Case Study #2, the samples were placed in the solution for a set 
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amount of time and then removed and allowed to dry the rest of the way. Due to this set up, the 

solids gain per time and water loss per time could be determined in relation to the other process 

parameters. An increase in the osmotic pressure, increased the amount and rate of solids gain and 

water loss. An increase in the molecular weight, decreased the amount and rate of solids gain and 

increased the amount and rate of water loss. An increase in immersion time, also resulted in an 

increase in solids gain and water loss. The density was measured after the samples were sintered. 

While trends were difficult to decipher, there was evidence of possible interactions between 

variables from the density response. 

The indentation tests revealed that there was a hardness gradient within each sample where the 

exterior hardness was higher than the interior. The opposite trend was expected due to the solids 

gain near the exterior; however, the air-dried sample portrayed the same trend so the liquid 

desiccant process has been ruled out as the cause. A series of ANOVA tests were conducted for 

the reasonable comparisons between liquid desiccant process variables. The tests revealed that 

the MW and OP did not cause a significant difference in interior hardness and exterior hardness, 

respectively. However, there were tests that confirmed that a higher MW resulted in a 

significantly higher exterior hardness. Likewise, some tests confirmed that a higher OP resulted 

in a significantly higher interior hardness. The effect of immersion time did not produce 

consistent trends which may be evidence of interactions between variables, but more tests are 

required to fully understand the effect of this variable. Only selected samples from the full 

experimental design were tested; other treatment combinations should be the subject of future 

work to complete the full design and data set.  

It was hypothesized that the most favorable outcome would result in the minimum solids gain, 

maximum water loss, highest WL/SG ratio, and highest density. No such treatment combination 
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resulted in all of these, however, the most favorable combination appears to be the 100,000 

g/mol MW, 2.50 MPa OP, and 75 minute immersion time. 

6.1.3 Regression Model, Case Study #3, and Mass Balance Model Summary 

Regression models for the solids gain, water loss, and density were developed using the 

experimental data from Case Study #2. These models are useful in quantifying the effect of the 

main process variables, their interactions, and to also model curvature. In this way, the effect of 

intermediate process variables (e.g. osmotic pressure = 6.50 MPa or immersion time = 25 

minutes) could be calculated without having to run all possible treatment combinations 

experimentally. Ultimately, the models were used to identify the optimum process condition 

based on the desired goals and to predict the outcome of the optimum treatment combination. 

The optimum process conditions were determined to be an osmotic pressure of 2.5 MPa, 

molecular weight of 100,000 g/mol, and immersion time of 59.8 minutes. Therefore, these 

settings would be the best for meeting the desired goals. Under these settings the predicted 

outcome for density, solids gain, and water loss is 3.543 g/cm3, 0.82 wt%, and 28.61 wt%, 

respectively. 

An independent experiment, case study #3, was conducted to verify the predictive accuracy of 

the regression models using four different treatment combinations. The experimental solids gain 

and density were slightly higher than the predicted values but fell within the 95% PI for each 

treatment combination with the exception of a higher mean density from the treatment at 100K 

g/mol MW and 2.50 MPa OP. The experimental water loss also fell within the 95% PI. Overall, 

the regression models appear to reasonably predict the outcome of various treatment 

combinations.  
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The Azuara model [116], based on mass balance, was utilized to predict the kinetics of water loss 

and solids gain within this system. An added benefit of this type of model is that the equilibrium 

value for solids gain and water loss can be evaluated. The equilibrium solids gain increased with 

increasing osmotic pressure and decreased with increasing molecular weight which relates to the 

results found in the experimental case studies. The equilibrium water loss increased with 

increasing osmotic pressure but did not appear to correspond to the molecular weight. Overall, 

the mass balance relationship fit the dataset well and may be used to predict the water loss and 

solids gain at different immersion times. 

6.2  Highlighted Contributions 

1. Osmotic drying is an effective method of removing water from ceramic-gelatin samples. 

Up to 40wt% of the initial water content can be removed in under 2 hours (given the 

initial conditions used here – object composition, geometry, and solution volume). When 

compared to samples that were air-dried, the liquid desiccant process promoted a 

substantial time savings. 

2. This work demonstrated that osmotic pressure, molecular weight, and immersion time 

have a noteworthy influence on the mass transfer kinetics between the ceramic-gelatin 

sample and liquid desiccant solution, and the resulting sample density and hardness. 

These process settings influence manufacturability and scalability of complex shaped 

ceramic preforms.  

3. This work assessed experimental process conditions (osmotic pressure, molecular weight, 

and immersion time) for determining measured outcomes (water loss, solids gain, and 

density) by regression modelling. Each regression model was able to predict the outcome 
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of an independent study of new process conditions. These regression models are valid 

under the range of experimental process conditions tested. 

4. An ideal drying condition for the ceramic-gelatin samples was determined through 

simultaneous optimization of water loss, solids gain, and density. The optimization is 

based on the goals to maximize, minimize, and maximize these three outcomes, 

respectively. The optimized process setting is an osmotic pressure = 2.50 MPa, molecular 

weight = 100,000 g/mol, and immersion time = 60 minutes. 

5. The Azuara model [116] was applied to the experimental dataset to determine the kinetics 

of mass transfer for the water and solute between the ceramic-gelatin sample and 

solution. The equilibrium values for water loss and solids gain were also determined. The 

theoretical values for water loss over time and solids gain over time matched the 

experimental data points. This validated the model for the studied material system. 

6.3  Recommendations 

While these studies add to the body of knowledge available for this topic, further investigation 

into ceramic forming and osmotic drying is required before the production of customizable 

ceramic preforms can be implemented at a large scale.  

A limitation in these studies was the development of density that was not near to the theoretical 

density of alumina. This is an undesirable result and should be addressed in future work. Low 

density could be due to process variables that influence the gelled structure prior to liquid 

desiccant drying or due to process variables that influence the sintered structure after liquid 

desiccant drying. It could also potentially be a mixture of the two.  

For instance, the powder preparation, colloidal chemistry, heating, mixing, and de-airing 

methods may all influence the homogeneity of the ceramic suspension. This would translate to 
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the homogeneity of the ceramic object prior to liquid desiccant drying. As discussed in the 

literature review section, the powder preparation and colloidal chemistry affect the particle size 

and dispersion, which influences the viscosity and therefore the solids loading that is possible to 

cast into molds. The solids loading and quality of the particle packing affect the resulting 

density. Powder preparation and the chemistry of the system are affected by the powder milling 

process and any additives used during the suspension creation. Additionally, the heating of the 

suspension may increase the viscosity by promoting evaporation of the water within the system 

which may negatively affect the casting process. Lastly, the de-airing process is critical for this 

system as gelatin is known to create foam within the suspension [73]. Air bubbles lead to large 

pores that cannot be removed during densification/sintering and lead to lower strength, cracking, 

etc. Optimization of the de-airing method would be beneficial to the microstructure as well. 

Processes, such as the remaining drying, burn-out, and sintering of the object, after the liquid 

desiccant drying process also have a number of variables that could influence the development of 

the microstructure and the resulting density of the ceramic object. The heating rate and 

temperature used during each of these processes may influence how the organics are removed 

and how the densification of the ceramic proceeds. Ideally, these processing conditions would 

allow for the complete removal of the organics while avoiding any negative effects from thermal 

shock or residual organic materials. The sintering process must be optimized to allow for the 

even shrinkage of the ceramic to eliminate the pores and fully densify the object.  

It is recommended that the assumptions used to carry out this work are reviewed and revised as 

needed. Review of assumptions: 
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(1) Variations in air drying length, measurement timing, and room temperature and humidity 

had a negligible impact on the dry weight value and the post burn-out weight for each 

sample. 

It was determined that the room temperature and humidity may have an influence on the mass of 

the samples if they are stored within petri dishes. The mass increased after being stored overnight 

(e.g. after oven drying or burn-out the previous day). The effect of what is presumably absorbed 

moisture was avoided by measuring the samples immediately after a process step (e.g. burn-out). 

Alternative dry storage solutions are recommended during this process. A climate-controlled 

work environment, as well as, an area of containment for samples, will alleviate any undesirable 

changes to the moisture level of the samples. 

(2) Samples were completely dry prior to measurement (weight loss during burn-out and 

sintering is solely due to PEG, gelatin, and dispersant solids burn-out, not water or 

ceramic loss). 

The definition of a “dry sample” for this research, refers to a sample which no longer changes 

mass in the continual drying process.  It should be mentioned that it is possible for a water 

molecule to become bound within the gel structure whereby still technically harboring moisture 

within the sample. 

(3) Burn-out and sintering processes completely removed all gelatin, dispersant solids, and 

PEG from sample. 

Through thermogravimetric analysis (TGA), it was determined that a burn-out temperature of 

500oC may not be adequate to completely remove all additives. However, the much higher 

sintering temperature is sufficient to burnout any residuals. This should be considered if the mass 
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after burnout and mass after sintering are being utilized during calculations or when selecting a 

burn-out program. 

(4) Compositions of samples from a single batch are homogeneous (particularly, gelatin and 

dispersant amounts). 

The verification of this assumption is challenging due to the effect of time on the moisture 

content of the specimens. For example, if TGA is used to assess the homogeneity of the samples 

through composition comparisons, a high inaccuracy may occur due to the immediate water 

evaporation from the samples waiting to be tested. To avoid this effect, simultaneous TGA 

programs would need to be completed.   

(5) Negligible evaporation and material loss occurred during the ceramic mixture’s heating, 

mixing, and casting process. 

Further analysis of the initial composition could be conducted using TGA to determine how the 

heating, mixing and casting process effect the composition of the mixture.  

(6) Variations in initial mass and surface area between samples had a negligible influence on 

the mass transfer kinetics and resulting density. 

Despite the use of a consistent mold size, the initial mass and surface area may be influenced by 

the casting and demolding processes as each of these processes are done individually by hand. 

By nature of these processes, slight variations in initial mass and surface area are expected; 

however, the calculations may be presented as a percentage of the corresponding initial mass 

value for each sample. In the future, alternative automatic casting processes may be used to 

avoid variation. 



 

127 

 

For the osmotic drying process, the simultaneous mass transfer of water and solute between the 

object and solution depends on many variables, including those that were held constant and not 

optimized in this work. Therefore, the regression models and optimized process settings are only 

valid under the range of process settings (variable levels) tested here and under the process 

settings (constants) used in these studies. The variables held constant may also influence the 

measured outcomes and should be explored further in future work. These variables may be 

grouped into the following categories related to the ceramic object’s geometry, composition, and 

preparation method, as well as, the conditions related to the liquid desiccant properties, 

preparation, and usage.  

Further insight into the effects of the ceramic object’s geometry, including the overall volume, 

surface area, thickness, and complexity (thin and thick features), on the rate and extent of water 

transfer out of the object is required to develop this process for implementation in an industrial 

setting.  

The composition of the ceramic object is another important parameter that may influence the 

kinetics of the drying process. The initial amount of water within the ceramic object is of course 

important, but the nature and volume of the gelled network within the object may also influence 

the drying process due to molecular interactions and tortuosity of the channels used to transport 

the water out of the object. 

The preparation method of the gelcast ceramic influences the structure that develops as well. The 

preparation method consists of many process settings, and each of them may affect the 

development of the structure. For example, the gelling method, such as the rate of temperature 

change and setting time prior to demolding, may influence the development of the gelled 

structure which in turn could influence how the mass is transferred out of the structure during 
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drying. Any temperature gradients or uneven distribution of gelling agents may lead to inner 

stresses as the gelling process proceeds. Investigation into these system settings is important to 

reduce or prevent this inner stress from developing. 

The relationship between the liquid desiccant volume and object volume or surface area may also 

influence the kinetics of the drying process. The osmotic solution volume would need to be 

sufficiently large enough to withstand the concentration change initiated by the addition of water 

from the object. Alternatively, the osmotic solution could be re-concentrated by matching the 

rate of solute addition to the rate of concentration decrease due to water uptake from the object. 

Therefore, the osmotic solution would remain suitably concentrated and continuously remove 

water from immersed objects. Either way, this is an important relationship to consider in future 

work. Another process variable that could be interesting for future work is the solution viscosity 

that develops under certain combinations of molecular weight and osmotic pressure. 

Investigation into how the viscosity affects the mass transfer and the ease of cleaning the objects 

once removed from the solutions would be beneficial. Considerations made in the osmotic 

dehydration of food items may also be beneficial to the ceramic drying industry such as the 

temperature and agitation of the osmotic solution [123]. Agitation of the liquid desiccant solution 

may also help to improve the homogeneity of the solution itself, and therefore promote the active 

diffusion of water from the sample for a longer period of time. Research into the addition of a 

coating on the surface of the object that would allow water transport but hinder PEG uptake may 

be interesting [124]. Therefore, the osmotic pressure of the solution could be increased without 

the negative effect of PEG uptake.   

Ground breaking research has been done in the past on these variables giving some insight into 

the difficulties into developing a protocol for product development [7, 8, 44, 45, 84]. More 
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research is needed to draw these studies together to form a more concise understanding of the 

effects of each change in the process. Information pertaining to any or all of these variables 

would help produce more accurate models of the simultaneous mass transfer that occurs between 

the ceramic object and liquid desiccant and would also help optimize process time. Ultimately, 

the use of finite element methods would be an interesting way to predict the concentration of 

water and solute over time and space. This information would be used to select process settings 

useful for many different ceramic systems and geometries. 

The work described here and any future work based on the provided recommendations, will 

contribute the manufacturability and repeatability of forming ceramics into complex shapes. 

These drying methods, in conjunction with other forming technologies, such as sacrificial 

templating, will assist in the creation of tailorable or customizable ceramic preforms. These 

preforms can be infiltrated with metals thus creating ceramic-metal composites with designed 

reinforcement. As additive manufacturing technologies advance, the ability to create unique 

designs with high resolution is becoming possible. The ability to print many different types of 

materials, maybe even simultaneously, will make the creation of preforms readily available 

either in-directly, using templates, or directly by printing the ceramic structure itself. Either 

method will necessitate the drying of the ceramic object and that’s where the osmotic drying 

process can play a role. This will make the fabrication of customized ceramic preforms much 

more attainable and repeatable. Ultimately, these structures could be applied as custom armor 

systems.  
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